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Abstract: The integration of multiple data sources, including satellite imagery, aerial photography,
and ground-based measurements, represents an important development in the study of landslide
processes. The combination of different data sources can be very important in improving our
understanding of geological phenomena, especially in cases of inaccessible areas. In this context,
the study of coastal areas represents a real challenge for the research community, both for the
inaccessibility of coastal slopes and for the numerous drivers that can control coastal processes
(subaerial, marine, or endogenic). In this work, we present a case study of the Conero Regional Park
(Northern Adriatic Sea, Ancona, Italy) cliff-top retreat, characterized by Neogenic soft rocks (flysch,
molasse). In particular, the study is focused in the area between the beach of Portonovo and Trave
(south of Ancona), which has been studied using aerial orthophoto acquired between 1978 and 2021,
Unmanned Aerial Vehicle (UAV) photographs (and extracted photogrammetric model) surveyed in
September 2021 and 2012 LiDAR data. Aerial orthophotos were analyzed through the United States
Geological Survey’s (USGS) tool Digital Shoreline Analysis System (DSAS) to identify and estimate
the top-cliff erosion. The results were supported by the analysis of wave data and rainfall from the
correspondent period. It has been found that for the northernmost sector (Trave), in the examined
period of 40 years, an erosion up to 40 m occurred. Furthermore, a Digital Elevation Model (DEM)
of Difference (DoD) between a 2012 Digital Terrain Model (DTM) and a UAV Digital Surface Model
(DSM) was implemented to corroborate the DSAS results, revealing a good agreement between the
retreat areas, identified by DSAS, and the section of coast characterized by a high value of DoD.

Keywords: rocky coast; cliff erosion; UAV; conero

1. Introduction

High coasts represent about 75% of the world’s coastline [1] and can be composed by
both soft and hard rocks, with soft rocks usually characterized by an uniaxial compressive
strength (UCS) < 5 MPa, and hard rocks by UCS > 5 MPa [2].

The study of cliffed areas, with a particular focus on coastal retreats and slope failures,
involves several factors such as geological, geomorphological, and structural settings [3,4],
wave action [2,3,5-10], sediment input [11,12], cliff topography [13,14], beach width [15],
and energy contents of waves [16].

In particular, geological structures can play a key role in controlling the morphology
and stability of high coastlines [17,18], changing asymmetrically the values of shear strength
and uniaxial compressive strength along the cliff. Furthermore, wave action and sea-level
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rise can lead to the creation of coastal notches and progressively to the collapse of large
parts of the cliffs [2,19].

In this already complex scenario, the effect of climate change must be considered,
which tends to modify the frequency and intensity of instability factors such as storminess,
storm energy, and sea-level rise. In fact, although the role of such phenomena is well-
known in coastal failures and retreats (even in case of single major events, Brooks and
Spencer, 2016) [20], their prediction is becoming more and more difficult [21]. Examples
of the effect of sea-level rise in coastal areas have been presented by Bruun 1962 [22] and
Ashton et al., 2011 [23]. Diversely, from the model proposed by Bruun [22] for the sandy
coast, Ashton et al. [23] demonstrated how, in the case of a high rocky coastline, the rate of
sea-level rise results in an increased profile of slopes.

In the last decades, along with these new environmental challenges, new technologies
have been developed and adapted for more accurate analysis. In particular, for cliffs,
Terrestrial Laser Scanning (TLS) [24-27], orthophotos [28,29], UAV [30-34], and Persistent
Scatterer Interferometry Synthetic Aperture Radar (PSInSAR) [35] were successfully used
for monitoring their temporal and morphometric evolution.

The use of aerial photographs can be very useful for the assessment and evolution of
cliff behavior along wide coastal sections. However, the spatial and temporal resolution
of aerial photographs is often not suitable to gather significant results [28]. The adoption
of more recent survey techniques (when available) for reconstructing coastal topography,
such as Aiborne and Terrestrial Laser Scanning (ALS/TLS) and UAV, remarkably improve
the evaluation of short- to medium-term cliff-erosion processes and rates [7,31,36,37]. TLS
is very accurate, but it may be difficult to use in coastal areas because of the inaccessibility
of many slopes. The use of ALS overcomes the problem connected with the TLS. However,
it may be very expensive. As for the TLS and ALS, the UAV can be used to derive DEMs of
the investigated areas. Although, there is a lower accuracy of the products [38—41], they
represent a low-cost solution to acquire data at a local and large scale, as well as in inacces-
sible areas, constituting one of the best cost-effective choices in coastal monitoring [42]. In
some cases, the combination of the above-mentioned techniques become very important
(although challenging) to obtain a more complete dataset (in terms of spatial and temporal
data) [28,32,33,43,44].

In this context, this paper aims to study erosion processes in the area between
Portonovo and Trave (Ancona, Italy, Figure 1) through the combined use of aerial pho-
tography, UAV photogrammetry, and LiDAR data. It is important to note that these
remote-sensing techniques played an outstanding role, providing the possibility to study
the entire area, decreasing the risk for surveyor. The integration of these remote-sensing
techniques with conventional geological and geomorphological surveys allowed for the
recognition of the coastline sectors with higher retreat values and, at the same time, the
exploration of potential and more important factors contributing to the retreat. In partic-
ular, we have considered geological, geomorphological, structural, meteorological, and
marine factors.

The cliff top retreat analysis has been carried out through the Digital Shoreline Analysis
System (DSAS) [45] and DoD calculations. The DSAS was applied to orthophotos spanning
from 1978 to 2021. A DSM of the area was created from a UAV survey conducted in 2021
and compared with 2012 LiDAR data DTM for the DoD calculations.
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Figure 1. (a) Location map of the study area. (b) Satellite image showing the study area delimited by
a red line (image taken from GeoEye satellite database, 2020).

2. Study Area Description

The study area is located in the central Adriatic coast, a few kilometers south of
Ancona, between Portonovo and Trave in the Conero promontory (Figure 1). This area is
characterized by high cliffs ranging from tens to hundred of meters in elevation and slopes
from almost flat to 80° of steepness.

From a geological point of view, the Conero promontory belongs to the central sector
of the present-day foredeep basin and foreland ramp of the Outer Northern Apennine fold
and thrust belt [46—49]. In the study area, Neogenic formations from Miocene present time
outcrops. These formations, Schlier, Formazione a Colombacci, Formazione di Sapigno,
Orizzonte del Trave, and Argille Azzurre [50], are mainly composed by marls, clays,
sandstones, and gypsum. The bedrock is often covered by landslide deposits, which are
well-recognizable along the whole study area [51].

The structural setting of the area is characterized by the presence of two principal
thrusts with typical Apennine lineaments NW-SE oriented, which are well-known in the
literature [50]. The first one is well-exposed between Portonovo and Mezzavalle, and brings
the Schlier Fm. on top of the Colombacci Fm.; the second thrust, close to the Trave, brings
the Sapigno Fm. over the Argille Azzurre Fm.
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From the geomorphological viewpoint, intense processes of erosion and many land-
slides characterize this part/sector of the coastline, resulting in a badland-like appearance
to these slopes.

The landslides are well-documented in the landslide database of Istituto Superiore
per la Ricerca e Protezione Ambientale (ISPRA) IdroGEO, occurring mostly in the Trave
sector (https://idrogeo.isprambiente.it/app/iffi/ (accessed on 24 July 2023)). The study
area is characterized by composite landslides, rock rotational slides, clay/silt rotational
slides, rock fall, rock block topple, and earthflow [52]. Landslides identified in the study
area are active or re-activated the state of activity [53].

Their crown is prevalently located along the morphological edge that separates the
inland from the coast. The area affected by landslide phenomena is estimated to be
approximately 280,000 m?.

With regard to the pedology and soil cover, these have been documented and described
by the Parco Nazionale del Conero authority (https://www.regione.marche.it/natura2000/
public/allegati_blog/1682/File%20non%20disponibile.pdf (accessed on 24 July 2023)). The
soil covering the marls and calcareous bedrock is called regosoil, or lithosoil Xerorthents
typic and lithic. Unfortunatey, no information was reported about the different depth of
this level along the coastline.

Further available data from Corine Land Cover (https://land.copernicus.eu/pan-
european/corine-land-cover (accessed on 24 July 2023)) of 1990 and 2018 were checked in
order to find information regarding land-use change and vegetation.

It has been determined that the area corresponding to the Trave sector was classified
from 1990 with Code 141 as “green urban areas”, and the other wo sectors with the code
311 as “broad-leaved forest”. From 2018, the Trave sector was classified with Code 323
“sclerophyllous vegetation”, while the other two sectors remained under Code 311 as
“broad-leaved forest”.

According to morphology and geological characteristics, the coastline has been divided
in three different sectors (Figure 2) defined from South to North:

(a) Sector “1”, named Portonovo, is E-O/NW-SE-oriented and stretches from Portonovo
to the beginning of the Mezzavalle sector. This sector is mainly characterized by the
Schlier Fm.

(b) Sector “2”, called Mezzavalle, is approximately NW-SE-oriented and mainly covered
by landslide deposits.

() Sector “3”, entitled Trave, approximately N-S/NW-SE-oriented, is characterized by
high and steep cliffs (£200 m), along which tectonized flyschoid formations (Argille
Azzurre Fm.) outcrop.

The coastline object of this study overlooks on the northern—central Adriatic Sea [54].
The Adriatic sea is a microtidal environment [54]; this sector is characterized by two
different prevalent seas, with the reigning sea coming from S-SE (Sirocco), namely the most
frequent direction of wave storm events and conjoined winds and dominant sea from NE
(Bora), along the direction of wave storm with major intensity [55,56]. Additionally, it is
possible to identify along the coast of this region a littoral drift moving northwards [57].
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Figure 2. Geological setting of the study area [50] and “Sectors”: (1) Portonovo; (2) Mezzavalle; (3)
Trave. Bedrock legend: SAA (Scaglia Rossa Fm., Upper Cretaceous-Medium Eocene); VAS (Scaglia
Variegata Fm., Medium Eocene-Upper Eocene), SCC (Scaglia Cinerea Fm., Upper Eocene-Upper
Oligocene), BIS (Bisciaro Fm., Lower Miocene), SCH (Schlier Fm., Lower Miocene-Upper Miocene),
GNOa (Sapigno Fm. Upper Miocene), FCO (Colombacci Fm., Upper Miocene), Tv (Trave horizon,
Lower Pliocene), FAA (Argille Azzurre Fm., Lower Pliocene-Lower Pleistocene). The Trave horizon is
anatural stratum that forms a ridge outcropping from the sea in the northern section of the study area.

3. Materials and Methods
With the aim of quantifying morphodynamical processes acting on these cliffs, we
have performed an interdisciplinary study, which includes:

(a) Fieldwork.
(b) The analysis of meteorological and marine data.
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(c) Cliff-top retreat in different periods, using the DSAS tool for ArcGis. (https://www.
arcgis.com/home/index.html (accessed on 24 July 2023)).

(d) DoD between an available 2012 Lidar data and a 2021 DSM extracted from UAV
photographs to improve our understanding of cliff-retreat rate and validate results
from multitemporal orthoimages analysis.

3.1. Fieldwork and GIS Topographic Analysis

During the fieldwork, a geological survey of the area was performed with the goal
of improving the details of the existing maps/information integrated through the use of a
pocket penetrometer and a Schmidt hammer according with ISRM guidelines [58]. This
allowed for the values of uniaxial compressive strength (UCS) to be gathered, both for
deposits and bedrock in the three studied sectors. Furthermore, to improve the information
about rock mass quality along the coastline, the rock mass classification “geological strength
index” (GSI) was performed [59-63]. Starting from the 2012 DTM provided by Marche
region in GIS environment, an elevation model was conducted, including the symbology
of the raster, and a slope model was created with the tool slope.

Furthermore, the beach width in the different sectors was extracted in GIS, starting
from an orthophoto recorded on 28/29 September, 2021. Profiles spaced 30 m, for a total of
104, were traced perpendicularly with respect to the shoreline and width measured along
their length between the berm crest and the cliff base. Then, all the values obtained were
stored in a table, and a mean value for each sector was identified.

3.2. Analysis of Meteo and Marine Data

The analysis of marine data was implemented using the 1994-2019 wave hindcast
produced by CNR-ISMAR for the Adriatic Sea in the framework of a collaboration between
the University of Ferrara, the CNR-ISMAR, and the Autorita di Bacino del Fiume Po
(ADBPO). This was part of the Research Programme Venezia 2021, coordinated by CORILA,
with the contribution of the Provveditorato for the Public Works of Veneto, Trentino Alto
Adige, and Friuli Venezia Giulia [64]. The wave dataset is based on the WaveWatch3 (WW?3)
numerical model implemented for the Adriatic Sea using a grid with spatial resolution
~2.5 km using high resolution (~80 m) bathymetry from EMODnet. The model was forced
with an edited version of ERAS to correct the bias due to the general underestimation of
the wind intensity on the Mediterranean Sea of the original dataset. The wave dataset
is provided in NETCDF format (i.e., one file for each year, hourly data). The 2018 high-
resolution bathymetry from ARPAE was used to extract the 20-m depth bathymetric contour
as source to extract coastal points as reference positions for the analysis. A set of coastal
points was defined in front of the Mezzavalle-Trave area (Figure 3).

The significant wave-height (Hs) timeseries was extracted from the gridded data of
the CNR-ISMAR datasets for each defined coastal point using the nearest point method.
The yearly timeseries were merged. Independent extremes were identified through a peak-
over-threshold analysis, where the threshold was calculated as a quantile of the provided
timeseries, and the independence criteria were based on a time window.

The analysis was implemented using the python library pyextremes (https://georgebv.
github.io/pyextremes/ (accessed on 24 July 2023)).

Regarding the rainfall data, these were retrieved from Sistema Informativo Regionale
Protezione Civile Marche. The data are available on Regione Marche website (https://www.
regione.marche.it/Regione-Utile/Protezione-Civile /Progetti-e- Pubblicazioni/ Annali-Idrol
ogicifftAnnali-Idrologici{-}{-}-Parte-1 (accessed on 24 July 2023)) from 1990 and are related
to the meteorological station “Ancona Torrette” with a daily sample frequency and without
gaps. From 2003, another station was used, “Ancona Regione RT-1638;” data are available
in the website after registration (http://app.protezionecivile.marche.it/sol/indexjs.sol?
lang=it (accessed on 24 July 2023)) with a sample frequency of 15 min and no gaps in the
record. Both stations are ca 5-8 km north from the cliffs object of this study.
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Figure 3. Coastal points defined in front of the area of interest. The points are positioned on the 20-m
depth contour of the bathymetric dataset provided by ARPAE.

3.3. UAV Survey and Data Elaboration

Due to the extension of the study area (about 1.5 km?), the UAV data acquisition was
accomplished in two consecutive days, 28/29 September, 2021, using a commercial drone
DJI Phantom Vision 3+ Pro equipped with a camera: FC300X (focal length: 3.61 mm; pixel
size: 1.56 um X 1.56 um).

Flights were conducted at a constant elevation of 120 m covering the top cliff, and
60-70 m covering the beach area, using automated flight plans created using the “Drone
deploy” opensource application (https://www.dronedeploy.com/ (accessed on 24 July
2023)). Front and side overlap between each photo was ~70%, and flight speed was
8-10m/s.

The UAV survey was supported by an RTK-GNSS survey using a Trimble RTK-
DGPS RS8 (i.e., stop-and-go technique; horizontal accuracy of 8 mm and vertical accuracy
of 15 mm), which was used to acquire the position of 22 ground control points (GCPs).
These were made of white-and-red wooden square targets, measuring 60 cm x 60 cm, and
distributed within the study area. The Universal Transversal Mercatore WGS84 zone 33N
was used as coordinate system, and the ellipsoidal height was converted to orthometric
height using national grids using the software “Convergo” version 2.05 (https://www.cisis.
it/?page_id=3214 (accessed on 24 July 2023)). Estimate error during the RTK-GNSS survey
was approximately 6 cm horizontally and vertically.

“Agisoft Metashape” (version 1.5.1 https://www.agisoft.com (accessed on 24 July
2023)) was used to manage and process UAV data and GCP coordinates. Using the pro-
cedure suggested by different authors [41,65-68], it was possible to create the DSM and
orthophoto of the surveyed area.

3.4. Morphological Analysis

Although the DSAS tool was created to analyze the shoreline movements, its use in
cliff-retreat studies is widely documented in the literature [69-72].

The study was performed using orthophoto acquired in 1978, 1998, 2007, 2010, and
2021. The first four (1978, 1998, 2007, and 2010) are available on institutional websites
(http:/ /www.pcn.minambiente.it/viewer/index.php (accessed on 24 July 2023), http://
wms.cartografia.marche.it/geoserver/Ortofoto/wms (accessed on 24 July 2023)). The
2021 orthophoto is the one extracted from UAV photographs. Spatial resolutions of such
orthophotos are reported in Table 1.
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Table 1. Spatial resolution of the orthophotos used for the cliff top retreat analysis.

Date (yr) 1978 1998 2007 2010 2021
Cell size (m) 1.28 x 1.28 1x1 0.5 x 0.5 0.5 x 0.5 0.1 x0.1

The DSAS analysis is based on the comparison of different cliff top edges mapped over
the years. The comparison is made using the cliff tops edges and a baseline as reference
line. Cliff top edges were manually mapped on the orthophotos, keeping the same visual
scale on all the photos (Scale 1:3000) and using the limit between vegetation and bare slope
as edge of the cliff (Figure 4a). The accuracy of manual mapping was defined following the
example of Crowell et al. (1991), Fletcher et al. (2003), and Del Rio and Gracia (2013) [73-75].
The approach used is based on the use of the Spatial Adjustment tool in ArcGIS [67,76-78];
the cliff top edge is mapped four different times, and the difference between each line
is then calculated measuring the offset between a couple of lines per time along several
perpendicular thick profiles. Once each couple of the dataset (for each image) was tested,
the highest error was used as reference. For what concerns DSAS calculations, as reference
line and base line, we have used the shoreline, which was mapped in the 2021 orthophoto,
thanks to the different colors between the sand and the sea. The same procedure described
before was used to calculate the error in the digitalization of the shoreline. Hence, a 100-m
buffer of this line was used in GIS environment (while ensuring that the buffer was beyond
the cliff top edges) (Figure 4b). Starting from this baseline, the software creates a series
of transects. In this case, we have defined a distance between each transects of 10 m for a
total of 310 transects. An example of transects created during the DSAS analysis is shown
in Figure 4c. Among them, the software verifies the changes in the cliff top edges and
calculates the Net Shoreline Movement (NSM, the total movement measured in meters)
and the End Point Rate (EPR, the rate of movement calculated in meters per years). Hence,
Confidence of End Point Rate (ECI or EPRunc in newer versions of DSAS) was calculated.
This is an index that considers the uncertainty of lines (accuracy error) as a factor for
calculating the EPR confidence.

Considering the available information about waves (1994-2019) and precipitation
(1990 to current), it was decided to perform DSAS analysis using time spans 1998-2007
and 2010-2021 in order to have a temporal correspondence between computed erosion
processes and external drives (Figure 5). A further analysis was also undertaken for the
period 1978-2021 (although no wave and precipitation were available until 1990) to verify
the coastal retreat in the whole 40 years and compare such results with other periods.

Finally, to further verify the results of DSAS analysis, a DoD analysis was conducted.
The use of DoD is becoming a common practice in geosciences [70,79,80]. In this case,
we have used the 2012 airborne Lidar (near infrared and green) DTM with a cell size of
4 m x 4 m provided by Marche Region, and the 2021 UAV extracted DSM with a cell size
of 0.25 m x 0.25 m. The accuracy of UAV-extracted DSM product was computed, verifying
the differences between control points coordinates acquired through RTK-DGPS and the
coordinates of same points on UAV-extracted DSM while computing the mean error and
the RMSE. In particular, we have found a planimetric mean error of 31 cm with RMSE
of 12 cm and a vertical mean error of 5 cm with a RMSE of 6 cm [81]. The 2012 airborne
Lidar has a vertical RMSE < 10 cm and a planimetric RMSE < 10 cm, as reported by the
Marche Region. The two rasters were compared after a resample, keeping the coarsest
resolution through the GIS tools resample and clip. Vegetated areas were excluded from
the analysis, and the UAV DSM was resampled at the same resolution of the Lidar-based
DTM. The raster calculator was used to compute the differences between the two rasters in
elevation. Statistical analysis on resulting data was performed for each sector, obtaining
mean, maximum, and minimum values of variation for each sector.
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Figure 4. Methodology followed in DSAS elaboration. (a) We used as cliff top the edge between
vegetated slope and the bare cliff (showed by the red line). (b) The baseline (the blue line), i.e., the
line from which all the transects origin, was created using a buffer of the identified shoreline, with
the aim of obtaining transects as perpendicular as possible with respect to the coastline. (c) Image
showing the baseline (in green) and the transects (in violet) obtained by DSAS elaboration.
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Figure 5. Picture showing distribution of different data through time. The overlap window is between
1998 and 2021.
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4. Results
4.1. Fieldwork and GIS Analysis

The geological and structural surveys highlighted the main differences between the
three sectors.

Moving from Portonovo to Trave, we found different geological formations, i.e., Schlier
Fm./Sapigno Fm./ Argille Azzurre Fm., and Colombacci Fm. with different geotechnical
characteristics, as evidenced by the values of GSI and UCS gathered through a pocket
penetrometer and a Schmidt hammer (Table 2). Rock-mass classification, together with
UCS, has been shown to be a factor of unneglectable importance in coastal-cliff erosion,
predisposing slopes to more frequent failures [2,8,82]. Therefore, we have considered that
GSI and UCS represent the more suitable geotechnical parameters to characterize, according
to the lithotypes outcropping in the area, soil or weak rocks.

Table 2. Range of GSI and UCS values for the three sectors.

GSI (Flysch) UCS (MPa)
PORTONOVO 50-60 30-35
MEZZAVALLE / 0.5-5
TRAVE 15-30 5-30

We obtained the smallest values of UCS along the Mezzavalle sector, which is basically
characterized by landslide deposits (for them, the GSI classification is not applicable). In the
Portonovo sector, we obtained the highest values of GSI and UCS. In the Trave sector, these
values are very variable and depend on the structural features present, which determine a
high fracturing degree, as in corresponding to the tectonic contact between the Sapigno Fm.
and the Argille Azzurre Fm. (Figure 6a), which gave rise to a completely fractured zone in
the Argille Azzurre Fm. itself (Figure 6b).

Figure 6. At Trave sector. (a) The Sapigno Fm., composed by gypsum, is thrusted on the younger
Argille Azzurre Fm. The trend of coastline in this picture is N-NW/S-SE, and the attitude of the
fault plane is 205/40 in Dip Direction and Dip convention. (b) Outcrop of the Argille Azzurre Fm.
composed of marls, completely fractured in blocks of few centimeters.

Furthermore, thematic maps developed in GIS using LiDAR data show that, among the
three sectors, the Trave sector is characterized by the steepest and highest cliffs (Figure 7).
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The mean beach width computed of the three sectors was 6.7 m, 23.5 m, and 7.6 m for
Portonovo, Mezzavalle, and Trave, respectively.

{a) SLOPE MAP DISTRIEUTION

{b) ELEVATION MAP DISTRIBUTION

Figure 7. (a) Values of slope and (b) elevation: Trave sector shows the highest values for both the
considered parameters.

4.2. Analysis of Meteo and Marine Data

Data from CNR-ISMAR are displayed in Figure 8, along with the results of the POT
analysis (threshold: 99.5 percentile; independence criteria: 48 h) for the significant wave
height (hs) for the coastal point CP005. Here, the hindcasted over-threshold events between



Remote Sens. 2023, 15,4120

12 of 24

1994 and 2019 are reported. The average number of events per year is 4.5, which is in line
with the expected range (3-5) for traditional POT analysis. It is not possible to identify any
kind of trend in the rate of storminess in the whole period considered; it can be only noted
that after 2012, the number of events with Hs > 4.5 m is higher in respect to the period
before (1994-2012).

‘EJ Significant wave height (m)
. Legend
3 i E Evers o Hha
theethois
4 ’
Hs 1
71
e
o P e e gt
Wl Do 1
Ib] Rainfall (mm)
200
o

SLE
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LE0 L0 2 HEE ROUG RO 00U 200 200 JU0G JU0H JUID A0 LY S014 SO0 06 18 100
date-Lima
Figure 8. Summary of wave and rainfall parameters: (a) POT analysis of CNR-ISMAR data between
1994-2019 for the significant wave height (Hs) for coastal point CP005, showing the identified events.
The peak value is highlighted by a red dot. (b) Precipitation recorded by the stations “Ancona
Torrette” and “Ancona Regione RT-1638" in the period 1990-2021.

Regarding the rainfall data, the annual average precipitation recorded between 1990
and 2021 is 664 mm. It is possible to identify two years where precipitation exceeded mean
values, 2010 (with 1034 mm) and 2014 (with 966 mm), and two years with dryer conditions,
2011 and 2012, with 433 mm and 447 mm of precipitation, respectively (Figure 8).

4.3. Morphological Analysis

Digitalization of the cliff top and the shoreline has been performed, and the maximum
Root Mean Square Error (RMSE) of this operation was calculated. In particular, it has
been found that the maximum RMSE for cliff top digitalization was obtained for the 1978
ortophoto, with a value of 3.89 m. Shoreline digitalization was performed on the 2021
orthophoto and resulted in a RMSE of 0.85 m.

Considering the whole period 1978-2021 (Figure 9), the Trave sector is the portion
with the highest mean value of EPR; the Portonovo sector shows a similar behavior; and
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the Mezzavalle sector shows a marginally positive value. Moreover, focusing on specific
area within each sector, values of almost —1 m/yr of EPR are reached between transects
21-31 and 251-291 in Portonovo and Trave sector, respectively. The ECI computed for this
time span is 0.16 m.

CLIFF TOP RETREAT 1978-2021

Legend

NSM (m)
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Figure 9. NSM values calculated along transects, referred to the period 1978-2021: Portonovo and
Trave sector showed the highest values of retreat. (a) Computed transects for the whole study area;
(b) Focus at Portonovo sector; (c) Focus at Mezzavalle sector; (d) Focus at Trave sector.
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Furthermore, the analysis shows that in the period from 1998-2007 (Figure 10), the
cliff top retreat was more concentrated in the Trave sector, where we calculated an average
mean EPR three times higher than the value obtained for Portonovo and Mezzavalle sectors
in the same period. The highest values of EPR were recorded between transects 26 and 44
in the Portonovo sector, with values around —2 m/yr and between transects 266 and 286 in
the Trave sector where we reached the value of —3 m/yr in the EPR. ECI in this time span
i5 0.79 m.

CLIFF TOP RETREAT 1998-2007

o D125 025 0.5 Hilomaless {b} 0 0125 025 05 Ko {E}
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Figure 10. NSM values calculated along transects, referred to the period from 1998-2007: Trave sector
results the most active sector. (a) Computed transects for the study area; (b) Focus at Portonovo
sector; (¢) Focus at Mezzavalle sector; (d) Focus at Trave sector.
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During the period from 2010-2021 (Figure 11), the Trave sector resulted in the highest
negative values of EPR, which was very similar to the Portonovo sector and four times
higher than in the Mezzavalle sector.

CLIFF TOP RETREAT 2010-2021

Legend
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Figure 11. NSM values calculated along transects, referred to the period 2010-2021: Portonovo and
Trave sectors result in the sectors most affected by retreating of the cliff top edge. (a) Computed
transects for the study area. (b) Focus at Portonovo sector. (c) Focus at Mezzavalle sector. (d) Focus
at Trave sector.
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Between Transects 226-236 (Trave sector), the EPR overcame —2 m/yr. The ECI for
this period is 0.62 m. All the values regarding the mean EPR and ECI are illustrated in
Table 3, while NSM values are represented in Figures 9-11.

Table 3. DSAS results for each period analyzed. Mean EPR and ECI are reported.

Periods Portonovo Mezzavalle Trave
EPR (m/yr) ECI (m) EPR (m/yr) ECI (m) EPR (m/yr) ECI (m)
1978-2021 —0.20 0.16 0.09 0.16 —0.25 0.16
1998-2007 -0.21 0.79 —-0.27 0.79 —0.72 0.79
2010-2021 —0.40 0.62 —0.09 0.62 —0.42 0.62

For what concerns the DoD analysis (Figure 12), the Portonovo sector presents a
negative mean value of variation from 2012 to 2021 of —2.2 m in elevation. The highest
negative value recorded was —16.3 m between transects 51-57 in the middle part of the
Portonovo sector, where landslides deposits currently overlay the bedrock.

The DoDs analysis allows for the comparison of the 2012 DTM and the 2021 DSM,
and it highlights difference in elevation between this period. Negative values indicate
the loss of material, while positive values indicate accumulation. The Mezzavalle sector
displays negative mean values of DoDs of —1.4 m, while the maximum height difference
is —12.6 m in the southern part of the area, between Transects 87-94, where Schlier Fm.
outcrops. In the rest of the sector, no other clear difference was recorded except for a
single pixel value that shows increase for 6.4 m and associated probably with the presence
of vegetation (Figure 12). In the Trave sector, a negative mean variation of —3.7 m was
recorded for the whole area, with the highest value of —31.2 m between Transects 289-301
near Trave rock. Other negative height differences greater than —10 m were recorded close
to the edge of cliff top, from Transect 230 to 282. Evident areas characterized by positive
(accumulation) values were not found. This is probably related to sea action, which tends
to remove landslide deposits.

The uncertainty of the DoD was computed, propagating the uncertainty of the input
DEMs by applying the root of the sum of the square [83] and obtaining values of 11.18 cm
for z and 15.62 cm for the planimetric component. Furthermore, we refined this result,
multiplying the error values for a t-value of 1.96 [41,84] and obtaining an uncertainty of
21.98 cm for z and 30.61 cm for planimetric component.
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DoDs ANALYSIS 2012-2021
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Figure 12. Results of DoDs comparison in the period from 2021-2012. Every sector is displayed in
detail in scale 1:10,000. Analysis shows that the biggest height differences were recorded in Trave
sector. (a) Computed DoDs for the study area; (b) Focus at Portonovo sector; (c) Focus at Mezzavalle
sector; (d) Focus at Trave sector.

5. Discussion

Results from the DSAS analysis show how this coastline is geomorphologically an ac-
tive area. The average retreat rate calculated in the period from 1978-2001 was —0.25 m/yr.
More specifically, in the three sectors, we can summarize the following outcomes.
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The Trave sector shows the highest rate of cliff retreat, in the period from 1998-2007,
where the mean is —0.72 m/yr (almost three times higher than the average retreat calculate
in the whole area). The Mezzavalle sector possesses the lowest retreat rate during all the
time spans. Despite this, the latter sector is mainly characterized by landslide deposits with
poor geotechnical properties, and it is well-known that geotechnical properties play a key
role in cliff erosion/retreat [82]. The Portonovo sector shows an intermediate behavior be-
tween the other two sectors, more similar to Trave, exhibiting in the period from 2010-2021
a retreat rate doubled that of the entire period from 1978-2021. Many authors have drawn
attention to the range of coastal cliff retreat [3,70,82,85], focusing especially on weak rocks,
and obtaining average values of —0.25 m/yr [82]. Interestingly, while average retreats
gathered by other authors are perfectly comparable with our values, the Trave sector shows
values nearly three times higher than the mean value reported in GlobR2C2 [82]. Looking
to other Italian case studies, we can see that in Punta Caleo headland (Campania region),
a retreat of 15 m over 30 years was founded (0.5 m/yr). In the close locality of Torre la
Punta (1 km far from Punta Caleo), a retreat rate of 0.8 m/yr was assessed, showing how
the rate of erosion can suddenly vary in the same coastal areas [8]. Regarding other cases in
the Adriatic Sea, in Torre dell’Orso (Apulia region), the rate of erosion (in fine limestones)
was found to be between 0.08 m/yr and 0.12 m/yr [71,86], while in the Abruzzo region
(on the Pleistocene clay—sand—-sandstone—conglomerate marine sequence), the retreat rate
ranged between 0.15 m/yr and 1 m/yr [87]. In the area between Gabicce and Pesaro, a
few kilometers northward of our case study (characterized by similar lithologies), a mean
retreat rate of 0.16 m/yr was calculated in the last 6000 year [88]. Considering the much
smaller time span considered in our study, these values cannot be compared.

In relation to the above discussion, the information about precipitation, waves, geology,
and land cover has been examined in order to understand the main factors controlling such
erosion processes. Although a complete time overlap between precipitation and wave data
is not present, the coverage is enough only in the 1998-2021 temporal window (Figure 5)
to understand potential correlation between these factors and cliff retreat. It has been
commented above that the highest rate of retreat has been measured in the Trave sector
in the period from 1998-2007. Considering extreme events for precipitations and waves,
respectively, the result is there is no correlation between the highest rate of cliff retreat
measured in the period from 1998-2007 in the Trave sector and these two parameters. It is
difficult with the available data to perfectly match cliff top retreat occurrence and singular
meteo/marine events because orthophotos are yearly distributed, and even marine data are
not completely reliable because they derive from an hindcast elaboration. Yet, performing
an extreme-value analysis of marine data will be useless without the possibility to assess
with photos the effect of waves on the slopes. The same issue is related to rainfall data.
From September 2003, it is possible to have information on the precipitation every 15 min.
However, the lack of data does not allow for a cause-consequence analysis that correlates
the main raining events and landslide triggering. As numerous authors have demonstrated,
a soft-rock cliff recession is an episodic and localized phenomenon [2]. For example, on
14 September, 1944, a storm on Long Island, New York, cut back a cliff made of glacial
deposits by a horizontal distance of more than 12 m in a single day [89]. At Santa Cruz,
during storms in January 1983, waves eroded around 14 m of the bluff top in Miocene
mudstone-siltstone cliffs. Due to this, it is challenging to constrain which events and drives
can have a greater impact on the cliffs without a complete dataset [90]. As a result, other
parameters have to be used to understand possible correlations.

Other important features that have to be considered are: beach width, geotechnical
properties, and slope-cliff elevation/steepness [15,82,91]

Regarding the beach width, it has been noted that the Mezzavalle sector has the widest
beach, followed by the Portonovo and Trave sectors, which have almost the same beach
width mean.

The sector with the highest geotechnical properties is the Portonovo sector, while the
one with the lowest values is Mezzavalle (made prevalently by landslide deposits).
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The geological survey shows that the Trave sector is the area most intersected by
tectonic features, with two main thrusts present (Figure 13). Furthermore, the Trave sector
is the one with highest cliff elevation and steepness. Clearly, such fractures decrease the
geotechnical properties (lower values of GSI) of rock masses and their stability [6]. This
is also confirmed by the landslide inventory of ISPRA, where most of the landslide docu-
mented occurred in the Trave sector (https://idrogeo.isprambiente.it/app/iffi/ (accessed
on 24 July 2023).

Figure 13. The geological structure of Trave cliff (GNOa (Sapigno Fm. Upper Miocene) and FAA
(Argille Azzurre Fm., Lower Pliocene-Lower Pleistocene)). The main thrusts are highlighted with red
lines; the red arrows indicate the sense of movement between hanging wall and footwall in orange
secondary thrusts with a lower slip. The trend of coastline in this picture is N/S, and the average
attitude of the fault planes identified is 200/45 in Dip Direction and Dip convention.

Additionally, as observed on the California coast, fracture spacing plays a very impor-
tant role in retreat rates [92,93].

Another important aspect to be discussed is related to the land cover of the study area.
No information was reported about the different depths of soil covers along the coastline,
but many considerations can be made. The fieldwork has observed that the landslide
deposits outcropping in the Portonovo sector are more granular than those present in
Mezzavalle (composed mainly by clays). This, combined with the higher steepness of
the Portonovo and Trave sectors, results in the hypothesis that the soil cover depth in
the Mezzavalle sector could be higher than the others sectors (pedogenesis is usually
more prone to develop in the flatter area [94]). This can also be linked with the resulted
higher occurrence of flow, like landslides, in the Mezzavalle sector, which was reported by
IdroGEO in the areas behind the active cliffs.
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Another issue to be discussed is related to the presence of vegetation in the three
sectors. The analysis of UAV photographs highlighted that the Trave sector, compared
with the other sectors, presents in the cliff top a lower vegetation rate and a different land
cover (in agreement with Corine Land Cover, which defines the vegetation on that sector
as sclerophyllous vegetation).

From a geomorphological point of view, this evidence can provide us more insight
regarding the process acting on the cliff. In fact, it is possible to state that with a lower
vegetation rate, run-off processes can be more severe, increasing the instability of the rock
mass. These observations agree with what was showed by the DoDs analysis, where the
sector with the major negative differences (loss of material) is Trave. Observing the shape
and distribution of the area with higher DoD values, it is also possible to notice that these
are mainly localized along the cliff top. This evidence, combined with the lack of evidence
of detectable notches at the cliff base, leads us to think that the erosive process is more influ-
enced by slope processes than marine forcing. Dods analysis showed that the Mezzavalle
sector presents the lowest variation, while Portonovo is an intermediate behavior between
the other two. This datum completely agrees with the results gathered from the DSAS
analysis: area with a positive difference (accumulation) has a very minor width, which is
probably related to the capacity of the sea to quickly remove slope-collapsed materials.

The integration of DSAS and DoDs analysis guarantee confirmed areas with major
failures/erosions activity. These results confirm that the continuation of multitemporal
survey can represent a good method in monitoring the evolution of this coastline.

6. Conclusions

This study represents the first attempt of quantifying morphodynamical processes
acting on Portonovo-Mezzavalle-Trave cliffs.

An interdisciplinary study, which includes fieldwork, an analysis of meteorological
and marine data, geological and land cover information, and cliff-top retreats in different
periods, has been performed using the DSAS tool for ArcGis. Moreover, to improve
our understanding of the cliff-retreat rate and validate results from the multitemporal
orthoimages analysis, we performed a DoD between available 2012 DTM data and a 2021
DSM extracted from UAV photographs.

The results gathered from the study can be summarized as follows:

(a) The coastal area that shows the highest variation in all the time spans considered
is the Trave sector, showing an NSM maximum retreat of —43.5 m and a maximum
height difference of —31 m.

(b) Comparing different time periods, there is an augmented cliff-top erosion trend over
the last 20 years if compared to the whole period of analysis (1978-2021).

(¢) The Trave sector shows values of retreat nearly three times higher than the mean
value reported in GlobR2C2 [82].

We conclude that the higher retreat rate localized at the Trave sector is related to a
combination of factors:

(a) Mechanical properties of the rockmass are decreased due to the presence of tectonic
disturbances, which increase fracture intensity and result in a decreasing GSL

(b) The steepness and elevation of this sector, which is the highest in the entire investi-
gated coastline (both are landslide-predisposing factors).

(¢c) One of the lowest values of beach width, which increases the role of wave action.

(d) Variations of vegetation rate and land cover may affect the run-off and the erosion in
the upper slope.

The situation at the Mezzavalle sector is different: it is characterized by the lowest
values of geotechnical properties, the highest values of beach width, and by the value of
elevation of the cliff, which is much lower than those in the Trave sector. The Mezzavalle
sector is the area with the lowest rate of cliff retreat.
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The Portonovo sector shows an intermediate behavior between the other two, more
similar to the Trave sector.

Precipitations and waves data do not seem to have a correlation with the different
erosional process in the different sectors. In fact, there is no correlation between years that
have a high rate of precipitation and waves data, and the high rate of cliff retreat measured
in the Trave sector between 1998-2007. From a geomorphological perspective, the data
gathered in the study allows us to hypothesize that the evolution of this coastline is more
controlled by slope factors than marine drives, leading to a progressive retrogression of the
cliff-top edge.
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