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1 | INTRODUCTION

Marta Zocchi?
Francesco Troiani1® |

| Giulia lacobucci’® | Marco Menichetti2® |

Daniela Piacentini?

Abstract

Coastal zones, particularly rocky coasts, are increasingly shaped by extreme natural
events and processes caused by human activities, making it essential to understand
the key drivers guiding their evolution. This study examines the soft rocky coast and
shore platform system of Tor Caldara Natural Reserve, a site of natural, archaeologi-
cal and touristic significance. The research aims to identify the drivers that influence
erosion, including lithology, rock mass properties, marine wave action, slope mor-
phology and rainfall. A comprehensive approach combining traditional field surveys,
multi-temporal Unmanned Aerial Vehicle (UAV) acquisition and multispectral analysis
of high-resolution satellite imagery was employed to conduct a detailed analysis of
geomorphic changes in the last 15 years. Marine and meteorological datasets were
analysed to assess the impact of wave action and precipitation on coastal erosion.
Wave height data were correlated and subjected to Peaks Over Threshold (POT)
analysis to identify the peaks, corresponding to independent events, that could
potentially impact the cliff. Rainfall data were also examined to evaluate whether
precipitation intensity has played a significant role in accelerating cliff instability. The
study reveals a dynamic and rapidly evolving coastal environment (in some local
points about 1 m/yr of retreat of the cliff) characterized by both continuous and
abrupt changes. Analysis of drivers controlling morphoevolution suggests that while
marine and continental forcing play preparatory roles, the cliff setting, including
lithology and structural conditions, is fundamental in driving coastal evolution at the
study site. The evaluation of temporal mesoscale processes shaping the rocky coast-
line contributes to a better understanding of erosion processes affecting soft rocky
coasts, serving as a basis of future research aimed at improving coastal management

and risk mitigation strategies.
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reported by the Intergovernmental Panel on Climate Change
(IPCC, 2021). Rocky coasts constitute about half of the world coasts

Nowadays, coastal zones, which are among the most dynamic and
economically significant regions on Earth (Martinez et al., 2007), are
experiencing a global increase in coastal hazards due to intense
human activity and the impacts of global changes (Aucelli et al., 2018),
considering also the future projection scenarios of the sea-level

and those of the Mediterranean (Furlani et al., 2014; Young &
Carilli, 2019); in particular, along the Italian peninsula are approxi-
mately 36% of the natural coasts (Trigila et al., 2021). In recent years,
these coasts have seen an increase in studies, compared to the more
extensively studied low-lying coasts. This increased attention
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coincides with significant advancements in technology and remote
sensing analysis techniques (Cavalli, 2024), which has enabled the use
of growing amounts of remote data and analyses for the study of
rocky coasts (Fullin et al., 2024; Piacentini et al., 2021). However, to
gain a comprehensive understanding of the geomorphic processes
shaping rocky coasts over extended time frames and across larger
scales, remote sensing analyses must be complemented by field
observations (e.g. the geomorphological and geological interpretation
covered by Torre et al. (2024). The employment of Unmanned Aerial
Vehicles (UAVSs) for coastal monitoring and characterization is contin-
uously growing (Devoto et al., 2020; Francioni et al., 2018; Fullin
et al., 2023; Furlani et al., 2022; Tursi et al., 2023), through which Dig-
ital Elevation Models (DEMs) with centimetre resolution, point clouds
and images can be obtained. To quantitatively determine geomorphic
changes, DEM of Differences (DoDs, James et al., 2012) method is
commonly used today, though it is limited to a raster analysis in a 2D
plane. To analyse all three dimensions, scalar field algorithms can be
employed to compare point clouds obtained from UAV photogram-
metric or Light Detection And Ranging (LiDAR) surveys (Esposito
et al, 2017; Vanneschi et al., 2017). Finally, high-resolution optical
and multispectral satellite imagery offer an incomparable dataset for
detecting and mapping changes, especially when multi-temporal
acquisitions with short revisit periods are freely available (Piacentini
et al., 2021; Turner et al.,, 2021). The evolution of rocky coasts is
determined by the interaction of various drivers (Sunamura, 1992;
Trenhaile, 2011), such as waves action (Kennedy, Paulik, &
Dickson, 2011; Poate et al., 2018; Sunamura, 2015; Young
et al, 2021), cliff attitude and the rock mass properties (Fullin
et al., 2024; Marmoni et al., 2023; Prémaillon et al., 2021; Troiani
et al., 2020) and coastal landslide activity with intense rainfall or ero-
sion due to thermo- and cryo-clastism (Cevasco, Pepe, &
Brandolini, 2014; Lim et al., 2020; Strzelecki et al., 2017; Young
et al., 2021). Understanding the erosional drivers that control time
and style of the evolution is crucial for implementing appropriate risk
mitigation strategies. This involves analysing and distinguishing the
roles of predisposing (time-independent), preparatory (time-depen-
dent) and triggering (transitory) factors (Delchiaro et al., 2024) and the
different combinations of these can result in either short-term or
long-term evolution.

In this study, a sector of the Thyrrenian coast close to the Anzio
municipality (Italy), within the limit of the Tor Caldara Natural Reserve,
a Site of Community Interest, is examined, with the aim of determin-
ing the drivers that influence its evolution. This coastal sector is one
of the few examples of a soft rocky cliff and shore platform system
occurring along the Thyrrenian coastline of Italy, with an emergent
shore platform that is easily accessible. In fact, along the Tyrrhenian
coast other shore platform systems are present, featuring hard litholo-
gies, such as limestones with lower erosion rates, or with a submerged
platform (Furlani et al., 2014). The whole coastal cliff is in general
characterized by gravitational instability phenomena which affect not
only an area of summer tourism but also a natural and archaeological
heritage site.

In this context, the analysis of various drivers in the coastal
stretch of interest, such as lithology and rock mass compactness,
marine wave action, slope morphology and precipitation, plays an
important role in evaluating which drivers are guiding mor-

phoevolution. Through the analyses conducted in this study, which

integrate field with repeated UAV surveys and multispectral satellite
investigation. It is possible to aid the development of models and
enhance the understanding of the evolution of the soft rocky coast at
the mesoscale (Walkden & Hall, 2005), i.e., over longer time periods.

Although this study focuses on a specific coastal stretch, its final-
ity is to provide a complete methodological approach offering a scal-
able framework, which integrates UAV photogrammetry, multispectral
satellite imagery and field surveys, useful for investigating soft rocky
coasts globally. Understanding erosional drivers is essential for
assessing coastal vulnerability and developing effective mitigation
strategies, making this research a valuable reference for coastal moni-
toring and management in a similar context.

Starting with an overview of the study area, detailing its geo-
graphic and geological characteristics, the instruments and the
methods used for both field surveys and UAV-based analyses are
explained. Following this structure, the results are supplemented by
the application of the Digital Shoreline Analysis System of USGS
(DSAS) on satellite-derived cliff crests (SDCC), and the statistical ana-
lyses of the meteo-marine data. Hence, the mean retreat rate in the
last 15 years and the main drivers influencing this rocky coastline are

provided.

2 | STUDY AREA

The coastal sector of Tor Caldara (41°29'12“ N, 12°35°21” E,
Figure 1) is a 700 m long coastal cliff with an elevation of about
15 m above sea level (a.s.l.) and is located in the province of Rome
(Lazio, central ltaly). The cliff is included in the Regional Natural
Reserve of Tor Caldara, with an area of about 1.56 km?, established
by the L.R. 50/1988 and later declared a site of Community interest
with the D.M. 157/2005. The reserve area also aligns with the
Natura 2000 site IT6030046, which was designated as a Special Area
of Conservation (SAC) in 2016 (Pantaloni et al., 2020). Thanks to the
presence of sulphurous emissions, the reserve has not undergone
major changes with the urban development of the last two centuries,
which is clearly visible beyond the limits of the reserve itself
(Figure 1) with the Lavinio-Lido di Enea to the N and Lido di
Cincinnato to the S. The scarcity of urbanization along the coast of
the Natural Reserve attracts many people, especially in the summer
months.

The coastline shows a general NW-SE orientation, with a small
local variation due to an extension of the cliff towards the sea in the
central portion, caused by the presence of a seaward adjacent shore
platform. The area is characterized by a semi-humid, temperate Medi-
terranean climate, i.e. Csa typology according to Koppen-Geiger clas-
sification (Beck et al., 2018; Fratianni & Acquaotta, 2017), with hot
and dry summers and humid winters. The annual precipitation reaches
values of about 700 mm and the mean daily temperature values are
about 16°C (Colantoni et al., 2015) with values of 26°C and 8°C, as
maximum and minimum mean monthly temperatures reached respec-
tively in August and January. Dominant winds approach from W-SW
with a speed up to 15 m/s, and waves present a significant wave
height of about 3.9 m and a wave period of 9 s calculated for the
period 1951-2011 by (Mastronuzzi et al., 2017) (Figure 1). The aver-
age semi-diurnal syzygyal tidal range is about 0.3-0.4 m and the prev-

ailing longshore current flows towards the N (Di Bella et al., 2020).
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21 | Geological and geomorphological setting

The study area is located along the Tyrrhenian margin of the Central
Apennines, where tectonic processes, sea-level variations and volcanic
activity have shaped the present-day landscape over time (Mancini,
Bellucci, & Petronio, 2008; Marra et al., 2019). It is considered one of
the westernmost extensions of the Colli Albani volcanic complex
(D’Angelo et al., 1999), even though the cliff between Tor Caldara and
Anzio reveals a 100-m-thick Plio-Pleistocene succession, made up of
both marine and transitional litho-facies (Pantaloni et al., 2020). The

outcropping formations are well described by Bellotti et al. (1997),

295000 297500
| |

EI-WiILEY-2®

who divide them into four informal Units (here described from the
oldest to the most recent) (Figure 2): (i) Unit 1 (lower Pliocene) con-
sists of greyish clayey pelites and is found only in the southern part of
the coastal sector under study, with an almost sub-horizontal bedding,
then continuing towards Anzio with a bedding of N 20-30°E; (ii) Unit
2 is characterized by a yellowish bioclastic calcarenite and is found
only outside the study area towards the city of Anzio; (iii) Unit 3 (lower
Pleistocene) crops out discontinuously and is composed of greyish to
yellowish cemented sands and clayey sands (Di Bella et al., 2005). At
Tor Caldara cliff, this Unit with a thickness of about 5 m, is inter-

bedded with two grey pelitic layers of approximately a maximum
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FIGURE 1 Lithological setting map of the northern coastal sector of Anzio municipality (lithology modified after Bucci et al. (2022). Tor
Caldara reserve limits are shown with the red polygon, along the coastline. The waves diagram was redacted from the data available on the

website of the Ponza wave buoy (ISPRA, 2024) and illustrates the wave directions and heights for the period from 2019 to 2024.
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FIGURE 2 Schematic geological sections of the tor Caldara coastal area. Profile traces are represented in Figure 4.
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50 cm each one. The bedding is sub-horizontal, and the contact with
the previous Units is dislocated and unconformable. Additionally,
abundant shells of Arctica islandica (Linnaeus 1767) are found in the
basal part; (iv) Unit 4 (middle Pleistocene) consists of conglomeratic
sands at the base and silty sands towards the upper part. It has a mini-
mum thickness of 8 m and is in contact with Unit 3 at the base
through an erosion surface, while the upper boundary is overlain by
reddish sands with brick fragments. In the central part of this Unit,
bidirectional cross-lamination is observed. All the coastal sectors of
Anzio constitute a structural high (Faccenna et al., 1994), morphologi-
cal expression of the post-orogenic extensional regional tectonics,
which extends from the coast up to the volcanic complex of the Colli
Albani. The main structure is an anticline with a SW-NE trending axis,
culminating near Tor Caldara (Mancini, Bellucci, & Petronio, 2008).
Along the Latium Tyrrhenian margin, the tectonic uplift rate has been
estimated to be approximately 0.224-0.230 mm/yr (Milli et al., 2016
and reference therein; Marra et al, 2023) over the last 300-125
ka. Historical gravitational instability phenomena, including planar,
rotational and fall typologies, have already been identified along the
entire cliff stretching from Tor Caldara to Anzio (D'Angelo
et al., 1999).

The Tor Caldara area is characterized by gas emissions that are
likely connected to the volcanic complex of Colli Albani through a sys-
tem of tectonic lineaments, which provide a preferential pathway for
the ascent of fluid and gases (Mancinella, Mantero, & Testardi, 2020).
The structural lineaments on the coastal area are oriented approxi-
mately NE-SW in the northern part and E-W in the southern part,
with degassing vents aligned along their extension (Carapezza
et al.,, 2019). The gas emissions have been observed not only inland
and above the cliff, but also on the seabed in front of the Natural
Reserve, and they are also aligned along preferential directions
(Mancinella, Mantero, & Testardi, 2020). The area experienced intense
sulphur mining activity in the 15th and 16th centuries, which signifi-
cantly altered the natural landscape of the sulphur springs (Mantero &
Giacopini, 2020). Since 1990, the National Institute of Geophysics
and Volcanology (INGV, 2024) has recorded six seismic events in this
area with a magnitude greater than 3, including a magnitude 4.6 event
on August 22, 2005, during which a variation in gas emissions was

observed (Carapezza et al., 2019).

3 | MATERIALS AND METHODS

The geomorphological analyses conducted in this work were based on
an integration of traditional field-based geomorphological surveys and
remote sensing techniques, using UAV and high-resolution satellite
images. For a correct interpretation of the evolutionary dynamics,
meteo-marine data for the Anzio coast were also collected, specifically
wave height and daily precipitation, covering the period from 2019 to
11-25 to 2024-07-31.

3.1 | Field surveys data collection and GIS analysis
Geomorphological field surveys were conducted approximately every
three months to map landforms and observe any changes that

occurred after storm events. Rock mass properties were evaluated, in

the field, with measurements of discontinuity orientations and of the
Uniaxial Compressive Strength (UCS), derived from the number of
rebounds recorded with a Schmidt Hammer for the different litholo-
gies. Through these surveys, a comprehensive geomorphological map
was also prepared to identify the different landforms present in the
area, particularly the extension of the shore-platform. Historical aerial
images and DEMs, analysed using QGIS 3.34.4 open-source and
ArcGIS Pro 3.2.2 software (ESRI®, 2023-2024-licensed Sapienza Uni-
versity of Rome), have also been useful for accurately identifying the
extent of the shore platform and mapping features such as rock fall
deposits, which were later covered by sand. The DEM dataset
includes a LiDAR Digital Terrain Model (DTM), provided by the Minis-
try of the Environment and Energy Security of Italy (Geoportale
MASE, 2024), with a ground resolution of 2 m and an altimetric accu-
racy of + 0.15 m. The basic geological map at a scale of 1:25.000 is
available in vector format on the Geoportal of the Lazio region
(Geoportale Regione Lazio, 2024). The typology of rocky coasts was
designated using the classification proposed by Sunamura (2015) and
the gravitational phenomena mechanism according to Hungr,
Leroueil, & Picarelli (2014).

3.2 | UAV surveys and photogrammetric analyses
Field surveys were supported by UAV flights to acquire multi-
temporal images with two different types of drones: DJI Mavic 2 Pro
(M2P) and DJI Mavic 3 Enterprise (M3E). One of the differences
between the two drones lie in the optical sensor, which is superior in
the M3E. The M2P is equipped with a 20 MP Hasselblad camera fea-
turing a 1” CMOS sensor. The camera is fastened on a 3-axis gimbal
for image stabilization and has an equivalent focal length 28 mm, a
field of view (FOV) of ca. 77° and an aperture of f/2.8-f/11. Similarly,
the M3E is equipped with a 20 MP Hasselblad camera but with a
larger 4/3” CMOS sensor. This camera is also stabilized by a 3-axis
gimbal and features an equivalent focal length of 28 mm, a slightly
wider FOV of ca. 84° and the same aperture of f/2.8-f/11. Further-
more, both drones are equipped with an electronic shutter (8-
1/8000 s), while only the M3E also features a mechanical shutter (8-
1/2000 s).

The main difference is that the M3E mounts a Real Time Kine-
matics (RTK) sensor for photograph georeferencing, offering horizon-
tal and vertical accuracies of about 1 cm and 1.5 cm respectively,
under optimal field conditions. For the M2P drone, which lacks an
RTK sensor, we used an EMLID Reach RS2 + (multi-band RTK Global
Navigation Satellite System, GNSS) receiver to measure Ground Con-
trol Points (GCPs) uniformly spread throughout the study area. None-
theless, it was deemed appropriate to input the coordinates of some
fixed point, taken to the N of the study area with the previously used
GNSS station, to achieve better accuracy as suggested by the study of
Stroner et al. (2020). The estimated georeferencing errors, split into
various directions, are provided in the following Table 1 for both the
survey conducted with the GNSS station and the integrated RTK sen-
sor of the second drone:

The photogrammetric surveys were programmed and performed
using the UgCS EXPERT (SPH Engineering, 2023-licensed University
of Urbino “Carlo Bo”) software, which allows to make automatic

flights of a predefined area based on the desired ground resolution
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TABLE 1 Estimated errors for the two georeferencing methods calculated on Agisoft Metashape.

Latitude (Y) error (m) Longitude (X) error (m)  Altitude error (m) XY plane error (m)  Total error (m)
EMLID Reach RS2 + (first survey) 0.041 0.047 0.033 0.063 0.071
Mavic 3 RTK sensor (last survey) 0.03 0.02 0.02 0.037 0.041

TABLE 2 The satellite dataset adopted in the present work.

Acquisition date Satellite mission

04/15/2009 RapidEye (RE)
04/09/2012

05/20/2018 PlanetScope (PS)
05/11/2021

(ca. 0.02 m). To achieve centimetre-level resolution and enable com-
parison between different surveys all flights were conducted at the
same altitude (approximately 75 m a.s.l.) utilizing the UgCS skill of
the terrain follow based on a reference DTM. The LiDAR DTM from
the Ministry (Geoportale MASE, 2024) was chosen as the base DTM.
Images were captured with a forward overlap (along the flight strip
direction) of 80% and a side overlap of 70%. The flight speed ranged
between 3 and 4 m/s to mitigate rolling shutter effects (Stark
et al., 2021), and the optical sensor tilt was approximately 86°. In addi-
tion to these flights, automatic flights at higher altitudes (around
100 m) and manual flights with both frontal and oblique images rela-
tive to the cliff face, were also executed. The collected images were
elaborated using Structure-from-Motion (SfM) algorithm through the
Agisoft Metashape 2.1.0 (Agisoft, 2024-licensed “DST Sapienza Uni-
versity”) software, to generate point clouds, Digital Surface Models
(DSMs) and orthophotomosaics, according to the workflow suggested
by (Over et al., 2021; Turner, Harley, & Drummond, 2016). The
workflow involves: (i) quality correction of the images, if necessary,
(i) photo alignment, (iii) insertion of GCPs if required, followed by cor-
rections to the initial alignment, (iv) generation of dense point cloud
and error estimation and (v) production of additional outputs. To ana-
lyse and compare the point clouds, the open-source software
CloudCompare 2.12.4 was used, allowing to quantify the extent of
changes that have occurred in an area. To assess the errors associated
with the point clouds, the guidelines proposed by James et al. (2019)
have been adopted to describe the accuracy and precision of the sur-
vey. In addition, a split data test was performed, as described by the
same authors, which involves comparing two areas (plots) assumed to
be stable in order to quantify the errors.

3.3 | Multispectral analysis of high-resolution
satellite data and DSAS application

The cliff has been investigated considering the high-resolution optical
satellite imagery acquired by RapidEye and Planet Scope missions.

RapidEye was a constellation of five identical satellites launched in

Spatial resolution Spectral resolution (nm)

5m 5 bands
Blue: 440-510
Green: 520-590
Red: 630-685
Red Edge: 690-730
NIR: 760-850

3m 4 bands
Blue: 455-515
Green: 500-590
Red: 590-670
NIR: 780-860

August 2009 and deactivated in March 2020, with a spatial resolution
of 5 m and a temporal resolution of 5.5 days (Planet Labs PBC, 2023).
Planet Scope is a constellation of over 400 cubesats, launched at vari-
ous times since June 2016. With a spatial resolution of 3 m and cir-
cling Earth every 90 minutes, PlanetScope data are suitable for
monitoring rapid changes and mapping (Planet Labs PBC, 2023), espe-
cially in coastal areas (Cassidy et al., 2024; Darwish & Smith, 2021). In
order to reconstruct the cliff retreat in the years before the field and
UAV surveys, we have selected four acquisitions from 2009 to 2021,
summarised in the following Table 2.

The satellite-derived cliff crests (SDCCs) in 2009, 2012, 2018 and
2021 are extracted from the limit between vegetation and bare soil
computing NDVI (Normalized Difference of Vegetation Index). The
perennial vegetation along the cliff edge provides a consistent and
reliable marker for delineating the scarp line. Considering the thresh-
old of 0.50, we have extracted four vector representations of the
vegetation-bare soil limit (DaSilva et al., 2024).

The Digital Shoreline Analysis System (DSAS) of Himmelstoss
et al. (2024) has been widely adopted for computing cliff retreat rates
(e.g., Brooks & Spencer, 2010; Brooks, Spencer, & Boreham, 2012;
Fullin et al., 2023; Leisner et al., 2023). Using the latest standalone
version (DSAS v.6.0.170), it was configured to cast transects at 10 m
alongshore spacing, considering the road SP601 as baseline (Figure 3).
Since the shoreline, as well as the cliff crest, are naturally influenced
by several factors, we have considered the formula proposed by

Nassar et al. (2019) for computing the uncertainty of SDCCs:

U=/Eg? + Ep? + Ed? + Es?

The errors due to digitalization (Ed) and sea level fluctuations (Esl)
proposed by Nassar et al. (2019) are not considered because i) the cliff
crests are automatically extracted, and ii) local sea level fluctuations
due to tides do not affect the cliff top. However, we account for
errors due to georeferencing (Eg) and pixel size (Ep). For geo-
referencing, we have evaluated an RMSE of 1.19 and 0.58 m for RE
and PS, respectively, while pixel size errors are 5 and for RE and 3 m
for PS.
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FIGURE 3 The transects (T1-T16) considered in DSAS and the cliff crests reconstructed for 2009, 2012, 2018 and 2009.

The variation in the position of the SDCCs over a specific period
is calculated along the transects T1-T16. Considering the SP 601 road
as a baseline, we have computed the following statistical metrics:
Shoreline Change Rate (SCR), Net Shoreline Movement (NSM), End
Point Rate (EPR), Linear Regression Rate (LRR) and Weighted Linear
Regression (WLR). Since we are considering the retreat of a cliff, we
have modified two indices as follows: SCE has been named as Cliff
Change Envelope (CCE), while NSM has been renamed Net
Cliff Movement (NCM). Despite Brooks & Spencer (2010) highlights
the proneness of LRR to be affected by outliers, several studies have
recently demonstrated its applicability in cliff retreat estimations
(Castedo et al., 2017; Facanha et al., 2025; Leisner et al., 2023).

34 | Marine and meteorological datasets

The marine data of the wave-height were retrieved from the National
Wave Buoy Network (RON) and the historical archive of 3BMeteo,
both accessible online respectively at the Istituto Superiore per la
Protezione e la Ricerca Ambientale website (ISPRA, 2024), and by
data request from the 3BMeteo website (3BMeteo, 2024). The data
were sampled at a frequency of every 30 minutes for the first dataset,
from the Ponza buoy (40°52'00“ N, 12°57°00” E), and every 1 hour
for the second dataset, collected off the coast of Anzio. The RON data
are collected using a wave sensor placed on the reference buoy. The

3BMeteo data originate from satellite data and point data from buoys

and ships; subsequently, these data are processed through numerical
forecasting models coupled with atmospheric models to estimate
wave heights for the desired location. The two temporal series were
then aggregated and analysed using the open-source RStudio 4.3.1
software. First, a correlation analysis was conducted between the two
wave height datasets to verify their consistency. The dataset with the
most continuous data was used for the subsequent analyses. As a sec-
ond step, with a Peaks Over Threshold (POT) analysis, which involves
identifying the peaks of a time series that exceed a specific threshold
(Goda, Kudaka, & Kawai, 2010; Méndez et al., 2006). In our case, the
peaks correspond to independent storm events that exceed the cho-
sen threshold. In addition to analysing marine forcings, we evaluated
the impact of subaerial processes on slope stability. Specifically, we
examined the complementary effects of precipitation, which can
directly trigger cliff instability or indirectly contribute to it through
physical and chemical weathering (Prémaillon et al., 2018). The rainfall
dataset used in this study was freely obtained from the 3BMeteo
website (3BMeteo, 2024) for the Anzio locality and it includes daily
rainfall for the 2019-2024 period.

4 | RESULTS

Field investigations provided a first detailed geomorphological map of
the Tor Caldara coastal area (Figure 4), where landforms are grouped

according to their genesis, development, evolution and present

85UB0 17 SUOWIWOD BAITeaID o|edljdde au Aq peusenob ae ssjoilie O esn Jo sajn. 1o Arlq1 8UIUO A3|1M UO (SUONIPUOD-PpUe-SWLB)W00 A8 | 1M Arelq Ul uo//SAny) SUOIIPUOD pue swie | 8y} 8es *[920z/50/8T] uo Arigiauliuo A8|im ‘og ojed,, AisieAlun ouiqin Ag 21102 dsa/200T OT/I0p/W0d" A3 | 1M Ate.q 1 puluo//:Sdny WoJj pepeojumod ‘8 ‘SZ0Z '/E86960T



TORRE ET AL

298|680

EI-WiLEY-2®

298|800

0 25 50 m @
e |

459E|3700

Tyrrhenian sea

459?600

UTM WGS 84 Zone 33 N

Marine landforms

[. ] Sandy beach

Emerged shore platform
Submerged shore platform

——— CIiff scarp

Fluvial landforms

—— Gully

Gravity-induced landforms

Rock fall deposit

Lithotype

[1 Gravelly lithofacies

[ 1 Sandy lithofacies

[] Clayey and arenaceous lithofacies

459?500

4.5

7%

Vignarola ravine

16

FIGURE 4 Geomorphological map of the tor Caldara coastal area, with the mapping of the submerged shore platform extent and other
landforms. The average slope of the emerged shore platform equal to 4.5° is also indicated. The lithology is modified from (Geoportale Regione

Lazio, 2024).

dynamics, following the Italian Geomorphological Mapping guidelines
(Campobasso et al., 2018). The map is essential for inventorying ero-
sional and depositional landforms, their locations and spatial patterns,
which are fundamental to unravel present dynamics and the evolution
of the coastal system. The morphology of the Tor Caldara coastal sec-
tor can be ascribed to the Type A rocky coast typology proposed by
Sunamura (2015), which consists of a gently slopes shore platform,
dipping about 4.5°, located at the foot of a sub-vertical cliff. The cliff
is classified also as active, according to the Emery & Kuhn (1982) clas-
sification both due to the wave action impacting the cliff and the pres-
ence of gravity-driven deposits. Most of the shore platform is
submerged but, at the tip of the promontory, an emergent
section occurs with an extension of approximately 2,500 m?. The sub-
merged shore platform was mapped using historical optical satellite

and recent drone imagery under conditions of extremely calm sea, low

tide and clear water. At the base of the cliff, along its entire length,
there is also a zone of blocks forming a rock fall deposit. At the N and
S of the promontory, near the Vignarola and Cinghiale ravines, pre-

dominantly sandy beaches occur.

4.1 | UAV photogrammetric flights and multi-
temporal analysis

The study area was subjected to five optical photogrammetric surveys
over one year, excluding the summer period due to the higher pres-
ence of people on the beach. The UAV surveys were conducted fol-
lowing some storm events or in conjunction with other analyses.
Storm events were reviewed using meteo-climatic forecasts, as well

as newspapers reporting on storm surges that affected the Anzio area.
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TABLE 3 Description of the surveys carried out over one year with the UAV model used and the principal outputs.

Name of the flight Date (Y-m-d) UAV model Number of photos Number of points
Flight O (FO) 2023-05-31 Mavic 2 Pro 690 ~ 24 x 107
Flight 1 (F1) 2023-11-10 Mavic 2 Pro 195 ~12 x 107
Flight 2 (F2) 2024-03-08 Mavic 3 Enterprise 594 ~ 30 x 107
Flight 3 (F3) 2024-04-12 Mavic 3 Enterprise 424 ~ 21 x 107
Flight 4 (F4) 2024-05-16 Mavic 3 Enterprise 685 ~ 30 x 107

For convenience, the photogrammetric surveys will be numbered as in
the following Table 3:

Data collected in the five UAV surveys were analysed and com-
pared to each other to identify changes in the landforms. The first
multi-temporal analysis was conducted with a visual comparison of
the orthophoto-mosaics from each survey. Starting from the F1, rock
falls of new blocks from the cliff and the displacement of blocks
already present on the beach or shore platform can be observed. The
rock fall blocks vary in size from centimetres to metres.

The surveys of 2023 (Figure 5a) were performed with the Mavic
2 Pro, and to obtain a centimetre-level accuracy of the results, six
GCPs were distributed throughout the study area. FO was conducted
under conditions of low tide, no wind and clear sky. This survey is
considered the base flight upon which all subsequent analyses will be
based. The result of F1 highlights the displacement of sandy and peb-
bly materials on the beach, as well as local metric collapses like those
recorded in the northern area near the Vignarola ravine (Figure 5b, c).
This survey was conducted during high tide with meter-high waves,
where the sea directly impacted the base of the cliff both to the N
and S of the emerged shore platform. From the first survey of 2024
(F2), the Mavic 3 Enterprise RTK was employed, partially eliminating
the need for GCPs. Between F1 and F2, significant changes occurred
both on the cliff and the beach, and rock fallen blocks were found
shifted, fractured, or, in some cases, shattered. The most notable dif-
ferences, however, are observed in the southern part of the rocky
coast, just before the Cinghiale ravine (Figure 5d, e). Here, collapses
occurred with local cliff retreat, in the mid-slope, of over a metre,
clearly visible in the optical images. In the remaining two months
(F3 and F4 surveys), rock falls of less than one metre were consis-
tently observed along the entire cliff, with relatively lower intensity
compared to the previous events (Figure 5f, g).

In addition to the various rock falls occurring on the cliff, an expan-
sion of some large fractures on the shore platform has been recorded,
which generate large blocks separated from the shore platform. Over
one year of surveys, comparing the orthophoto-mosaics from FO to F4,
a seaward movement of these large blocks up to approximately 17 cm
has been observed (Figure 6). Considering the total errors in the
orthophotos from the two surveys (the first conducted using the RS2
-+ station and the second with the drone RTK sensor, Table 1), which
account for errors along the three spatial directions, a maximum uncer-

tainty of £ 8 cm can be added to the previous values of displacement.

4.2 | Point cloud differences
To quantify the changes visible in the optical images, we compared the
point clouds from the initial (FO) and final (F4) surveys using the open-

source software CloudCompare (Figure 7a). The two-point clouds were

cleaned of noise and any outliers, and subsequently, the denser point
cloud (F4), was downsampled for a more accurate comparison with the
FO point cloud. The total number of points in the compared clouds for
FO and F4 were 45 x 10° and 70 x 109, respectively. Both point
clouds were georeferenced in WGS 84 UTM Zone 33 N. The Point
Cloud Difference (PCD) was obtained through the Cloud-to-Cloud Dis-
tance (C2C) tool, which calculates the distance between georeferenced
points of a reference point cloud and a compared point cloud using var-
ious algorithms. In this case, the nearest neighbour distance algorithm
was utilized, which searches for the closest point in the reference cloud
from a point in the compared cloud and calculates the Euclidean dis-
tance (Elkhrachy, 2019); this algorithm is reliable for very dense point
clouds. The PCD value scale bar presents absolute values along the
three dimensions in space and contains only positive values (Figure 7a).
Therefore, images of optical surveys were compared to determine
whether there is deposition, indicated by positive values, or erosion,
with negative values. In the northern part of the study area, the detach-
ment of the cemented sand (Unit 3) wedge is visible through orange-
tinted colours, with PCD values of approximately 0.70 m (Figure 7b, c).
Fallen blocks, displaying green-tinted colours, lie just below the marine
erosion scarp and exhibit maximum PCD values of 0.20 m (Figure 7b,
c). The most intense rock falls are present in the southern part
(Figure 7d, e), as optically observed in the previous paragraph. Here, in
the PCD, the colours tend to be dark red, indicating the significant
retreat in the mid-slope of the cliff, with values up to 1.70m
(Figure 7d, e). The fallen blocks, on the other hand, show values of up
to 1 m between the point clouds (Figure 7d, e).

The error values obtained (Table 4) provide a crucial reference for
assessing the reliability of the morphological analyses in the study area.
Specifically, the error derived from the PCD (PCD FO-F4) represents
the global uncertainty threshold for interpreting observed morphologi-
cal changes. The analysis of the Cloud FO and Cloud F4 values,
reflecting point uncertainties for each cloud, suggests high internal pre-
cision for both acquisitions. The addition of the two stable areas (PCD
Plot 1, 2; visible in Figure 7a), analysed through the split data test, fur-
ther supports the analysis. In PCD Plot 1, without vegetation, the error
is minimal, suggesting high measurement reliability; in contrast, PCD
Plot 2, with low vegetation, shows an error increase, even without
topographic changes. Overall, morphological variation analyses are reli-
able for changes exceeding 0.6 m across the entire area, but in non-
vegetated sectors, such as the shore platform and cliff area, significant

variations can be detected down to thresholds of approximately 10 cm.

4.3 | Litho-structural and geomechanical data

It is extremely important to analyse the lithological and structural

properties of the lithologies of a rocky coast, determining also the
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FIGURE 5 Optical multi-temporal analysis of the rocky coastal sector of tor Caldara reserve. a) Orthophoto-mosaic of the tor Caldara study
area, one of the first survey outputs (FO) made with Agisoft Metashape software. The other images are captured with UAV surveys and are pre-
and post-storm events: FO (b) vs F1 (c), F1 (d) vs F2 (e) and F2 (f) vs F3 (g), with the red dashed lines and arrows indicating the rock falls.

mechanical strength of the rock mass and joint patterns that control belonging to different Units, as previously described (Figure 2; 8a, b).
erosion (Budetta, Galietta, & Santo, 2000; Sunamura, 2015). The In particular, the cliff features two intercalations, part of Unit 1, as
coastal cliff of Tor Caldara is composed of various lithotypes highlighted by Bellotti et al. (1997) (Figure 2; 8a, c). The basal
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B ’«5 = Eﬁ.d, S
Surveys 1 2 3 4 5 6
FO 37.7 cm 7.57 cm 20.0 cm 253 cm 17.1 cm 293 cm
F4 52.3 cm 13.8 cm 38.1 cm 343 cm 34.5 cm 36.0 cm
Difference 14.6 cm 6.23 cm 18.1 cm 9.0 cm 17.4 cm 6.7 cm

FIGURE 6 Displacement of some large blocks, through the expansion of fractures. The displacement quantification is shown in the table,

with the numbers that correspond to the measurement positions.

intercalation is found only in the southernmost part and moving to
the N along the coasts, this intercalation disappears beneath the sand-
stone layer of Unit 3, which forms the shore platform (Figure 8c).
Above the shore platform, the second clay intercalation is observed,
extending along the entire length of the cliff from the Cinghiale to the
Vignarola ravines (Figure 8c) and decreasing in thickness from S to
N. The current extent of these two clay layers was identified with the
survey F2, after winter storm events eroded much of the thick surface
alteration caused by sulphurous risings and percolations that cover
the intercalations. The base of the cliff was also subjected to a geo-
mechanical survey aimed at determining the joint pattern and the
UCS through the use of a Schmidt Hammer. Due to significant surface
weathering of the lithologies, multiple measurements were taken
around the specific point of the rock to obtain a representative aver-
age of the UCS. For the clay intercalation, UCS values around 33 MPa
were recorded, while for the sandstone of Unit 3, the values were
approximately 60 MPa; values of the density (KN/m®) for the clay
layers were taken from Bozzano, Martino, & Priori (2006). Unit
3 exhibits three joint families observed across nearly the entire extent
of the cliff and represented in the stereoplot included in Figure 8a.
The first is the bedding, with a dip direction of about N214°E and a
dip angle of 4°; the second fracture system has a dip direction of
N261°E and dip angle of 73°, while the third system is oriented at
N190°E with a dip of 72°.

44 |
retreat

DSAS application for multitemporal cliff

The computation of NDVI and its classification led to extract four dif-
ferent limits between rock and vegetation, representing the cliff crests
during the spring seasons of 2009, 2012, 2018 and 2021. Focusing
exclusively on the area encompassing between Vignarola and
Cinghiale ravines, we have reconstructed 16 transects (T1-T16), spa-
ced 10 m apart each (Figure 9).

Considering the LRR, along the transects T12 and T13 the cliff
shows the highest retreat rates (—1.07 and —1.08 m\yr, respectively),
while the transects T2 and T3 at the emerged shore platform present
the lowest rates (—0.17 and —0.26 m\yr, respectively). The mean
retreat rate is —0.63 m\yr (according to LRR) and slightly decreases to
—0.61 m\yr considering the WLR.

Similarly, the maximum distance between the oldest and youn-
gest cliff crests (NCM) is along the transects T12 and T13 (13.39 and
13.79 m, respectively), meanwhile T2 and T3 show the lowest dis-
tances (2.65 and 3.61 m, respectively). The same values are confirmed
by the CCE, since we are observing the retreat of a cliff and the maxi-
mum distance between two cliff crests corresponds to the distance
between the oldest and the youngest cliff crests.

The change metrics computed by DSAS are summarised in the
following Table 5:

45 | Meteorological and marine data

The meteorological and marine data are displayed in Figure 10, which
also includes the dates of the various surveys (FO-F4). The down-
loaded data consist of wave height measurements over the time
period from 2019-11-25 to 2024-07-31, with the most recent and
continuous time interval of the RON data considered. Since the wave
data from the Ponza Network buoy of the RON ended on
2023-11-22, due to a network update, data from 3BMeteo website
(3BMeteo, 2024) for the Anzio coast has been also used, overlapping
with the previous dataset by approximately 4 years (Figure 10a). The
correlation between the two-time series shows a R? coefficient of
about 0.88 and a p-value of 2.2e ¢ (Figure 10b). With these results,
it was therefore decided to continue the subsequent analyses only on
the time series provided by 3BMeteo, due to its longer temporal cov-
erage, which spans the entire interval of the surveys. Rainfall data
were also downloaded from 3BMeteo website due to their greater

temporal continuity over the same time interval as the wave height
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FIGURE 7 Representation of the PCD, showing the metric distances, in the scalar field, between the FO and F4 point clouds (a). The values
of the C2C are expressed in absolute distances and thus only have positive values. For each zoom of the PCD, the image of the optical point
cloud is juxtaposed (b-e) to verify whether a specific value corresponds to the deposition or erosion of material.

data. The graph (Figure 10c) shows a general decrease in both the
intensity and duration of rainfall events from summer 2023 to July
2024.

To identify wave peaks that could potentially coincide with a
storm event, the POT analysis was conducted (Figure 10), choosing
the threshold as the third standard deviation, with a value of 2.44 m,
corresponding to the 98th percentile. To calculate the time required
for an event to be considered independent, an autocorrelation

analysis was performed, revealing that for the given data, two peaks
of probable storm events are independent if more than 48 hours have
passed with heights below the threshold. The results indicate that
while the number of storm events has not significantly changed over
the analysed years, there is an observed local increase in the intensity
of winter storms (November-December) and the occurrence of
exceptional off-season events, such as the peaks in July and August
2023, with wave height reaching up to 4 m.
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5 | DISCUSSION

51 | Evolution of the rocky coast

As evident from the results of this study, the rocky coast of Tor
Caldara exhibits signs of pronounced morphological changes within
just one year of monitoring. The cliff face exhibits a complex pattern
of erosion and deposition, with the southern section demonstrating
locally up to 1 m of retreat (Figure 7a, d). Similarly, DSAS analysis on
2009, 2012, 2018 and 2021 SDCCs indicates a mean retreat rate of
approximately 0.6 m\yr (based on LRR and WLR) along the cliff
between Vignarola and Cinghiale ravines. Notably, the highest LRR,

TABLE 4 Summary of the errors in the validation of FO and F4
photogrammetric surveys. ME = mean error; MAE = mean absolute
error; SDE = standard deviation error; RMSE = root mean square
error.

ME MAE SDE RMSE
Cloud FO 0.0343 0.0343 0.0703 0.0782
Cloud F4 0.0344 0.0344 0.1307 0.1351
PCD (FO-F4) 0.0092 0.1956 0.5983 0.5983
PCD Plot 1 —0.0211 0.0328 0.0990 0.1012
PCD Plot 2 —0.0105 0.0647 0.1875 0.1877

Tor Caldara
(@)

Vignarola ravine

Sand with birck
fragments

3)

T shore platform
(Unit 3)

Conglomeratic and
silty sand (Unit 4)

Cemented sand (Unit

Pelitic layer (Unit 1)

around 1.0 m\yr along transects T12 and T13, aligns with the maxi-
mum retreat rate observed in the southern cliff sector (Figure 9).

The observed morphoevolution is characterized by a combination
of gradual and paroxysmal changes. Gradual processes include contin-
uous weathering and mass wasting along the cliff face, characterized
by the smaller-scale rock falls. These ongoing events contribute to the
overall retreat of the coastline and the reshaping of the cliff profile.
More dramatic morphological changes were observed in the form of
larger mass movements, especially in the southern section of the cliff
(Figure 5; 7). In this region, we recorded substantial cliff retreats, with
some areas experiencing recession of up to 1.70 m in the mid-slope
area. These events led to significant alterations in the cliff face geom-
etry, creating new erosional surfaces and depositing substantial
amounts of material at the cliff base that not only modify the local
topography but also influence the dynamics of wave-cliff interactions,
potentially accelerating future erosion processes. Moreover, the spa-
tial variability in erosion intensity along the cliff face suggests a com-
plex interplay of drivers influencing coastal evolution.

5.2 | Analysis of the drivers controlling
morphoevolution

Over the years many studies have attempted to identify and compre-
hend the drivers that influence the evolution of a rocky coast (Brooks,

Cinghiale ravine

k Sandstone (Unit 3) %

‘\7‘&&

. Basal intercalation

FIGURE 8 Extent of the two clay layers (light blue polygons), with greater thickness in the southern part of the study area (a); a stereoplot
with the main joint families common in the total extent of the cliff is also visible. The stratigraphy of the cliff with the different units is visible in
zoom b). In the southern part, the two clay intercalations can be clearly seen terminating at the Cinghiale ravine c).
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FIGURE 9 The DSAS transects coloured according to the linear regression rate (LRR). The basemap is the optical satellite imagery available in
ArcGIS pro 3.4.0, derived from Maxar's satellites collecting the highest resolution satellite imagery commercially available (0.15 and 0.30 m).

Spencer, & Boreham, 2012; Fullin et al., 2024; Hurst et al., 2016;
Limber et al., 2018; Prémaillon et al., 2018; Troiani et al., 2020). In this
work, these drivers have been categorized into three groups, as previ-
ously proposed by Prémaillon et al. (2018). These categories include:
(i) continental forcing, such as rainfall or frost; (ii) marine forcing, pri-
marily due to the action of the sea; (iii) cliff setting, which encom-
passes morphological, structural and lithological characteristics.
Regarding the analysed rainfall time interval (Figure 10c), no
exceptional or prolonged events were recorded, during the 2023-
2024 period. On the contrary, the rainfall trend for this period shows

a marked decrease compared to the previous interval, which was

characterized by higher precipitation and rainfall peaks of up to
70 mm. It is plausible to assume that, for our study area, the impact of
precipitation is limited compared to other forcing drivers, as there is
an observed increase in mass wasting processes despite the reduced
rainfall intensity compared to the previous years. Rainfall likely plays a
role more related to preparing the rock mass for collapse events by
gradually weakening it (Prémaillon et al., 2018), rather than acting as
an immediate trigger. However, due to the lack of mass wasting data
for the previous interval, we cannot exclude the possibility that rainfall
also had a significant role as a trigger for localized rock-block and

debris detachments.
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TABLE 5 The change metrics computed for each transect: CCE (cliff change envelope), NCM (net change movement), EPR (end point rate),

LRR (linear regression rate), WLR (weighted linear regression).

Transect id CCE (m) NCM (m)
T1 9.78 9.78
T2 2.65 2.65
T3 3.61 3.61
T4 6.34 6.34
T5 6.53 6.53
T6 6.72 6.72
T7 7.42 742
T8 8.63 8.63
T9 9.22 9.22
T10 7.98 7.98
T11 10.48 10.48
T12 13.39 13.39
T13 13.79 13.79
T14 8.55 8.55
T15 5.57 5.57
T16 7.83 7.83

The statistical analysis of the time series data reveals a strong cor-
relation between wave height measurements from the RON and the
3BMeteo dataset. This consistency is crucial as it validates the accu-
racy of the 3BMeteo data, providing confidence in using this informa-
tion to fill gaps or extend the temporal coverage of the wave height
time series analysis, particularly when the RON buoy measurements
might be sparse or non-existent. As shown in Figure 10b, the correla-
tion plot displays an almost perfect linear relationship between the
two datasets, indicating they are capturing the same wave height
dynamics. However, the gradient of the correlation curve is shifted
towards the 3BMeteo axis, suggesting this dataset tends to report
lower wave height values compared to the RON buoy network. This
discrepancy can likely be explained by the different geographic loca-
tions of the measurement sources. The RON buoy is located further
offshore and may be exposed to wave conditions of greater intensity
compared to the 3BMeteo instruments situated closer to the coast
near Anzio.

The analysis of the 3BMeteo time series data (Figure 10a) also
provided valuable insights into the temporal patterns of wave height
extremes in the study region. By identifying significant wave
height peaks exceeding 2.44 m within 48-hour intervals, we were able
to isolate distinct event peak occurrences within the investigated
timeframe. The analysis revealed a recurring seasonal trend, with fre-
guent storm events predominantly occurring during the winter and
spring periods, consistent with the climatic asset of the coast (Fortelli
et al., 2021; Littmann, 2000), typically from December through April-
May of each year (Figure 10a). The similarity in the intensity and fre-
guency of these seasonal storm events suggests a consistent regional
wave climate, with some spots of significant variations observed for
example in the summer of 2023 and in the magnitude of the autumn-
winter of 2023 (Figure 10a). Although there are some high-intensity
events (up to 4 m in wave height), the overall pattern of data, includ-
ing the number of seasonal and annual storm events, remains rela-

tively consistent. Given the general absence of significant variations in

EPR (m\yr) LRR (m\yr) WLR (m\yr)
-0.81 -0.72 -0.77
—0.22 -0.17 —0.19
-0.3 —0.26 —0.25
—0.53 —0.55 —0.56
~0.54 ~049 —049
—0.56 —0.46 —0.44
-0.61 —0.55 —0.51
—0.69 —0.69 —0.65
-0.76 -0.76 —-0.74
—0.66 —0.69 —0.66
-0.87 -0.87 —0.83
-1.11 -1.07 —1.04
-1.14 -1.08 —-1.03
-0.71 —0.73 —0.69
—0.46 —0.43 —0.43
—0.65 —0.54 —0.52

marine drivers, we presume that their role is more preparatory than
triggering, impacting on the rock mass resistance and contributes to
undercutting at the base, rather than causing detachments during
wave impacts.

The last driver to consider is the cliff setting. The role of the clay
intercalations (Figure 2; 8a) at the base of the cliff and beneath the
shore platform is crucial. These intercalations are eroded by the sea,
predisposing the overlying Unit 3 to rock falls. At this point, the condi-
tion of the rock mass becomes significant, as the two joint families
detach the block from the cliff, which eventually collapses once the
support provided by the clays is removed. The two discontinuity sys-
tems are also clearly recognizable in the shore platform (Figure 5, and
stereoplot in Figure 8), which exhibits a different style of evolution.
Here, the blocks appear to slowly slide along the submerged intercala-
tion beneath the platform towards the sea, evidenced by the widening
of fractures that already separate the blocks from the original shore
platform.

Sulphur upwellings also can play an important role. Most of the
surfaces of the cliff and the fillings of the discontinuities, both in the
platform and in the cliff, are affected by sulphur precipitation. Sulphur
can ascend through fractures, precipitating and gradually widening
them. In this preliminary study, however, this additional characteristic
was not considered, with the focus primarily on the driving forces that
play a fundamental role across the majority of rocky coasts.

Consequently, the outcropping lithologies and the structural con-
ditions of the rock mass play a fundamental role in the evolution of
the Tor Caldara rocky coasts. However, it's important to note that
drone monitoring is discontinuous and does not allow for recording
the actual wave impact on the cliff. To evaluate the potential trigger-
ing action of wave motion in relation to recorded rock falls, a real-time
video monitoring system and other different sensors would be neces-
sary. This would enable data acquisition in any weather condition and,
crucially, record the exact timing of rock detachments from the

cliff face.
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FIGURE 10 POT analysis on the 3BMeteo (3BMeteo, 2024) wave height dataset for the period from 2019 to 11-25 to 2024-07-31,
showing the number of events over the threshold (a) (see the text for details); correlation between the RON and 3BMeteo wave height datasets
show an highest R? coefficient of about 0.88 (b); rainfall data from 3Bmeteo (3BMeteo, 2024) for the same 2019-2024 period, displaying the

general decrease in intensity and duration of the events (c).

6 | CONCLUSIONS

This study provides an analysis of the drivers influencing the evolu-
tion of the soft rocky coast at Tor Caldara Nature Reserve, utilizing
an integrated approach that combines traditional field surveys, UAV
campaigns and high-resolution satellite imagery analysis. The devel-
opment of a detailed geomorphological map through field surveys
has highlighted the current distribution of erosional and deposi-
tional landforms along the coastal sector, providing a crucial base-
line for future monitoring efforts. Moreover, these surveys enabled
a thorough characterization of the litho-structural properties of the
outcropping rocks, which proved to be a fundamental driver in
understanding the evolutionary processes of the coast. The applica-

tion of repeated UAV surveys, coupled with point cloud

comparison techniques, allowed for precise quantification of cliff
collapses and detailed observation of morphological changes over
time. This high-resolution temporal and spatial data has revealed a
pattern of both gradual and paroxysmal changes, with the southern
section of the study area experiencing the most pronounced mor-
phological alterations, including cliff retreats of up to 1.70 m in the
mid-slope area. Furthermore, the SDCCs from 2009, 2012, 2018
and 2021 analysed using DSAS, provide valuable additional data
for a more comprehensive understanding of the cliff's
morphodynamics over time.

Through a systematic analysis of marine (e.g., wave action), conti-
nental (i.e., rainfall) and morphological drivers (i.e., cliff morphology
and litho-structural characteristics) on coastal evolution, we have

identified several key outcomes for our study area:
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1. Marine drivers: while wave action, particularly during storm events,

plays a crucial role in erosion processes, our data suggest that its
impact is more preparatory than triggering. The consistent pattern
of seasonal storm events, predominantly occurring from December
through April-May, contributes to the long-term weakening of the
cliff structure.

2. Continental drivers: contrary to initial expectations, rainfall appears
to have a limited direct impact on erosion events in our study area.
The observed increase in cliff rockfalls and erosion despite reduced
rainfall intensity suggests that precipitation likely plays a more indi-
rect role in gradually weakening the rock mass.

3. Morphological drivers: The litho-technical features of the cliff,
including the presence of clay intercalations at the base and the
two prominent joint families, emerge as the most critical drivers in
determining the cliff evolution. The erosion of clay layers by wave
action predisposes the overlying units to rock falls, while the joint

systems facilitate block detachment once support is removed.

This study confirms the effectiveness of combining field and UAV
surveys to determine the key drivers shaping the evolution of a rocky
coast. The research conducted at Tor Caldara Nature Reserve has
broader implications for coastal management and risk mitigation strat-
egies, particularly in areas of significant natural and cultural heritage.
By identifying the primary drivers of coastal evolution, this study lays
the foundation for more targeted and effective conservation efforts.
However, to fully develop robust management strategies, future mon-
itoring efforts should integrate multiple sensors, including video cam-
eras, seismic sensors, fracture extension sensors and gas emission
sensors along fractures. These technologies, combined with optical,
LiDAR and multispectral UAV-based surveys, will enhance the quanti-
tative discrimination of the processes driving coastal erosion. Addi-
tionally, collaboration with local and regional authorities will be crucial

in developing strategic protection measures.
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