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Abstract

:

High coastal sectors constitute the most widespread coastal environment and, under the present accelerated sea-level rise scenario, are suffering huge impacts in terms of erosion. The aim of this paper is the proposal of a new methodological approach for the assessment of their susceptibility to erosive processes. The method is based on the combination of two matrices, i.e., a matrix considering the main physical elements (essentially morphological and geotechnical characteristics) that determine the proneness to erosion of a specific high coastal sector, and a forcing matrix, which describes the forcing agents affecting the considered sector. Firstly, several variables were selected to construct each one of the two matrices according to existing studies and, in a second step, they were interpolated to obtain the susceptibility matrix (CSIx). The approach was applied to Procida Island and Cilento promontory, both located in southern Italy. Results obtained were validated by comparing them with cliff retreat data obtained by means of aerial photographs and satellite images. The analysis shows that the greater part of the analyzed high coastal sectors belongs to the high-susceptibility class due to the combination of adverse morphological, geotechnical and forcing characteristics. Such sectors can be considered “hotspots” that require an increase in monitoring programs and, at places, urgent protective actions.
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1. Introduction


High coasts, which include sea cliffs, bluffs and rocky shore platforms [1], are the most widespread geomorphic coastal environment, occurring along about 80% of the world’s shoreline [2,3]. In Europe, coastal cliffs, which human occupation has been continuously growing in the last decades, represent 11.7% of the length of the whole shoreline, with 3620 km eroding, 970 km artificially protected, and 380 km both protected and eroding [4]. Under the present accelerated sea-level rise scenario, these landforms are suffering huge impacts in terms of erosion. It is often assumed that climate change and, in particular, sea level rise, will lead to higher rates of erosion of high coastal sectors [5], as it can change the frequency and duration of the direct impacts of waves on them, usually the primary agents controlling cliff evolution [6].



In particular, cliff erosion takes place through a combination of marine and terrestrial processes and depends on cliff-forming materials (i.e., rock type, structural weaknesses, presence of groundwater, for example), as well as physical forces such wave energy, tidal range, degree of protection offered by beach or protection structures, local climate, and frequency and magnitude of severe storm events [6].



The interaction of these complex mechanisms results in an increase in erosion rates—with cliff erosion usually observable in the form of mass movement [7]. Cliff retreat represents an episodic, very difficult observing and measuring issue: it often takes place at high rates during low-frequency events, e.g., high-energy storms produce episodic erosion higher than the average retreat recorded during years or decades [8]. Despite all of the above, the greater part of the existing studies on coastal processes have traditionally been focused on low sandy coasts [9,10,11,12,13,14,15].



The analysis and evaluation of coastal susceptibility is a highly debated topic since many factors and variables (both natural and human-related) determine coastal behavior. In order to carry out suitable protection actions, coastal managers need to know the physical susceptibility of the investigated environments and future socio-economic impacts [10,16,17,18,19]. In response to this necessity, various authors proposed new methodologies for the characterization of coastal areas according to their susceptibility/vulnerability and/or hazard criteria [1,20,21,22].



In Italy, Budetta et al. [23] proposed a heuristic method for landslide hazard zonation along the coastal bluffs and cliffs of the Cilento area (southern Italy) by the computation of an Instability Index, while De Pippo et al. [21] proposed a semiquantitative method to quantify, rank and map the spatial distribution of coastal hazards along the northern part of the Campania region. In the Campi Flegrei area, the multi-temporal analysis of Terrestrial Laser Scanning (TLS) datasets and digital elevation models (DEMs), derived from existing aerial images and airborne LIDAR data processing, were aimed at evaluating geostructures, geomorphic evolution, and cliff retreat rates of the Coroglio tuff cliff in Naples [24,25] and of the Torrefumo cliff (during the 1956–2016 period), in Monte di Procida [26,27]. The monitoring of a large rockslide evolution at the Baia dei Porci cliff, in the Monte di Procida area, was carried out by using the “Structure-from-Motion” (SfM) photogrammetry technique [28]. De Vita et al. [29] carried out, along the eastern part of Liguria region, an engineering and geological analysis of the rock failure susceptibility of a high rocky coast using non-contact geostructural surveys, while Di Luccio et al. [30] presented a methodology based on hydraulic and geomorphological characteristics along Procida’s high coasts (Campania region). In addition, Lucchetti et al. [31] tested, along a Ligurian coastal sector, a method to elaborate geomorphological hazard and risk mapping of rocky coasts by applying a new classification system (Sea Cliff Mass Rating-SCMR) based on a modification of the Slope Mass Rating index (SMR) [32]. Along the Slovenian coast, Furlani et al. [33] tested an integrated method to evaluate cliff retreat and the factors triggering the collapse of material and its removal from the cliff foot joining a detailed characterization of the geomechanical properties and the quality of rock masses, the susceptibility to rock fall processes, and photographic surveying.



In a coastal sector of Cadiz province (SW Spain), Del Rio & Gracia [1] proposed a method to evaluate cliff erosion risk, allowing the zoning of a coastal cliffed area according to the cliff erosion hazard, the influence of erosion and the risk for the area. In the same area, Anfuso et al. [34] tested a methodological approach to determine cliff characteristics and the probability of collapse by using Bieniawski’s method [35] and considering the role of cliff verticality and the presence/absence of protective structures. Rangel-Buitrago & Anfuso [19] used an index-based method to determine: (i) the susceptibility of low sand and high rocky coasts to storm impacts taking into account their physical parameters; (ii) coastal vulnerability, taking into account socio-economic activities, ecological and cultural heritage, and (iii) the associated risk.



In Portugal, Marques et al. [36] undertook a statistically-based study to assess the capacity of a set of conditioning factors to express the occurrence of sea cliff failures at a regional scale. In the same country, Nunes et al. [37] presented an expeditive method to assess hazard in rock cliffs by combining cliff evolution forcing mechanisms along with protection factors according to a weighted factors system.



The aim of this work is the proposal of a new methodological approach for the assessment of erosion susceptibility of cliffed coastal sectors through an indices-based method. This approach requires the selection and evaluation of several geomorphological, geotechnical, and forcing/dynamic variables involved in the determination of the susceptibility to erosion of high coastal sectors. The proposed method does not present a score based on the frequency or magnitude of erosive events but furnishes a grade of proneness of cliffed coastal environment to erosion.



The proposed index-based method was applied along several high coastal sectors located in the Cilento and Procida areas, both in the Campania region (southern Italy). The studied areas are popular tourist destinations that are especially frequented during the summer period, i.e., from June to August. The two areas differ in their geological, geomorphological and forcing/dynamic settings, and support different levels of human occupation.



The proposed index-based method, tested and corroborated through comparison with real calculated data on cliff erosion, is valid for the classification of a wide range of cliffed areas placed in temperate and equatorial environments. The resulting information will be of primary importance for implementing adequate land use planning and management strategies, especially in less developed coastal areas.




2. Study Area


The methodological approach proposed for the determination of the susceptibility index has been tested along different high coastal sectors in the Cilento area and Procida Island, both located in the Campania region of southern Italy, and characterized by a semidiurnal microtidal environment (tidal range < 2 m).



2.1. Cilento Area


The Cilento area is located in the southern part of the Campania region between the Gulf of Salerno to the North and the Alento plain to the South [38], Figure 1A, and is over 45 km in length, extended along a wide rectangular promontory [39]. This coastal area is characterised by a diversity of landforms and environments: zones of high rocky coast, such as those of Agropoli and San Marco di Castellabate, where massive cliffs are often associated with abrasion platforms at their base, are alternated with low coastal zones such as those of Santa Maria di Castellabate and Ogliastro Marina, where alluvial plains meet the sea, giving rise to bays and well-developed beaches. High coastal sectors in this area, showing a height usually ranging from 5 to 55 m, are mainly composed of stratified sandstones with marls and conglomerates belonging to the Cilento group [40,41,42,43].



Most cliffs are located on the back of wide shore platforms and support a great variety of uses, from highly urbanized areas to protected, well-preserved, marine/land areas. The area is subject to winds and waves that mainly approach from the WSW and WNW, and extreme waves reach maximum values of between 6 and 7 m.




2.2. Procida Island


Procida Island is located along the western sector of the Gulf of Pozzuoli, in the northern part of the Campania region (Figure 1B), which extends for ca. 2 km in width and 3 km in the SW-NE direction, covering an area of ca. 130 km2 with an overall flat morphology [30,44,45]. The island has a volcanic origin and its formation is linked to several monogenic eruptions, and is prevalently explosive, which determined the formation of five volcanic centres that characterised the emerged and submerged morphology of the area [46,47,48]. The island is essentially characterized by high-slope cliffs alternated with sectors presenting low slope values (30–40°), while a smaller portion of the coast consists of pocket beaches limited by fossil marine promontories [47].



Concerning the cliffed sectors, two types can be distinguished according to the classification proposed by Sunamura [49], i.e., cliffs with sloping shore platforms (Type A) and subvertical cliffs in deep water (plunging cliffs). High coastal sectors observed in this area are cut into pyroclastic deposits showing a height ranging from 10 to 40 m and an inclination > 40°. Procida is exposed to winds and waves approaching from the WSW and WNW (between 250° N and 290° N), with the highest waves reaching a maximum value > 6 m [48].





3. Materials and Methods


The proposed method for the susceptibility assessment of high coasts has been based on the combination of two matrices:




	
The physical elements matrix, the variables of which describe the proneness of cliffed coasts to erosion according to their specific morphological, geomechanical and protective characteristics



	
The Forcing matrix, the variables of which describe the forcing agents affecting the coast, e.g., waves, tide, degree of littoral exposition to wavefronts, and relative sea level trend.








For each matrix, a specific index has been generated, i.e., the Physical Elements Index (PEIx) and the Forcing Index (CFIx). The selection of most of the variables used in both indices has been made following previous studies that were mainly focused on high coast resilience, sea level rise-related hazards [8,10,18,49,50], and/or storm impacts [19,51,52]. The selection of variables has been carried out following two principles. Firstly, the number of chosen variables should be maintained low enough in order to avoid redundancy problems, i.e., some variables can be closely related and reflect the same processes. Secondly, the selected variables must be available and easy to obtain in any given area, obviating the need for exhaustive survey work, as suggested by Villa & McLeod [53]. In this way, the proposed method is very practical and simple to apply in any coastal area with comparable available datasets.



Each index was divided into five different classes in a manner such that all possible cases that can be found at any cliff located in temperate and tropical climates would fall into one of the considered classes [1]. Classes were defined following a numerical basis where possible and, for unquantifiable variables, a semi-quantitative strategy was adopted using an ordinal scale. The classes of every variable were then ranked from 1 to 5, i.e., from the lowest to the highest proneness (and forcing) value. In the following step, variables were weighted with factors (weight factor, Wfi) according to their relative importance in determining the total cliff erosion hazard and forcing impact [54] in order to prevent the underestimation of the most significant variables at the local level and the overestimation of the less significant ones, and to increase the discriminating power of the method. Although the weighting of the variables is recognized as a necessity in many coastal classification studies [10], the establishment of the weight of each variable remains a difficult task since its precise role in determining cliff erosion is not easy to evaluate. As a consequence, it is clear that subjective decisions, based on professional judgments, and implicated in weighting processes represent a complex issue [55]. Therefore, when the variable considered describes a process/aspect not very important in cliff susceptibility (or is not a determinant forcing agent) its value is multiplied by 0.5 (minimum impact), while if the variable describes a common process/aspect, its value is multiplied by 0.8 (medium impact). Finally, if the variable describes a process/aspect greatly affecting cliff susceptibility (or forcing effects), its value is multiplied by 1 (maximum impact).



3.1. Physical Elements Index


According to the aforementioned principles, 16 factors (including variables and sub-variables) have been chosen to determine the Physical Elements Index (PEIx). It defines cliff proneness to coastal erosion, which is here considered as the occurrence of a number of physical, geological and geomorphological conditions inducing the coastal system to erosion [14]. Table 2 shows the classes and ranking criteria adopted for each variable, taking into account that a score of 1 represents the lowest value and 5 the highest one. The description of the parameters used in the index was presented in the following manner:




	
Cliff Height (classes modified from Gerivani et al. [56]). High cliffs have greater potential instability with respect to low ones. Therefore, the higher the class value is, the higher is the possibility of landslide occurrence, and vice versa [57].



	
Cliff Slope (Classes from Rangel-Buitrago & Anfuso [19]). Slope is considered to be directly linked to cliff instability. The higher the slope, the higher is the potential instability [21,58].



	
Cliff Lithology (and compressive strength) (classes modified from Hoek et al. [59]). Lithology and rock strength are significant factors that determine cliff erosion and instability. This parameter takes into account all of the possible types of rocks forming cliffs ranging from low to high sensible lithologies [2,54,60,61].



	
Layer Dip and Strike (classes modified from Terzaghi [62]). The dip is the angle of inclination of the rock strata with respect to the horizontal plane. Steep cliffs generally show rocks that are either vertically or horizontally bedded, whereas intermediate bed angles tend to produce more moderate slopes [2,6].



	
Erosional Landforms. Mass movements in high coastal sectors are influenced by increases in basal and superficial erosion processes related to marine and terrestrial agents. In particular:




	
Marine landforms (classes modified from Trenhaile [63]). These features are related to marine erosion processes at the cliff foot. The main agents are abrasion, biological activity, solution by ocean water, and quarrying of blocks [2]. Relatively fast marine erosion produces overstepping at the cliff foot, which leads to rock falls, slumps, and other kinds of mass movements.



	
Terrestrial Landforms (classes modified from De Pippo et al. [21]). Subaerial erosion takes the form of gulling and rain-wash at the ground surface due to slumping and other mass movements induced by groundwater [64].








	
Structure Discontinuities (Classes modified from De Pippo et al. [21]). Structures include strata, fractures, etc. and often play a key role in determining cliff evolution since they reduce the total strength of the rocky massif. Since the approach proposed in this paper pretends to be fast and easy to apply, the complete method proposed by Bieniawski [35] is not applicable, as it requires extensive and very detailed field evaluations. Consequently, a simplified version of the Beniawski classification [35] was applied. The used parameters were:




	
Discontinuities Presence/Abundance. It deals with the presence/absence and abundance of discontinuities.



	
Discontinuities Persistence. It is defined as the extension of a discontinuity in relation to a reference line that belongs to the plane in which the discontinuity is located.



	
Discontinuities Aperture. It represents the distance between the walls of a discontinuity. They may be: closed (rock-rock contact), open or mixed (ca. 50% open and 50% closed).



	
Discontinuities Filling. The presence of fill material in fractures increases cliff instability. This parameter considers the type of infilling, i.e., hard or soft infilling. Due to different conditions, infilled discontinuities exhibit a wide range of physical behaviors, particularly in terms of shear strength, deformability and permeability.













Vegetation Cover (Classes modified from De Pippo et al. [21]). The presence of vegetation on the cliff top is considered to play a protective role in the regulation of evapotranspiration, superficial runoff and infiltration processes [23]. In addition, its occurrence also decreases the rain impact on the cliff top and the development of root systems plays a stabilizing role as they increase the tensile strength of the rock masses; therefore, vegetation cover represents a natural stabilizing factor [65].



	7.

	
Beach. The presence of a beach facing the cliff dissipates wave energy and protects the cliff from wave action. It is important to distinguish:




	
Beach Type (Classes from Del Río & Gracia [1]). Beach height and width play a significant role, considering that a narrow and/or low beach allows the waves to reach the cliff foot. Since waves transport sediments, their mechanical erosion effects on the cliff foot increase [49,59,61]. Therefore, the ranking of this variable is based on the frequency with which waves reach the cliff foot—which depends on beach characteristics.



	
Sediment Grain Size (Classes from Mooser et al. [66]): The size of beach sediments restricts their transport and, therefore, a gravelly beach is much more stable than a sandy one. [67].









	8.

	
Shore Platform (classes modified from Sunamura [49]). The presence of a rocky shore platform located at the foreshore, or shoreface, controls the dissipation of wave energy protecting the cliff base from erosion processes. The protective effect of the shore platform depends on its width, but also its continuity and location. This variable describes three main types of cliffed coasts based on the profile shape. According to this approach, a plunging cliff coast is more susceptible to erosion than a horizontal shore platform.




	9.

	
Foot Accumulation (classes modified from De Pippo et al. [21]). Cliff recession processes release deposits that are accumulated at the foot of the cliff. Such deposits, at least temporarily, provide a natural protection against sea forces [68,69,70], underlining the importance of longshore currents that may remove material from the cliff foot. The losses of this non-consolidated detached material allow erosion at the cliff foot to continue.




	10.

	
Coastline Protection Structures − K index (classes from Aybulatov & Artyukhin [71]). Not only natural features are involved in cliff susceptibility definition, since human components are at places relevant, i.e., the case of protection structures at the cliff foot. Mapping the level and type of shoreline protection structures and ports/harbor (i.e., coastal armouring) is a key factor in the assessment/identification of areas recording bathers’ safety problems [72,73]. Structures such as seawalls, rock armours, revetments, gabions, and rip-raps avoid marine erosion at the cliff foot. Other types of engineering structures not positioned at the cliff foot, such as jetties or groins, are not taken into account in the index, because they do not have a direct influence on cliff erosion [21,22,74,75]. To evaluate the level of armouring, i.e., the amount of coastline protection structures and ports/harbors within a considered coastal sector, the coefficient of technogenous impact K has been used [71]. This coefficient represents the relation between the total length (l) of all man-made structures in the considered coastal sector and its length (L). Following this methodology, different categories of technogenous impact have been obtained. All the chosen variables are reported in Table 1.







Once obtained, the scores of each variable have been summed in order to obtain an absolute value for the index by using Equation (1):





   PEI x  =   ∑   i = 1  n     PE   ∗   WFi    nPEI    



(1)




where PE is the Physical Elements value, WFi is the weight factor and nPEI is the number of chosen variables for the index assessment.



The obtained PEIx values, ranging between 0 and 3, were classified into five proneness classes, ranging from very low to very high, Table 2.




3.2. Coastal Forcing Index


The Forcing Index was defined as the potential stress level that a given coastline could experience [19,66]. Considering the data available at the European scale, this paper considers four forcing variables: significant wave height, tidal range, degree of littoral exposition to wave fronts, and relative sea level trend (Figure 2).



(A) Significant wave height: this parameter (Hs) is defined as the mean wave height of the highest third (33.33%) of the waves recorded in a considered period. The range of significant wave height represents an indicator of the energy of the waves and, therefore, of the potential cliff instability. High storm waves attack and erode the foot of the cliff, causing over-steepening, resulting in the total or partial collapse of the cliff and the accumulation of debris (talus) at its base. Hs, which can be obtained in different ways, is widely used in the susceptibility literature and is usually expressed as a numeric value divided into different classes [18,76]. In this study, it has been calculated through the analysis of the MEDSEA_MULTIYEAR_WAV_006 wave dataset of the Mediterranean Sea Waves forecasting system (Med-Waves) [77]. This dataset contains a multi-year wave reanalysis composed of hourly wave parameters at 1/24° horizontal resolution, covering the Mediterranean Sea and extending up to 18.125 W into the Atlantic Ocean. This dataset is based on WAve Model WAM 4.6.2 and it is easily accessible on the Copernicus Marine Service website. In addition, at the global level, the European Centre for Medium-Range Weather Forecasts [78] usually provides a useful database service with real-time and archive forecasts, analyses, climate reanalyses, and multi-model datasets, but wave data collected in real-time can also be obtained from local buoys and stations. The methodological approach followed in this paper proposes the use of a significant wave height value corresponding to specific storm conditions for each investigated area. The first step in this direction was the determination of a wave height threshold value, i.e., the height at which erosion starts to affect the considered coastal area. Average annual and monthly winter values (i.e., from November to February) of significant wave height (Hs) and the 99th percentile of Hs (Hs99) were used for the characterization of wave climate and the definition and description of storms by different authors [79,80]. In this paper, the Hs99 was used, as it is associated with the highest energetic events [19,79].



(B) Tidal range (Classes from Mclaughlin & Cooper [18]): Tides are periodic vertical movements of the sea surface of astronomic origin which depend on the configuration of oceans, bays, etc. Their associated impact is linked to the fact that tidal range determines the daily elevation of water level and the limit of the horizontal wave run-up [50]. This value, which was considered as a constant variable in local studies, included different cases, since high tidal ranks permit better dissipation of wave energy than low tidal ranks in which the erosive efficiency of waves is maximized due to their concentrated attack on a narrow vertical zone. Consequently, on cliffed sectors, higher tidal ranges are considered to imply a lower erosion hazard [67,81]. Regarding the case studies reported in this paper, they are all located in a microtidal environment.



(C) Degree of littoral exposition to wave fronts (classes from García-Mora et al. [82]): This parameter, which influences the sensitivity of the littoral to storm impacts, represents the existing angle between the coastline and the storm wavefronts, usually determined through qualitative observation. According to Komar [83], shore parallel storm wavefronts involve higher hazard levels than shore-oblique wavefronts. The role of refraction phenomena driven by nearshore morphology is of great importance in this respect, so visual evidence of wave approach directions should be used where possible. In the present work, this parameter has been established considering the wave attack angle of the most important storm. The approaching angle was evaluated in a quantitative way following the intervals proposed by García-Mora et al. [82].



(D) Relative Sea Level trend: Despite the impact of relative sea-level trend, it is less important than other factors in determining cliff erosion susceptbility [84], although it must be considered when evaluating potential cliff erosin since it is one of the main effects of climate change. Considering the recent estimates about accelerating sea-level rise [85], it is clear that the importance of relative sea-level change in a given area will depend on the considered time-span. In this paper were obtained IPCC data from the SSP2-4.5 scenario presented by NASA [86], which predicted SLR is in line with the upper end of aggregate Nationally Determined Contribution emission levels by 2030. It deviates slightly from a no-additional-climate-policy reference scenario, resulting in a best-estimate warming of approximately 2.7 °C by the end of the 21st century relative to the years 1850–1900. It is important to emphasize that these databases provide data in absolute values that must be corrected, considering the continent uplift values and local/regional subsidence, i.e., in this case local/regional data [87,88]. Table 3 shows the classes and ranking criteria adopted for each variable of the forcing index.



The scores of each variable have been summed in order to obtain an absolute value for the index by using Equation (2):


   CFI x  =   ∑   i = 1  n     Ci   ∗   WFi    nCFI    



(2)




where Ci is the forcing value, WFi is the weight factor and nCFI is the number of variables considered in the index assessment. Table 4 shows the obtained five classes of forcing, ranging between 0 and 3.5.




3.3. Susceptibility Evaluation


Finally, a Susceptibility Index has been created representing the probability of occurrence of a potentially damaging phenomenon within a given area. In other words, this index shows the potential of the considered sector to experience significant damages associated with the effect of forcing agents. It is the result of the crossing of the Forcing and Physical Elements Indexes, as evidenced in Equation (3):


   CSI x  =      PEI ∗ nPEI    +    CFI ∗ nCFI        nPEI + nCFI      



(3)







Table 5 shows the obtained five classes of Susceptibility ranging from 0 and 3.1.




3.4. Index Validation


As suggested by Cooper & McLaughlin [10], new methodological approaches to susceptibility and hazard assessment should be tested and validated before being considered as appropriate for their purposes. For this reason, the validity of the susceptibility index proposed in this work was tested through real cliff erosion data recorded in the Cilento and Procida areas. These data consisted of cliff recession rates derived from a series of aerial orthophotographs at scales 1:10,000, dating from 1988/1989 and Google Earth images of the year 2021.



Firstly, the cliff top was digitized on the orthophotographs and the above-mentioned images, except on those cliffed sections characterized by densely vegetated edges where the cliff foot was considered [89,90]. The traced shorelines were then compared in an ArcGIS environment 10.4, being the use of GIS tools accepted as the most common way of deriving coastal risk or vulnerability indices [10,91]. Their use allow to accelerate the spatial analysis operations, interpolations, and the integration of data from different sources, facilitating the information update.



After the acquisition of the two coastlines, the cliff recession rates were calculated by using the area-based analysis (ABA) method [92,93,94] instead of the commonly used transect-from-baseline (TBA) method. In particular, the ABA method uses two separate coastlines to build a polygon topology that represents the total areal difference between the two coastlines. It computes the mean shoreline displacement for the identified coastal segment by dividing the cliff (or beach) area variation, i.e., the area between the two coastlines, by the segment length, i.e., the average length of the two used shorelines [93], providing the mean displacement for the considered study sector [94,95,96].



Normally, both ABA and TBA methods can be easily applied in the retreat rate evaluation, but ABA needs a coastline position acquired in continuity or with very close points, whereas TBA can be based on spaced transept data. Transepts are taken as representative of a coastal sector, but their position does not necessarily fall in its most representative points (this is a especially a problem in the presence of megacusps and/or human protection structures), while when using the area-based analysis, each infinitesimal coastal segment gives its contribution to the dry beach planform assessment, making this method more reliable. By using this approach, the entire surface between the two considered coastlines is quantified, and all portions of both coastlines are used in the area computation.





4. Results and Discussion


The method proposed in this study was applied at 20 cliffed sectors located along the Mediterranean coast of the Cilento and Procida areas. The variables in Table 2 and Table 3 were carefully evaluated for each sector by field surveys and the analysis of bibliographic data. Figure 3 shows all of the cliffed sectors analyzed in this study.



4.1. Physical Elements Index (PEIx)


The cilento area was mainly classified inside the “High” class of proneness, since 60% of the analyzed sectors show values ranging between 1.8 and 2.4. This is the case of the Pozzilli and San Marco di Castellabate sites (Figure 3C–E), a series of high cliffs characterized by slope values > 61°, highly weathered rocks with an elevated percentage of discontinuities [23], and no protection structures at the cliff base. “Medium” PEIx values were recorded in 30% of the cases, where investigated sectors show PEIx values between 1.2 and 1.8, such as in the case of Torre di Mezzo and Punta Ogliastro (Figure 3H,I,L), where low coastal height (between 6 and 22 m), composed of stratified sandstones, are protected by a wide platform at the cliff base, a parameter that improves the score obtained within this index. Only 10% of the cases in Cilento show a “Low” value of susceptibility, with PEIx values between 0.7 and 1.2. This is the case of Punta Licosa (Figure 3G), where low-height cliffs with a low slope are protected by a wide platform at the cliff base. All of the sectors analyzed along the Procida coastline register “High” values of proneness, with values ranging between 1.8 and 2.4, mainly due to the poor morphometrical and geomechanical features (i.e., height, slope, lithology, percentage of discontinuities and erosional features). An example of graphical representations of PEIx collected data can be found in Figure A1 (Appendix A).




4.2. Coastal Forcing Index (CFIx)


In the Cilento area, the investigated cliffed sectors showed “High” to “Very high” values of CFIx; 50% of the analyzed areas showed “Very high” values of CFIx, e.g., in the case of San Marco and Torre di Mezzo sites (Figure 3D,H), while the remaining 50% showed “High” values of CFIx, e.g., the case of the Agropoli and Punta Tresino sites (Figure 3A,B). The obtained data suggest that the prevalence of high coastal forcing is related to the conjunction of several factors determining the way in which wave energy is distributed along the coastline, such as the high wave height at the cliff foot, the exposition of the littoral to waves and the presence of a microtidal regime. In particular, cliff orientation determines the level of exposure to the waves’ fronts and, consequently, the arrival of very energetic waves. However, the very higher values of forcing obtained along Punta Licosa Promontory with respect to other parts of Cilento are linked to the greater exposition of this coast, as it is parallel to the incoming wave fronts mainly approaching from the WSW. Procida Island shows a “Medium” to “Very high” value of CFI, while medium values were observed in 10% of the cases, e.g., at the Ciracciello sector (Figure 3Q), where the significant wave height at the cliff base is lower than 20% of the initial Hs, mainly due to the presence of protection structures at the cliff foot. “High” values of CFIx were observed in 60% of cases, mainly due to the significant wave height at the cliff foot which is comprised between 20 and 60%, and to the subparallel exposition to the waves’ fronts. “Very high” values of CFIx were observed in the remaining 20%, i.e., at Ciraccio and Solchiaro (Figure 3P,S) mainly due to coastal orientation that is parallel to the main waves’ fronts. An example of graphical representations of CFIx can be found in Figure A2 (Appendix B).




4.3. Cliff Susceptibility Index (CSIx)


In the Cilento area, “Medium” to “High” values of susceptibility were registered. High values are dominant, accounting for 60% of the analyzed area, especially in the northern part of the study area. “Medium Values” accounted for 40% of the coastline, occurring in the southern part of the study area. However, no low or null hazard values have been observed along the Cilento sector. Along the Procida coastal area, “High” and “Very high” values of susceptibility have been observed, mainly due to the poor geomechanical features of the material that constitutes the cliffs, as well as the high exposure to meteo-marine forcing. Specifically, “Very high” values of susceptibility (20%) were observed at the Ciraccio and Chiaia 2 sectors, while high values were observed in all of the remaining analyzed sectors. In the case of Procida, no “Low” or “Null” CSIx values have been observed. The main characteristics and results of the susceptibility analysis in the two areas are presented in Table 6, and Figure 4 shows the susceptibility map of high coastal sectors along the Cilento and Procida areas.




4.4. Index Validation


As mentioned in Section 3.4, new approaches for susceptibility assessment should be validated and tested before being considered to be appropriate for their specific purposes [10]. After the calculation of the retreating rate, reported in Table A1 (Appendix C), through the ABA method, the linear multiple regression (LMR) was used for each analysed cliffed sector to evaluate the existing correlation between the calculated Cliff Susceptibility Index (CSI) and Cliff Retreat Rate (RR).



The LMR is a statistical technique that predicts the values assumed by a dependent variable from the knowledge of the values observed on several independent variables.



In this case, the relation was evaluated according to the following expression:


CSI = f(RR)



(4)







This model includes the output data, such as R2, to provide information on the accuracy of the model’s estimation of the dependent variable. Small differences between the expected and observed values indicate that the model fits the data well. On the contrary, significant differences between expected and observed values indicate that the model does not l explain data variability well. Results of this validation are presented in Table 7, and show an acceptable correlation according to the R2 coefficient, with around 77% of the variation in the CSI being explained by the model.



According to Del Río & Gracia [1], if the value of the Cliff Susceptibility Index is not in accordance with coastal evolution data, it is possible that other relevant factors not considered in the index are influencing coastline erosion. As this was not the case, it is possible to state that the proposed Susceptibility Index represents a valid approach to the estimation of cliff erosion susceptibility.





5. Methodological Considerations and Concluding Remarks


Cliff erosion processes, which represent the main hazard in rocky environments, have been evaluated in this paper through an index-based method, developed to be a scientific planning tool that takes into account a higher number of factors involved in the determination of hazards related to erosion.



This aims to be an easy-to-use, general and non-site-specific tool, consisting of a simple set of indices applicable to different high coastal areas. Special attention in this kind of assessment has to be devoted to the scale of work due to the spatial resolution of the zoning used.



Given that susceptibility evaluations have to be assessed for coastal management purposes, spatial resolution of the segmentation must be in accordance with the level at which it is planned in order to support stakeholders and management decision-making at local, regional or national scales. The method does not introduce a score based on the magnitude and frequency of specific events, but it provides a grade of proneness, with classes ranging from 1 to 5, where 1 indicates low susceptibility and 5 very high susceptibility.



The Susceptibility Index was validated by using real cliff erosion data from the Cilento and Procida coast in southern Italy. The Cilento high coast has 40% of its length within the “Medium” susceptibility class (Class 3) and 60% in the “High” susceptibility class (Class 4). Concerning Procida Island, 80% of cliffs fall into the “High” susceptibility class (Class 4), and 20% in the “Very high” susceptibility class (Class 5). These results suggest that the greater parts of the studied cliff, especially those in Class 5, require special attention and local management protection strategies in order to decrease their susceptibility and their exposure to forcing agents.



Finally, the proposed Susceptibility Index should be tested versus cliff recession data in other locations in order to validate it in diverse coastal settings, e.g., cliffs composed of metamorphic rocks or in meso- and macro-tidal environments.
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Figure A1. Graphical representations of the PEIx collected data. (A) Agropoli (Class 3); (B) Punta Ogliastro 1 (Class 4); (C) Ciraccio (Class 5). 
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Figure A2. Graphical representations of the CFI collected data. (A) Agropoli (Class 4); (B) Punta Licosa (Class 5). 
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Table A1. Values of the Cliff Retreat Rate (RR) from 1989 to 2021 of analyzed high coastal sectors.
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	Site
	Retreat Rate (RR)





	Agropoli
	3.3 m



	Punta Tresino
	3.5 m



	Pozzilli
	3.7 m



	San Marco 1
	4.1 m



	San Marco 2
	5.1 m



	Acqua di Cesare
	4.6 m



	Punta Licosa
	2.3 m



	Torre di Mezzo
	2.2 m



	Punta Ogliastro 1
	3.1 m



	Punta Ogliastro 2
	2.9 m



	Silurenza
	6.0 m



	Punta Pioppeto
	Not evaluable



	Punta Serra
	4.9 m



	Ciraccio
	6.7 m



	Ciracciello
	7.1 m



	Chiaiolella
	1.8 m



	Solchiaro
	3.0 m



	Chiaia 1
	Not evaluable



	Chiaia 2
	6.5 m



	Chiaia 3
	4.8 m
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Figure 1. Location map of the 10 sites investigated along the Cilento coast (A) and the 10 sites located along the island of Procida (B). 
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Figure 2. Cross-shore view of the main coastal forcing acting on a cliff. Hs: Significant wave height; MWL: Mean water level; α: waves’ approaching angle. It indicates the degree of littoral exposition to wave fronts; SLR: Relative Sea Level trend. 
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Figure 3. Studied cliffs along the Cilento area (A–L) and Procida Island (M–V). 
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Figure 4. Susceptibility map of high coastal sectors along the Cilento area (A) and Procida area (B). Numbers indicate the study sites. 
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Table 1. Physical Elements Index rating from 1—minimum (green) to 5—maximum proneness (red) to erosion.
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RATING

	

	

	

	




	
No

	
Variable

	
Subvariable

	
Null

Very Low (1)

	
Low (2)

	
Medium (3)

	
High (4)

	
Very High (5)

	
Weight






	
1

	
HEIGHT

	

	
0 < h ≤ 5 m

	
5< h ≤ 20 m

	
20 < h ≤ 40 m

	
40 < h ≤ 60 m

	
h > 60 m

	
0.5




	
2

	
SLOPE

	

	
S ≤ 30°

	
30° < S ≤ 40°

	
40° < S ≤ 50°

	
50° < S ≤ 60°

	
S > 60°

	
1




	
3

	
LITHOLOGY

(Uniaxal Compressive Strength)

	

	
Fresh basalt, chert, diabase, gneiss, granite, quartzite

(UCS ≥ 250 MPa)

	
Amphibolite, sandstone, basalt, gabbro, gneiss, granodiorite, limestone, marble, rhyolite, tuff, phyllite, schist, shale (250 < UCS ≤ 50 MPa)

	
Claystone, coal, concrete, schist, shale,

siltstone, flysch (50< UCS ≤ 25 MPa)

	
Chalk, rocksalt, potash (25 < UCS ≤ 5 MPa)

	
Highly weathered or altered rock, volcanic ejecta

(UCS < 5 MPa)

	
1




	
4

	
LAYER DIP AND STRIKE

	

	
Landward dip

	
Transversal

	
Horizontal

	
Vertical

	
Seaward dip

	
1




	
5a

	
EROSIONAL LANDFORM

	
Marine erosional features

	
Free of erosional

features (usually

observed in cliffs with vertical strata striking

parallel to the cliff face)

	
cm

	
dm

	
m

	
Several meters-caves

(usually observed in cliffs with horizontal

strata)

	
0.5




	
5b

	
Terrestrial erosional features

	
Free of erosional features

	
Rill

	
Minor gullies

	
Possible slump scars

	
Stepped and gullied

and slump scars

	
0.5




	
6a

	
STRUCTURE DISCONTINUITIES

	
Presence/

abundance

	
Virtual absence of discontinuities, cracks, joints, faults (% ≤ 30%)

	
x

	
Some evidence of discontinuities

cracks, faults

(30 < % ≤ 60)

	
x

	
High density of

discontinuities,

cracks, fault (% > 60)

	
0.4




	
6b

	
Persistence

	
cm

	
x

	
dm

	
x

	
m

	
0.2




	
6c

	
Aperture

	
Closed

	
x

	
Mixed (50% open/closed)

	
x

	
Open

	
0.2




	
6d

	
Infilling

	
None

	
x

	
Hard Infilling

	
x

	
Soft Infilling

	
0.2




	
7

	
VEGETATION COVER

	

	
Mature, dense and undisturbed

	
Mature

	
Poor and ephemeral

	
Very poor

	
Bare

	
0.5




	
8a

	
BEACH FEATURES

	
Type

	
Wide/high beach

(waves reach the cliff at spring tides coinciding with storm surges)

	
x

	
Narrow/low beach

(waves reach the cliff

during daily

high tide)

	
x

	
No beach

	
0.5




	
8b

	
Sediment Grain size

	
Gravel/pebbles

	
x

	
Medium/coarse sand

or mixed

	
x

	
Fine sand

	
0.5




	
9

	
PLATFORM

FEATURES

	

	
Cliff with

horizontal/sloping shore platform (waves reach

the cliff at spring tides coinciding with storm surges)

	
x

	
Clif with narrow

horizontal/sloping

shore platform

(waves reach the cliff)

	
x

	
Plunging cliff (Not

protected by rocky

shore platform)

	
1




	
10

	
FOOT ACCUMULATION

	

	
Old large talus well vegetated (block or sediment of different

dimensions that are stables)

	
x

	
Fresh Talus

	
x

	
Absent (or unstable

/sediment)

	
0.8




	
11

	
COASTLINE DEFENCE STRUCTURES

	

	
Extreme (K ≥ 1)

	
Maximum

(1 < K ≤ 0.50)

	
Average

(0.5 < K ≤ 0.1)

	
Minimum

(0.1 < K ≤ 0.0001)

	
No structures

(K = 0)

	
0.8
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Table 2. The obtained five Physical Elements Index classes with colors—from green to red—indicating an increase of proneness to erosion.
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	Class
	Value
	 





	Null/Very low
	0 < PEIx ≤ 0.6
	 



	Low
	0.6 < PEIx ≤ 1.2
	 



	Medium
	1.2 < PEIx ≤ 1.8
	 



	High
	1.8 < PEIx ≤ 2.4
	 



	Very high
	2.4 < PEIx ≤ 3
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Table 3. Coastal Forcing Index rating from 1 – minimum (green) to maximum (red) forcing values.
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RATING

	

	
Weight




	
Parameter

	
Low/Null (1)

	
Medium (2)

	
High (3)

	






	
Significant wave height at a specific coastal sector

(% of initial Hs)

	
Hs ≤ 20%

	
20% < Hs ≤ 60 %

	
60% < Hs ≤ 100%

	
1




	
Tidal range

	
Macrotidal (Td ≥ 4 m)

	
Mesotidal (4 < Td ≤ 2 m)

	
Microtidal (Td < 2 m)

	
0.5




	
Degree of littoral exposition to wave fronts

	
45° ≤ α < 10° Oblique

	
10° ≤ α < 5° Subparallel

	
5° ≤ α < 0° Parallel

	
0.8




	
Relative Sea level trend 1

	
Fall/Stable (Rising lower than the average value at regional scale 2)

	
Rising (Rising equal to average local trend at regional scale)

	
Highly rising (Rising higher than the average local trend at the regional scale)

	
0.5








Notes: 1 Estimation expected by the end of the century (2100). 2 Regional values are from the IPCC SSP2-4.5 scenario and are corrected by taking local land movement data into account.
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Table 4. The obtained five Forcing Index classes indicating − from green to red −an increase of forcing agents impact.






Table 4. The obtained five Forcing Index classes indicating − from green to red −an increase of forcing agents impact.





	Class
	Value
	 





	Null/Very low
	0 < CFIx ≤ 0.7
	 



	Low
	0.7 < CFIx ≤ 1.4
	 



	Medium
	1.4 < CFIx ≤ 2.1
	 



	High
	2.1 < CFIx ≤ 2.8
	 



	Very hight
	2.8 < CFIx ≤ 3.5
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Table 5. The obtained five Coastal Susceptibility Inex classees indicating – from green to red- an increase of cliff susceptibility.
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	Class
	Value
	 





	Null/Very low
	0 < CSIx ≤ 0.62
	 



	Low
	0.62 < CSIx ≤ 1.24
	 



	Medium
	1.24 < CSIx ≤ 1.86
	 



	High
	1.86 < CSIx ≤ 2.48
	 



	Very hight
	2.48 < CSIx ≤ 3.1
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Table 6. Main characteristics of the study sectors in the Cilento (C) and Procida (P) areas, classified by sites, municipality, Physical Elements Index (PEIx), Forcing Index (CFIx), Susceptibility Index (CSIx) and Susceptibility Class (CSIx Class). Colors according to Table 5.






Table 6. Main characteristics of the study sectors in the Cilento (C) and Procida (P) areas, classified by sites, municipality, Physical Elements Index (PEIx), Forcing Index (CFIx), Susceptibility Index (CSIx) and Susceptibility Class (CSIx Class). Colors according to Table 5.














	Area
	Site
	Municipality
	PEIx
	CFIx
	CSIx
	CSI Class





	C
	Agropoli
	Agropoli
	1.90
	2.60
	2.04
	



	C
	Punta Tresino
	Agropoli
	2.00
	2.70
	2.14
	



	C
	Pozzilli
	Castellabate
	2.10
	2.70
	2.22
	



	C
	San Marco 1
	Castellabate
	2.10
	3.10
	2.22
	



	C
	San Marco 2
	Castellabate
	2.10
	3.10
	2.22
	



	C
	Acqua di Cesare
	Castellabate
	2.00
	2.70
	2.14
	



	C
	Punta Licosa
	Castellabate
	1.20
	3.50
	1.74
	



	C
	Torre di Mezzo
	Castellabate
	1.54
	3.10
	1.85
	



	C
	Punta Ogliastro 1
	Castellabate
	1.56
	3.08
	1.86
	



	C
	Punta Ogliastro 2
	Castellabate
	1.40
	2.70
	1.66
	



	P
	Silurenza
	Procida
	2.10
	2.70
	2.22
	



	P
	Punta Pioppeto
	Procida
	1.90
	2.70
	2.06
	



	P
	Punta Serra
	Procida
	2.20
	2.70
	2.30
	



	P
	Ciraccio
	Procida
	2.22
	3.52
	2.48
	



	P
	Ciracciello
	Procida
	2.10
	2.70
	2.22
	



	P
	Chiaiolella
	Procida
	2.00
	2.20
	2.04
	



	P
	Solchiaro
	Procida
	2.08
	3.00
	2.26
	



	P
	Chiaia 1
	Procida
	2.30
	2.20
	2.28
	



	P
	Chiaia 2
	Procida
	2.44
	2.70
	2.49
	



	P
	Chiaia 3
	Procida
	2.11
	2.70
	2.23
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Table 7. CSI: Cliff Susceptibility Index. Multiple R: Multiple correlation coefficient. Multiple R2: Coefficient of multiple determination. Adjusted R2: Coefficient of determination adjusted by the number of independent variables.
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	CSI = f(RR)
	





	Multiple R
	0.87



	Multiple R2
	0.77



	Adjusted R2
	0.75
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