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Abstract

:

Coastal area constitutes a vulnerable environment and requires special attention to preserve ecosystems and human activities therein. To this aim, many studies have been devoted both in past and recent years to analyzing the main factors affecting coastal vulnerability and susceptibility. Among the most used approaches, the Coastal Vulnerability Index (CVI) accounts for all relevant variables that characterize the coastal environment dealing with: (i) forcing actions (waves, tidal range, sea-level rise, etc.), (ii) morphological characteristics (geomorphology, foreshore slope, dune features, etc.), (iii) socio-economic, ecological and cultural aspects (tourism activities, natural habitats, etc.). Each variable is evaluated at each portion of the investigated coast, and associated with a vulnerability level which usually ranges from 1 (very low vulnerability), to 5 (very high vulnerability). Following a susceptibility/vulnerability analysis of a coastal stretch, specific strategies must be chosen and implemented to favor coastal resilience and adaptation, spanning from hard solutions (e.g., groins, breakwaters, etc.) to soft solutions (e.g., beach and dune nourishment projects), to the relocation option and the establishment of accommodation strategies (e.g., emergency preparedness).
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1. Introduction


Coastal vulnerability, defined as the susceptibility of a coastal area to be affected by either inundation or erosion processes, due to storms [1,2,3,4], post-tropical cyclones [5], hurricanes [6,7,8,9,10] and tsunamis [11,12,13,14], is a huge problem that affects the majority of coasts worldwide and can be reflected by the destruction of property and infrastructure [15]. A more precise definition provided by Rizzo et al. [16], states that coastal susceptibility deals with natural environments such as dunes and beaches sensitivity to erosion/flooding, while coastal vulnerability deals with human activities/uses, reason also the socio-economic aspect should be involved in coastal vulnerability studies.



There are different ways to check the susceptibility or vulnerability of a coastal area. Specifically, four different approaches can be recognized for such purpose, i.e., existing methods can be grouped into the following clusters: (1) index/indicators-based methods, (2) methods based on dynamic computer models, (3) GIS-based decision support tools, (4) visualization tools [17]. Methods falling into the first group allow one to easily compare the vulnerability of different areas, and this makes them the most applied approaches [18].



Since the evaluation of coastal susceptibility/vulnerability is of major importance, a number of indexes that try to establish beach sensitivity to the different processes involved in the coastal zone have been conceived in the last 30 years. Due to the large number of coastal processes involved, their relative importance, and their highly varying (in time and space) dynamic characteristics, many indexes have been developed so the establishment of a concise classification is not an easy task. Therefore, several approaches exist to determine coastal sensitivity/vulnerability that, besides the characterization of physical elements, require different types of data within different ranges and formulas as well as the determination of socio-economic variables (Figure 1).



The present work analyses morphological and forcing variables considered in both coastal sensitivity and vulnerability studies, but no attention is paid to aspects such as population density, the total non-local population, poverty levels, municipal wealth, etc. [19,20], which are considered in vulnerability studies. One of the most commonly used methods worldwide for assessing coastal vulnerability is the Coastal Vulnerability Index (CVI) [21,22,23], which classifies the relative susceptibility of a coastline combining different classes of vulnerability related to coastal characteristics (i.e., mean elevation, geology, coastal landforms, etc.), and to external forcing (wave height, tidal range, etc.). The CVI approach proposed by Gornitz [22] and Gornitz et al. [23], has been applied and/or adapted by numerous researchers to assess coastal vulnerability along the worldwide coastlines (e.g., [24,25,26,27,28,29,30,31,32,33,34]).



Some general considerations can be done on the more comprehensive structure of the susceptibility/vulnerability indexes. There is no “one size fits all” index of coastal vulnerability that can be applied at all scales. The components that contribute to vulnerability and the utility of an index approach vary with scale and data type and availability, which are important factors in the selection of parameters to depict vulnerability at each scale. Furthermore, an index should be based on data that have to be easily available at any given area without requiring exhaustive survey work [35]. The time taken to process data is also a consideration when data must be extracted from larger datasets or secondary data are to be derived. Another point is the index robustness [36], which means that the classification must be less influenced by subjective choices. This feature is strictly related to the frequent need for an expert opinion/judgement in the computation of vulnerability indexes and/or in the weighting of the variables that contribute to coastal vulnerability. One of the most common weighting methods is the analytical hierarchy process (AHP) that, although developed in the 1970s [37], is lately becoming more frequently used in coastal vulnerability studies [17,38]. The scores are usually assigned by experts and a comparison matrix is produced, reflecting the importance of each variable relative to all other variables. Other important points are the type and number of variables. Although Sekovski et al. [17] included only geomorphological and geological variables in their own CVI approach, arguing that the calculations should be retrieved or produced also for data-poor coastal areas, the authors stated that forcing components (e.g., sea-level change, significant wave height and tidal range) are the basis of the hydrodynamic forcing to be preferably included in CVI studies.



Regarding the variable number, Balica et al. [39] argued that an index using few variables is less reliable than one based on the use of many and more complex variables, since a large variation in one variable can have a strong influence on the overall index. However, the use of few relevant variables can be simpler because the assessment can also be performed in conditions where there are few different types of available data. In addition, choosing fewer variables can reduce redundancy (in terms of avoiding closely related variables reflecting the same processes) and help to obtain a simple, feasible index [40].



Studies of coastal vulnerability using an index approach are most commonly undertaken from global and regional perspectives. Coastal vulnerability indexes are sometimes difficult to calculate because the absence of basic data on the coastal sector that has to be analyzed, especially in developing countries and usually concerning: (i) coastal trend evolution, due to the absence of (or the difficulty of obtain) aerial photographs, their elevated costs, accuracy and limited temporal and spatial distribution, and (ii) wave energy characteristics, due to the absence of waves’ buoys records or equivalent data sets. Furthermore, coastal vulnerability indexes usually cover large areas, this way representing very useful management tools for coastal managers and researchers to have a general idea of coastal sensitivity/vulnerability, e.g., to produce inundation/erosion maps, but further and detailed studies at adequate spatial and temporal scales have than to be carried out to decide best adaptation strategies and/or each protection measure at a specific place.



Regarding the final results of the coastal vulnerability assessment, an important issue is the validation of the classification [40]. In other words, the study must verify if the area assigned with the highest vulnerability level is actually the most vulnerable to marine processes via the comparison with the results obtained through other relevant studies in that area, i.e., previously published flood-hazard maps or damage information detected from different sources, such as newspapers and TV reports, properly validated with field surveys [41].



The manuscript is structured as follows. Section 2 describes the variables used in numerous susceptibility/vulnerability indexes, while coastal adaptation strategies and government policies are illustrated in Section 3 and Section 4, respectively. Discussion and conclusions are provided in Section 5.




2. Susceptibility/Vulnerability Characterization


Among the index-based methods, one of the most important and diffused methodologies to assess coastal sensitivity/vulnerability is based on CVI (e.g., Gilbert and Vellinga [21], Gornitz [22]), which is considered in the present review work. Another type-1 method is based on the “Coastal-Erosion Risk Index”, which is given by the combination of the sub-indexes that describes, respectively, coastal hazard and vulnerability. The hazard sub-index is, in turn, composed of variables related to both forcing actions and morphological characteristics, while the vulnerability sub-index deals with socio-economic, ecological and cultural aspects [18,42]. Furthermore, more complex models have been recently developed and account for several separate modules and equations, e.g., the index-based method called CERA2.0, which follows a Source-Pathway-Receptor-Consequence approach and links all components of the system to well identify the risk propagation path [43].



CVI method takes into account several variables that characterize coastal environment, with the aim to describe the vulnerability of a specific coastal stretch (Table A1). Following the CVI approach, each variable is evaluated at each portion of the considered coastal area. Then, the value of each variable is associated with a specific vulnerability level, which ranges from 1, corresponding to very low vulnerability, to 5, corresponding to very high vulnerability. One of the first applications of CVI concerned the U.S. coastline [22] and was based on seven variables, although many researchers opted for a different number and different types of variables. Basically, CVI is described by the equation


  CVI =     ∏  i = 1  n  a   i   n    



(1)




where the  Π  operator represents the product among the n considered variables (n = 7, following Gornitz [22]), each defined by the term   a i  . In other words, CVI is the square root of the product among all variables divided by the number of variables themselves. Based on recent applications of the CVI approach all over the world (e.g., Sekovski et al. [17] Koroglu et al. [36], Díaz-Cuevas et al. [38], Rangel-Buitrago et al. [42], Narra et al. [43], Hoque et al. [44], Mohd et al. [45]), three different groups are here used to cluster all variables considered in the susceptibility/vulnerability analysis, i.e., forcing-related aspects, coastal characteristics, and socio-economic activities. Such groups and relevant variables are detailed in the following subsections.



2.1. Forcing Characteristics


The typical forcing actions (Figure 1) considered in CVI analyses aim at describing the main coastal processes that strongly affect beach susceptibility in terms of inundation and flooding, but also coastal erosion (Figure 2). The nearshore dynamics is made of many components and processes [46]; thus, it is fundamental to be acquainted with all such actors, with the aim to get a synthesis for a complete, but not redundant, CVI analysis. The forcing actions are thus associated with the variables described here in the following lines, which mainly deal with both sea actions affecting the coastal region (i.e., tides and sea storms) and evolution of the hydrodynamics in time (i.e., sea-level rise) and space (i.e., bathymetry), as shown in Figure 3.



The role of the storm surge is directly linked to the coastal susceptibility, since the most relevant response of a beach in terms of sensitivity is linked to severe extreme events that are typically associated with low-pressure weather systems characterized by geographic-related features, such as wintertime and summertime storms [47,48], tropical typhoons [44,49], and hurricanes [50,51]. Under the susceptibility viewpoint, the larger is the storm-surge height, the stronger and more severe is the impact on the beach. Since the storm surge controls coastal inundation and erosion, intense and sudden beach flooding often leads to destruction and loss of lives in coastal areas. Although many works use class limits based on absolute storm-surge values (typically in mm), some works use absolute values percentages of the maximum value obtained in the considered area with the aim to have a more representative and objective idea of the storm-surge distribution [18,42]. Historical data are commonly analyzed and used for frequency analyses (e.g., exploiting Gumbel distribution) aimed at finding a reference surge height linked to a specific return period (e.g., 50 years). Databases of storm-surge events might also be used, e.g., SURGEDAT [43]. In the CVI perspective, small storm-surge heights (e.g., less than 0 m) mean very low vulnerability (rank 1), while large heights (e.g., more than 9 m) mean very high vulnerability (rank 5). Sometimes, the storm-surge contribution is combined to the topography (information obtained, e.g., through a digital elevation model, DEM) of the investigated area. This leads to a single index that accounts for both aspects and is needed to define the coastal exposure (e.g., see the exposure module in the work by Narra et al. [43]).



Another factor that strongly affects the coastal susceptibility is the bathymetry, especially in terms of seafloor depth in the nearshore region, which varies more or less significantly when moving from the shoreline towards the deep sea (Figure 2). The seafloor of sandy beaches is typically characterized by arrays of submerged or intertidal bars [52], which largely affect wave transformation. In addition, mutual feedbacks exist between the hydrodynamics and the morphological bed variations, hence the bathymetry may undergo significant changes, in terms of erosion/accretion patterns, both in the short term and in the medium to long term (Figure 3). However, although the data to be used in the analysis should be carefully selected, to well combine bathymetric data with a consistent wave climate, it has been demonstrated that the use of a simplified bathymetry, based on Dean’s equilibrium profile, in place of the actual barred beach leads to sound predictions of coastal inundation [53]. Bathymetric maps/surveys are typically used to get the required information, also in view of additional susceptibility evaluations, e.g., the estimate and ranking of coastal slopes (see Section 2.2). With the aim to precisely characterize the bathymetry in the coastal region, remote sensing is a tool that, when and where available, allows the correct reconstruction of the seafloor depth once a proper calibration is performed [53,54,55]. Previous authors stated that coastal areas characterized by more than 4 m depth have a very low vulnerability (rank 1), while depths smaller than 1 m present a very high vulnerability (rank 5), although the distance from shore at which the water depth is chosen is not completely clear.



The sea-level rise (Figure 1 and Figure 2) is of paramount importance for all coastal communities and is one of the main consequences of the climate change [56,57]. Since the change in the sea level is slow compared to the scales of typical coastal processes (Figure 3), all physical impacts of sea-level rise will manifest in the long term, when the upper part of many mildly sloping and unprotected beaches will be permanently inundated [58,59]. The most recent probabilistic projections [58] span between a level increase in 2100 of 34–76 cm under a moderate-emission-mitigation-policy scenario (RCP4.5) and an increase of 58–172 cm under a business-as-usual scenario (RCP8.5). In such context and following a more practical purpose, optimistic/”low-end” sea-level projections may be used by scientists and practitioners to explore basic solutions to guarantee a minimum adaptation to coastal communities, although ”low-end” projections still show an acceleration of sea-level rise during the 21st century under RCP8.5, such as classical or “high-end” scenarios do [60]. Furthermore, extreme and long-term conditions will be worsened by the more frequent and intense wave conditions and storm surges associated with the climate change. A further outcome of the sea-level rise is the coastline retreat, with recessions being 50–100 times the amount of the rise along many sandy coastlines [56]. To analyze the sea-level rise behavior, long data series of tide gauges located close to the investigated coastal area are typically used, though satellite altimetry can also be considered a suitable tool [45]. Mean high tide values can be used to assess the sea-level change, while the yearly rate of sea-level change is found through application of the least square method [44]. Other authors estimate an overall sea-level change that includes the global eustatic sea-level rise, as well as the local isostatic and tectonic land motion (subsidence); this is evaluated as the variation of the annual mean water elevation [36]. Yearly rate of sea-level rise smaller than 1 mm/year are linked to a very low vulnerability (rank 1), whereas values larger than 4 mm/year mean a very high vulnerability (rank 5). Some works combine the yearly rate of the sea-level rise to other variables related to the coastal erosion, e.g., see Narra et al. [43], where the sea-level rise contributes only a little to the complete index which describes the coastal-erosion hazard module.



Another factor largely affecting coastal vulnerability is the tidal action (Figure 1 and Figure 2). Following the conventional classifications, micro-tidal environments are those characterized by a tide range smaller than 2 m, while meso-tidal environments deal with tide ranges between 2 m and 4 m. Macro-tidal environments are those areas where the tide range is higher than 4 m [61]. In the perspective of evaluating the beach response of a coastal area (e.g., inundation, erosion) in a simplified fashion, the wave-tide interplay may be better accounted for using a dimensionless number, i.e., the relative tide range RTR [62] defined as the ratio between tide range and height of the breaking wave.



Similar to the analysis of the sea-level rise, long data series from available tide gauges are required to estimate a reference tide range of the investigated coastal area. A mean tide range can be derived from the distinction between the yearly mean of low and high tides [44]. On one hand, some authors state that higher tidal ranges are associated with both stronger tidal currents and flooding-frequency increase, thus causing large erosion and transportation of sediment [22,24]. Hence, such authors link macro-tidal coasts to more vulnerable conditions than micro-tidal coasts, e.g., tide ranges smaller than 1 m mean a very low vulnerability (rank 1) and tide ranges larger than 6 m mean a very high vulnerability (rank 5) [22,36,45]. On the other hand, other authors consider micro-tidal coasts of higher vulnerability if compared to macro-tidal ones, mainly because the sea level is always close to the high tide in a micro-tidal environment. Hence, during a storm event, coastal flooding more easily happens over a micro-tidal than over a macro-tidal beach [26,36,44]. Such approach links large tide ranges (e.g., larger than 6 m) to a very low vulnerability (rank 1) and small ranges (e.g., smaller than 1 m) to very high vulnerability (rank 5). Simpler classifications are given by other authors [42]), who just distinguish between macro-tidal (rank 1), meso-tidal (rank 3) and micro-tidal (rank 5) environments.



Storms are of paramount importance in coastal erosion and climate change studies, although their definition is not unique (Figure 1). Coastal engineers typically define a storm as a sequence of sea states characterized by significant heights   H s   exceeding a threshold, e.g., 1.5 times the mean   H s   value, during a specific amount of time, e.g., 12 h [63]. Meteorologists use the number of storm systems, which is related to wind speed values over (or central air pressure below) a threshold [64,65,66]; for instance, winds exceeding 30 knots and lasting more than 1 h are defined as storms [65]. So, winds are a further element that typically impacts the coastal area, both directly and indirectly. As a matter of fact, wind speed and direction are more or less intrinsically included in many parameters that provide a direct measure of coastal sensitivity/vulnerability, e.g., storm surge, storm frequency, littoral exposure [16,20]. Further researchers relate the storm concept to a specific water level threshold [67,68,69]. The analysis of storm events requires an amount of data covering at least 20–30 years, this allowing one to observe wave height trends, presence of climate-controlled cycles and wave height annual variations due to climate events [7].



Although some authors define the storms as rare events constituting only   8 %   of records over the investigated period [70], the mentioned threshold estimated as 1.5 times   H s   has the advantage to be adaptable to different energetic environments [43]. A small or negligible number of storms (e.g., zero events per year) means very low vulnerability (rank 1), while large numbers (e.g., more than 15 events) correspond to very high vulnerability (rank 5). Sometimes, the number of storms and the wave height parameters are combined, e.g., to provide a wave-climate indicator (see the coastal-erosion hazard module in Narra et al. [43]), and often erosion magnitude is linked to storms’ grouping more than to the effects of a single storm [71,72,73].



Furthermore, the incoming waves are subjected to several processes that span from the shoaling to the breaking. Such energetic phenomenon provides sediment mobilization and is one of the main drivers of the morphological changes of a beach (Figure 2). Wave breaking is considered one of the main mechanisms responsible for the generation of submerged bars in sandy beaches [52]. In turn, bars represent a preferential point of breaking-induced energy dissipation during energetic events such as sea storms, thus representing a form of beach protection that strongly affects beach erosion and shoreline motion. Furthermore, the dynamic equilibrium existing in the nearshore region is such that the wave features (in particular the wave height) strongly affect the shoreward/seaward bar migration [74,75,76]. The wave height is thus included in CVI applications as an indicator of the wave energy, although there is not a sole way to define such variable. Although some researchers opt for a specific wave height value along the coast, a recent approach suggests the use of a normalized value to better account the incoming wave energy. The most common approaches are thus based on the following terms:




	
  H s  : mean wave height along the coast, e.g., the average height of the one-third highest waves during a 12-h period [36,45] or the yearly mean wave height [43].



	
  H  s , m a x   : maximum wave height along the coast [36].



	
  H  s , o n   /  H  s , o f f   , where the denominator is the offshore wave height (e.g., the 92nd percentile value, which is related to the erosion of the considered coast) and   H  s , o n    is the height obtained from propagation of   H  s , o f f    from the offshore to the coastal region [18,42].



	
  H  s , 95 %  2  /  H  s , t h r e s h o l d  2  , i.e., the ratio between the 95th percentile wave height along the coast and a locally adopted threshold for storm definition [34,36].








Wave height data can be obtained in several ways. One can be the use of datasets collected by offshore wave buoys, then properly elaborated to get the required statistical value (e.g., mean or maximum value), and finally propagated towards the coast. This step can be accomplished using numerical wave-averaged models such as SWAN [18,42,45]. Other methods are based on the use of wave forecasting/hindcasting systems (e.g., EU Copernicus programme1), which provide wave height datasets at different locations, both offshore and close to the coast [77,78,79,80]. A further method concerns the use of remote sensors (e.g., X-band or high-frequency radars, video-monitoring systems), which can estimate both wave characteristics, seafloor depth and shoreline changes [53,79]. In any case, small values of mean wave height, maximum wave height or normalized wave energy correspond to very low vulnerability (rank 1), while large values correspond to very high vulnerability (rank 5).



In addition to the above-mentioned wave-climate features, the approaching direction of the dominant waves is of high importance for the beach susceptibility analysis. Such parameter is evaluated as the incidence angle existing between the coastline and the wave front (Figure 1 and Figure 2). Specifically, a 0° angle means a storm perpendicular to the beach, which provides a strong impact in terms of both inundation and erosion, thus leading to a very high vulnerability (rank 5). On the other hand, relatively large angles, e.g., 10–45°, are linked to a very low vulnerability (rank 1). A medium vulnerability (rank 3) is given by little angles, e.g., 0–10° [18,42].



Tsunami hazard represents another important element to be considered in coastal areas more exposed to such an event. Specifically, recent studies look at the water depth as the key parameter to account for the coastal inundation risk in the presence of an incoming tsunami, with shallow depths associated with a reduced risk and deeper regions associated with a greater risk [12].




2.2. Coastal Characteristics


Coastal characteristics were considered in different CVI devoted to evaluating coastal sensitivity/vulnerability at local and regional scales ([18,36], Figure 1, Table A1). Most of them were based on the pioneer works of Gilbert and Vellinga [21], Gornitz [22], Gornitz et al. [23], Gornitz [81] to assess the vulnerability of large portions of the USA coast to erosion and flooding processes due to Sea-Level Rise (SLR) and the impacts of hurricanes and storms. Previous authors considered several variables related to coastal characteristics (e.g., coastal relief, rocky type, landform, vertical and horizontal movements, shoreline displacement) and forcing agents (e.g., tidal range, wave height, probability of occurrence of storms and hurricanes), as shown in Figure 2.



Coastal relief determines the sensitivity of an area to be affected by flooding processes meanwhile resilience to erosion processes is reflected by rocky type, being magmatic and metamorphic rocks usually more resistant than sedimentary rocks [82]. Landform is also a relevant parameter at regional studies since a great difference in coastal landforms can be observed, e.g., cliffed sectors will be much more resistant to erosion processes than sectors presenting dunes’ system. Vertical and horizontal land movement can be relevant at places, e.g., in the coast of Naples (Italy) small but constant tectonic movements due to volcanic activity can produce important topographic changes that favor coastal submersion [83]. Shoreline erosion/accretion rates are also considered in many CVI and can be used to predict future shoreline evolution, i.e., the predicted shoreline position in a given timespan [84], or the extension of the Imminent Collapse Zone (ICZ, Crowell et al. [84]). This is the area subject to imminent erosion, adjacent to the coastline, and within a distance equal to 10 feet (3 m) plus five times the average, annual erosion rate calculated at medium- (10–60 years) or long-term time spans (>60 years, [85]). Such data are usually available from previous studies or obtained by means of aerial photographs and satellite images [86,87]. According to the data availability, medium- or long-term time span studies will be chosen because projected coastline position should be preferably applicable to a time prediction equivalent to one half of the period recorded by the photogrammetric flights [85]. Indeed, data on coastal erosion/accretion constitute reliable information on the spatial distribution of erosive processes and associated hazard and can valuably substitute numerous secondary parameters at some place difficult to calculate and/or overlapping among them [88].



Erosion/accretion rates, coastal geomorphology, relief and coastal slope were also considered in more recent regional studies carried out in Catalonia and Andalusia (Spain) [36,38], Bangladesh [89], Portugal [43], Italy and Brazil [90]. Different studies concerning coastal sensitivity/vulnerability considered a large and specific number of coastal morphological parameters. In studies carried out in Italy, Dal Cin and Simeoni [91] proposed the use of 15 variables including longshore transport, evolution rates, width of the foreshore, sediment size, beach and nearshore slope, presence of defense structures and ports, etc. Simeoni et al. [92], to characterize coastal resilience, considered cliff characteristics, presence of dunes, etc., and Anfuso and Martínez Del Pozo [93] used and combined among them a limited, easy to calculate number of parameters, i.e. beach width and coastal erosion/accretion rates. In a study carried out in Australia, Abuodha and Woodroffe [94] considered morphological variables such as dune height, barrier types, beach types and erosion/accretion rates. In Turkey, Özyurt and Ergin [95,96] evaluated coastal sensitivity to SLR considering coastal erosion and flooding due to storm surge, and inundation at long-term scale. Recently, several studies focused on the analysis of specific morphological aspects relevant in coastal susceptibility, e.g., [16,18,97], by defining susceptibility sub-indexes to erosion estimated as a function of the intrinsic coastal characteristics. Rangel-Buitrago and Anfuso [18] considered a susceptibility sub-index including 5 and 7 morphological variables respectively chosen for sandy and rocky coastlines. The election of such variables was essentially based on previous works carried out in sandy and rocky coasts (e.g., [98,99,100,101], etc.). Such variables were classified by Rangel-Buitrago and Anfuso [18] on a 1–5 scale according to Gornitz [22], Gomitz et al. [102], Hammar-Klose and Thieler [103], with 1 indicating a low contribution to specific key variable for the studied sector, while 5 indicating a high contribution. A numerical base was used to set classes and an ordinal scale approach was assumed for semi-quantitative variables that were difficult to quantify [97]. In a following step, Rangel-Buitrago and Anfuso [18] divided the investigated areas, according to data availability and coastal uniformity, into sectors of 500 × 500 m2 and the different morphological variables used were calculated for each coastal sector. The ArcGis 10 extension Digital Shoreline Analysis System (DSAS), v.4.2 USGS Woods Hole-Massachusetts [104], was used to quantify shoreline evolution, determine the dry beach/cliff edge width, and to validate the proposed Index according to Cooper and McLaughlin [97].



Concerning morphological variables used in the sub-index regarding sandy coasts, relevance was given to significant features in coastal stability and protection such as beach and dune systems that constitute the final defense line against high water levels and waves during severe storms [88,105]. Backshore and accommodation space widths were considered by Díaz-Cuevas et al. [38] and distance of structures from the shoreline was considered by Narra et al. [43]. Beach width is usually expressed by means of absolute values of coastal erosion rate [23,106] but this is very subjective since both beach width and erosion rates can range a lot from coast to coast. To solve this problem, Rangel-Buitrago and Anfuso [18] and Anfuso et al. [107] expressed beach/cliff edge width in a more objective way, i.e., as a multiple of the Imminent Collapse Zone [84]. They also related beach sensibility to beach morphodynamic state and foreshore slope according to the Wright and Short [108] classification. Such parameters are very important because determine flooding associated with storm surges [26] and the potential velocity of shoreline erosion during a storm [109]. Dissipative beaches are characterized by gentle slopes and present fine sediments, low permeability and usually small morphological seasonal changes. Reflective beaches, present steeper-sloping foreshores, are composed by coarser sediments with greater permeability and usually major morphological changes. The latter are considered to be highly susceptible beaches, as in general the higher the slope, the greater is the eroded sediment volume [94]. Such variables were considered in local and regional studies by means of absolute values [32,95,110] or in regional studies by qualitative observations [94].



Dunes’ system protects backing natural ecosystems and human activities/settlements against flooding and erosion processes and represents a beach sediment reservoir [61]. This protection function is strictly related to their height, width and, especially, longshore continuity that is often interrupted by washover fans that constitute hot spots sensible to coastal erosion [111]. Hence, dune height and percentage of washovers, which reflect the dunes’ system fragmentation, were considered and categorized in numerous local and regional studies using qualitative and semi-qualitative observations or absolute values [82,94,110,112,113]. Rangel-Buitrago and Anfuso [18] categorized dune height and spatial density of washovers by means of absolute values according to the classes proposed by García-Mora et al. [98] and Gracia et al. [99]. In a recent study, Molina et al. [114] proposed a Fragmentation Index to express in an objective and reliable way the level of dune toe fragmentation along the Mediterranean coast of Andalusia, Spain.



Concerning the presence of coastal defense structures, McLaughlin and Cooper [20] considered them as indicators of erosion processes that rise the economic costs of protecting the site to exceed the actual value of the land and therefore the site is abandoned and its value declines rapidly, hence sites with coastal defense structures were considered very sensible/vulnerable. Rangel-Buitrago and Anfuso [18] focused on the prediction of coastal sensitivity at a decadal time span, considering coastal sectors protected by structures being less sensible to erosion processes with respect to non-protected sectors, since structures—at decadal scale—should not need any maintenance works and protect backing structures and/or human activities in a reliable and effective way. The same view was expressed by Ozyurt et al. [115] and Di Paola et al. [116] that associated the presence of protection structures with a low level of vulnerability. Rizzo et al. [16], Rangel-Buitrago and Anfuso [18], for evaluating the level of coastal protection and density of structures, i.e., the armoring, used the so-called coefficient of technogenous impact “K” [117]. This coefficient is the relation, at a certain coastal sector, between the total length (l) of all protection structures (i.e., jetties, groins, breakwaters, etc.) and the length (L) of the investigated sector.



Concerning tidal range, it has been linked to both permanent and episodic inundation hazards [23], but different opinions exist on its importance. In studies carried out at a local scale, this variable is usually not considered because no spatial variations are observed. Gornitz et al. [23], Coelho et al. [82], Abuodha and Woodroffe [94] considered micro-tidal areas less vulnerable to erosion/inundation processes and SLR. Other authors, e.g., McLaughlin and Cooper [20], Ozyurt et al. [115], Di Paola et al. [116], considered micro-tidal environments as more vulnerable areas because erosion processes take place in a narrow littoral zone, and this was the posture adopted by Rangel-Buitrago and Anfuso [18], and McLaughlin and Cooper [20].



Where present, rivers are additional elements to be considered within the CVI approach, especially for the significant erosion typically occurring in the estuarine area because of the generally lower bed elevation [20]. Rivers increase the coastal susceptibility also because of the interplay among multiple actions at the estuary (river current, tide, sea waves, nearshore currents), that may also lead to potential instability of existing artificial structures (e.g., levees), with additional negative impact on the coastal communities. Vulnerability is thus associated with the river presence/absence, as well as with physical characteristics such as watershed extension, mean discharge, river size (their increase leading to the increase of coastal vulnerability), distance between the river mouth and the coastal area (this being inversely related to the coastal vulnerability) [16].



Last, concerning the relevance of coastline length, many small island states are also particularly vulnerable. This is reflected in their very high ratios of coastline length to land area [21].




2.3. Complementary Information


In addition to the basic geomorphological and forcing characteristics, the socio-economic context reaches more importance in any vulnerability assessment because the changes of coastal systems due to social, economic, and built-environment variables occur frequently and rapidly, even more than those due to physical processes [118,119] (Figure 1). For example, Narra et al. [43] proposed the coastal-erosion risk assessment methodology CERA2.0 that considers indicators as population density, infrastructures, and ecology, together with geomorphology, coastal defenses, and short- and long-term shoreline erosion due to extreme events. Rangel-Buitrago et al. [42] in the calculation of Coastal-Erosion Risk Index considered a range of variables including forcing processes, coastal susceptibility, as well as socio-economic, ecological, and cultural factors.



As discussed by McLaughlin et al. [19], there are many potential indicators of socio-economic value (e.g., land use, percent urbanized, population density, infrastructure, cultural heritage, tourism, etc.), so the desirability of including a parameter in CVI calculation must be balanced against the availability of up-to-date data. Due to difficulties in obtaining and ranking the data, the socio-economic aspect is often omitted from CVI calculation.



The ecological vulnerability (e.g., habitat loss, and climate change) can be quantified at different levels of aggregate or not spatial measure, as organisms, populations, communities, ecosystems, and landscapes, to explaining its spatial effects [120], and identifying spatial clustering and patterns as demonstrated by Bevacqua et al. [121].



This type of information on a large scale can be collected with the use of remote sensing [122,123,124] and aerial photography [125,126] that are cost-effective and efficient compared to in situ survey data collection, but often the low spatial and temporal resolution of the dataset limit their application on a local scale. A co-location of multidimensional dataset acquiring with diverse and different approaches play an important role in the definition of an exhaustive coastal vulnerability index. In this context, Jankowski [127] proposed the Participatory GIS (PGIS), a tool crowdsourcing-based to help the public participation in decision-making processes affecting the communities. With the crowdsourcing, the citizens support the data collection processes in different planning/decision-making contexts, i.e., atmospheric and marine environment [128,129], social science [130], economy [131], city governance [132,133], etc.



No less important than the others are the social and cultural characteristics of the study area. As demonstrated by Mukhopadhyay et al. [134], it is crucial that any vulnerability assessment considers local culture along with the physical and socio-economic attributes [135] because, often, traditions, customs, and communities organization make people more or less vulnerable to natural hazards [136,137], influencing their level of hazard perception [138].





3. Coastal Adaptation Strategies Approaches


Adaptation technologies can be defined as the equipment, techniques, practical knowledge, skills or institutional instruments required to reduce the impacts of coastal hazards, including climate change. To date, adaptation has a widespread benefit in reducing society’s vulnerability to coastal hazards [139,140,141].



According to Gilbert and Vellinga [21], three generic options for adaptation exist (see Table 1): (i) Protect: defend vulnerable areas, especially population centers, economic activities and natural resources; (ii) Accomodate: continue to occupy vulnerable areas, but accept the greater degree of flooding by changing land use, construction methods and/or improving preparedness; (iii) (Planned) retreat: abandon structures in currently developed areas, resettle inhabitants and require that new development be set back from the shore, as appropriate.



At places with a high capital use and characterized by relevant forcing agents such as areas affected by a significant sea-level rise trend, high energetic waves and storm impacts, among others (Figure 1), the protect solution is probably the best option [142]. A protect approach involves defensive measures and other activities to protect areas against inundation, tidal flooding, infrastructures damage, shore erosion, salinity intrusion and the loss of natural resources. The measures may be drawn from an array of “hard” and “soft” structural solutions [143] (Figure 1).



According to Foti et al. [144], they can be distinguished in active methods, based on the reduction of the incident wave energy, and passive methods, consisting of increase in overtopping resistance of dikes, improvement of resilience of breakwaters against failures, and use of beach nourishment.



The hard engineering defenses (e.g., breakwaters, groins, seawalls, dikes, gabions or other rock-armored structures) have proliferated in the 1950s and 1960s, but their use started to descry since the 1970s. In fact, such measures led to severe “hardening” of coastal areas and changes in sediment structure [145]. Coastal armoring alters local hydrodynamic regimes, which in-turn affects sediment supply, deposition and grain size, with concomitant impacts on adjacent soft-bottom sub-littoral ecosystems [146,147] and beaches [148,149]. Groins interrupt the littoral drift of sediment driven by longshore currents, thus allowing up-drift deposition of sediment and the increase of beach width. Segmented or shore parallel breakwaters predominantly modify the wave processes, reducing, diffracting and refracting incident wave fields behind them, thus creating sandy tombolo or salient features, which may increase beach width, but can also interrupt longshore transport of sediment [150] producing erosion in downdrift areas according to the “Domino” effect [151].



The most used soft engineering approach to coastal protection is beach nourishment (also referred to in the literature as beach recharge, replenishment, restoration, reconstruction, or fill), i.e., to increase artificially the quantity of material on a beach that is experiencing sediment loss by erosion to allow it to provide adequate storm protection or enlarge the dry beach width for recreational uses.



This approach is mainly used on sandy beaches but shingle or even cobbles can be used. The aim, however, should be to ensure that nourishment material is compatible with the existing natural (or native) beach material [152]. The benefit of beach nourishment comes from wave energy dissipation: the cross-sectional shape of a beach affects its ability to attenuate wave energy. A ”dissipative” beach–one that dissipates considerable wave energy—is wide and shallow while a “reflective” beach—one that reflects incoming wave energy seawards—is steep and narrow and achieves little wave energy attenuation. The logic behind beach nourishment is to turn an eroding, reflective beach into a wider, dissipative beach, which increases wave energy attenuation [153,154]. This is achieved by introducing large quantities of beach material to the coastal sediment budget from an external sediment source, also referred to as a borrow site. In Barnard et al. [155] evidence is given of monitoring and modelling of a shoreface nourishment, with a positive shoreline response in terms of dissipating wave energy when the placing of sediments occurs in water less than 5 m. In fact the placement material provides a buffer in the form of energy dissipation and a potential source for onshore transport of sediments.



The importance of using grain-size-compatible sediment, i.e., sediment that has the same grain size as the original beach sediment, is consistently underlined. In its simplest form, lower energy tide-dominated environments are typified by muddy and silty sediments, while higher energy wave-dominated environments are typified by sand and gravel.



Krumbein and James [156] proposed an equation to calculate the volume of borrow material needed to obtain a unit volume of sediments with the same grainsize distribution of the native one. Later, considering that wave winnowing action is stronger on the finer sediment fractions than on the coarser ones, other researchers modified the previous equation and proposed a Fill Factor and an Overfill Factor [157]. These methods rely on the assumption of sediment lognormality. A modified method that does not require sediment lognormality and can be applied to any borrow/native combination (not only when borrow sediment is finer than the native one) was presented by Pranzini et al. [158].



An important issue to evaluate the performance of the nourished material is the realization of a monitoring program. The recent Italian law 173/2016 states that nourishment must be accompanied by a monitoring campaign to guarantee that the replenishment activity will not produce significant impacts on the marine environment. To this aim, the monitoring campaign must be performed in three distinct temporal phases: ante, during and post operam. In particular, the monitoring must be focused on the turbidity levels and on the health state of the benthic environment. Moreover, bioaccumulation tests must be conducted on mussels, to check for the impact on the biota compartment.



Concerning coastal environments, the characterization of their sensitivity is based on several morphological features located in the nearshore, foreshore and the beach/dune system [159]. To protect, maintain or enhance coastal environment resilience and ecological functions, ecosystems-based solutions must be implemented, namely also referred to as natural and nature-based solutions [160] (Figure 1). They include wetlands and mangrove maintenance, beach-dune nourishment and replenishment or formation of artificial dunes. Natural sand dunes are an effective defense against coastal flooding and erosion. However, natural sand dunes are in decline and at risk, caused by SLR and the increasing impact of energetic events, as well as human actuation/urbanization.



The activities required to achieve dune rehabilitation are often the modification of aeolian processes and sediment dynamics by using sand fences and/or vegetation planting. In addition, the negative impact of human actions needs to be controlled by means of limiting beach goer affluence [161].



Other nature-based coastal risk reduction strategies are based on the maintenance of barrier islands, coastal wetlands, mangrove forests and reefs that may reduce coastal storm hazards by attenuating wave energy and storm surge and stabilizing sediment. Such ecosystem-based management (EBM) programs were ranked by Van der Nat et al. [162] based on its contribution to maintain the ecosystem in a healthy, productive and resilient condition. This is quite complicate and complex since it is required a capability of (i) leaving the feedback mechanisms between the flood protection design and the ecosystem, (ii) incorporating the dynamic character of the local ecosystem, (iii) incorporating the ecological processes on spatial scales.



According to McIvor et al. [163], mangrove swamp has a great importance in coastal defense, as an example, during an hurricane, they can reduce swell waves in height by between 50 and 100% over a length of 500 m of mangroves. Wave reduction largely depends on water depth and vegetation structure and density. Furthermore, storm-surge water levels are reduced by 5 to 50 cm per kilometer of mangrove [164,165]. In hybrid engineering, the use of mangroves reduces flood risk such is the case of a mangrove foreshore in front of a sea wall/dike: the likelihood of waves breaching or overtopping the sea wall is thus reduced and, therefore, sea defense maintenance costs are also reduced [166]. Mangrove conservation and restoration is consequently of paramount importance but few restoration projects have been carried out yet in Florida, USA [167], Indonesia [168], India and Bangladesh [169] and Colombia [170].



Last, the hard solution is usually not used to maintain and protect natural environment since the elevated costs of construction/maintenance versus the low or null economic values of areas to protect and the great impact of hard protection structures on the environment, e.g., in coastal dynamic and landscape [93].



Concerning human environments, i.e., areas with any kind of human activity or infrastructure including agriculture-devoted areas, village/urban settlements, roads and highways, tourist infrastructures and areas of cultural/heritage interest, among others (Figure 1), several adaptation strategies exist.



One of them is the accommodate approach, which includes strategies to reduce the consequences of an event, referred also as non-structural mitigation options, such as flood warning and emergency preparedness programs, flood insurance, land-use regulations, restrictions on development in areas of severe flood hazard, and property acquisition and relocation programs [171]. The adaptation technologies can be either technologies that comprise physical changes to accommodate increased flooding and erosion, and information systems that enhance the understanding and awareness of coastal risks and enable coastal populations to undertake appropriate responses to minimize the impact of these events. The first ones may include elevating structures above the floodplain, employing designs and building materials that make structures more resilient to flood damage and preventing floodwaters from entering structures in the flood zone. The second ones act as an information system to enhance our understanding and awareness of coastal risk. Flood hazard mapping is a vital component for appropriate land-use planning in flood-prone areas, because it creates easily read, rapidly accessible charts and maps that facilitate the identification of areas at risk of flooding and helps prioritize mitigation and response efforts [172]. In addition, flood warnings are a highly important adaptive measure where protection through large scale, hard defenses, is not desirable or possible, which requires constant monitoring of meteorological conditions and detection of threatening events to take place before it hits a community. After the population at risk have been warned, the communities in the hazard zone are required to take action to minimize their exposure to the hazard and to reduce the consequences of flooding [173], also with the help of numerical approaches based on pedestrians’ behavior in flood conditions [174].



Another option for adaptation is the retreat, which relates to the reduction of the risk of an erosional or flood event by limiting its potential effects. An alternative may be the managed realignment, which is the deliberate process of altering flood defenses to allow flooding of a presently defended area. Schemes described as managed realignment are most commonly implemented in low-lying estuarine or open coastal sites often including breaching or removal of existing defenses to construct a new line of defenses further inland [175].



The managed realignment approach is frequently coupled with several other planning and regulatory techniques. Set back zones are sometimes synonymous with buffer zones that provide a highly effective method of minimizing property damage due to coastal flooding and erosion by removing structures from the hazard zone [143]. Two kinds of setbacks occur:



	
Vertical, which establishes a height above a sea-level benchmark to prevent infrastructures from inundation.



	
Horizontal, a horizontal distance from a seaward benchmark to define an area at greatest risk of coastal hazards; the horizontal distance varies according to country.






Concerning no structural activities such as agricultural ones, one of the major threats to crops is salinity intrusion and water scarcity. The most common adaptation strategy to salinity intrusion is the use of salt-tolerant varieties and the adjustment of cropping calendars, or through the change of land use, e.g., substituting agricultural land in favor of fish farms.



Last, concerning areas with a very high capital use, i.e., urban areas with very high concentration of population, a great built-environment density and associated economic value, the most appropriate mitigation option is the construction of hard defenses. As observed by Ruol et al. [176] at urbanized coasts, coastal managers have the need to defend urban and tourist activities, possibly preserving a large beach, while at the non-urbanized coasts, which are natural littorals, managers have the need to preserve the environmental value. For the first kind of coasts, hard protection structures previously described, must be implemented despite their elevated construction and maintenance costs and impacts on sediment transport and coastal landscape. At places where erosion rates are not significantly elevated, beach nourishments are adopted, possibly combined with structures (e.g., submerged barrier, low-crested structure, groins).



A similar approach was applied by Molina et al. [177], who determined coastal sensitivity calculating the spatial distribution of wave forcing and the existence of a buffer zone, namely the dry beach width expressed as a multiple of the 20-year predicted shoreline position. In order to determine the best mitigation strategies to cope with erosion processes, coastal sensitivity was related to land uses. In case of a low-value coastal area with a low sensitivity, the area was not considered at risk and hence no action was required. In case of a high-value coastal area with high sensitivity, the area was considered at the highest risk and hence protection measures were mandatory. All situations in between the two cases were considered at a medium level of risk and hence needed further local scale studies.




4. Government Policies


Government policies and laws dealing with erosion/flooding mitigation are almost nonexistent, scarce and usually unsustainable. Coastal erosion is a natural process that turns into a risk when affects human activities and infrastructures. According to Cooper and McKenna [178], several studies have demonstrated a low awareness among coastal residents of the risks associated with coastal erosion and an expectation that publicly funded engineering structures can and should be emplaced to protect property [179,180]. When private property is threatened by coastal erosion, local owners pretend that society (the state) should intervene in some way because such position was adopted in past decades when much coastal defense has been undertaken at public expense. In Great Britain, coastal defense is carried out by public authorities [178] but there is no legal obligation for public funding of sea defenses except in a few specific cases. The decision-making process is based on economic aspects by the comparison of the value of resources at risk versus the costs of their protection. Not much account is devoted to whether the assets are privately owned or of other unquantifiable social dimensions. In general, public support can have different forms (hard/soft defenses or financial compensation). The benefit for property owners of hard defenses is the ability to continue living at the coast and the retention of capital possessions since the construction of sea defenses at public expense enhances the value of their property. From the public perspective, the emplacement of hard defenses is expensive and involves the public paying to assist a small number of individuals. Furthermore, hard protection structures have negative impacts on coastal environments that include loss of scenic quality [181], loss/difficulty of access [182], diminution of resilience to storm attack and decrease of sediment supply to the coast [183]. Impacts on coastal environment are less important when coastal defense is carried out by means of nourishment works. Another form of public intervention is the possibility of economically finance property owners in some way, e.g., by paying them for their loss or paying to have their residences physically relocated. Such actuations favor a retreat from vulnerable zones and have no negative impacts on the coast enabling it to respond to natural perturbations. The alternative to state intervention is that the property owners accept the costs related to land loss, relocating their property physically, abandoning it or constructing their own defenses. Individuals who were protected in the past by public sea defenses benefited considerably at the taxpayer’s expense and DEFRA [184] observed that those who enjoyed such benefits cannot assume that they will continue to do so into the future. This was the case in some areas of north Norfolk (UK, Cooper and McKenna [178]) and is very likely to become more common in future as government is unable to afford the maintenance of sea defenses particularly in the face of rising sea levels and increased storminess [184]. In the UK [143], Shoreline Management Plans (SMPs) represent high level strategies, non-statutory policy documents that offer large-scale valuation of the risks associated with coastal processes and the consequences of climate change [185]. The content of such plans influences functioning authorities and private landowners on any Local Development Plans to prevent loss of 5000 (over 20 years) and 28,000 (over 50 years) properties [186].



Leatherman [187] described as in U.S. the National Flood Insurance Program of Federal Emergency Management Agency provided a measure of coastal protection by providing incentives for new homes to be elevated above surge levels and to strengthen buildings against windstorm damage but no actions to cope with ongoing shoreline erosion processes, i.e., accommodate structures to the accelerating rate of sea-level rise, beach erosion, and likelihood of more intense hurricanes. The lack of coordinated federal programs and policies is clear: despite the prevalence of erosive trends observed along most part of the U.S. coastline, beachfront developments are exponentially growing under a collision of coastal management policies of the three principal federal agencies with statutory authority, namely the U.S. Army Corps of Engineers, the Coastal Zone Management Program of the National Oceanic and Atmospheric Administration (NOAA), and the Federal Emergency Management Agency (FEMA) National Flood Insurance Program [188]. Despite national competences of aforementioned agencies and programs, building licenses are controlled at the city and/or county level. Therefore, local authorities determine the level of development and the principal measure for states to deal with coastal erosion is the implementation of building setback lines. The U.S. Congress aimed to instruct FEMA to develop erosion hazard maps and include the cost of expected erosion damages but, unfortunately, such recommendations have not been adopted, this corresponding to a substantial subsidy for beachfront property owners that pay in erosion-prone areas the same amount for flood insurance as policyholders in non-eroding areas. In 1968, the U.S. Congress created the National Flood Insurance Program (NFIP) because house insurance policies typically did not concern flood damage, and rebuild after an erosive event was too expensive for many homeowners. The NFIP required community adoption of minimum standards for new construction to minimize the future risk of flood damage. In last decades flood damage enlarged dramatically, and FEMA payouts have far exceeded homeowner premiums. To transform the NFIP in a more actuarially tool, the Biggert-Waters Flood Insurance Reform Act of 2012, which went into effect in 2016, was ratified to make the program more financially stable and required the NFIP to raise rates to reflect true flood risk. Therefore, the Flood Insurance Reform Act of 2012 is a major step in making the program financially sound, but much more work must be carried out. Paradoxically, coastal development is controlled by local authorities and coastal urbanization is still increasing. The higher is the level of coastal occupation, the higher is the possibility to be protected by beach nourishment projects through the politically controlled Corps of Engineers programs principally paid by the federal government. As a result, additional beachfront developments and higher storm damages are observed during hurricane impacts [189]. According to Leatherman [187], the final solution is to eliminate huge federal programs so that individual states can provide flood insurance and be in charge of beach nourishment programs. Zoning decisions would have to be approved by the state and, therefore, protection works of beachfront structures and activities would be largely paid by local governments.




5. Discussion


The analysis of the different forcing and morphological variables in both coastal sensitivity and vulnerability studies, together with the main coastal adaptation strategies, raises the following issues. The forcing components deal with both sea actions affecting the coastal region (i.e., tides and sea storms) and evolution of the hydrodynamics in time (i.e., sea-level rise) and space (i.e., bathymetry). Their analysis raises scaling issues and combination and interaction between different space and time scales. McLaughlin and Cooper [20] assessed the potential for a multiscaled coastal vulnerability index based on a common methodological and theoretical framework that was applied at national (the whole Northern Ireland using 500 × 500 m2 grid cells), regional (Coleraine Borough Council using 25 × 25 m2 grid cells) and local (Portrush East Strand using 1 × 1 m2 grid cells) scales. Evidently, although exact boundaries can be placed on administrative areas on maps, natural divisions in the coastal environment do not necessarily coincide with administrative boundaries. The level of detail required at the different scales range a lot being greater at the local scale. Thus, McLaughlin and Cooper [20] included or omitted some variables as the index scale varied. For example, at the Northern Ireland scale, geology was an essential variable to distinguish areas of potential vulnerability to wave-induced erosion, but such data had not a sufficient accuracy to be used at local spatial scale. The opposite was observed for coastal morphology: detailed data were available for local scale studies. Furthermore, other variables, respect to national and regional scales, record almost no changes at local scale, such as coastal orientation and tidal regime, so there is no point in using them at such scale. The same approach was followed by Di Paola et al. [190] for a multi-scale coastal risk analysis in Gran Canaria.



Another important aspect to be considered is the time scale involved in coastal zone processes and dynamics [46], which can range from hours to days for storm surge, from days to years for tidal ranges and from decades to millennia in the case of regional vertical land movements. This aspect is accounted for changing the time horizon of the scenario for vulnerability/risk, as in Ramieri et al. [191].



The time scale is also involved in adaptation strategies, because adaptation planners need to know at what timeframe a particular adaptation option becomes cost-effective. An example is the adaptation strategies for inundations in Jakarta, which are due to land vertical sinking due to subsidence induced by water extraction. The immediate measures are dredging of the canals and barriers, the longer time solutions are the regulation of water extraction and the land-use modification pushing residents out of the flooding risk areas [192].



Time interaction must consider both the seasonal forcing features (increased frequency of summer storms [47,48]) and the long-term ones, which are typical of sea-level, compared to other coastal processes [57,58]. Spatial interaction must consider both the local processes driving coastal erosion and flooding (e.g., nearshore waves, surge, tides, decrease of sediment sources), and ocean–atmosphere dynamics, which needs a global approach. Thus, the combination of and interaction between sea-level rise, waves and storm surges must be considered to be a crucial challenge to be solved for the coastal evolution comprehension [193]. The coastal morphology is directly linked with the sensitivity of the system. Beach width determines the distance of structures from the shoreline [38], which influences the degree of flooding associated with storm surges [43]. Dissipative beaches, with gentle slopes and fine sediments, present low permeability and usually small morphological seasonal changes, while reflective beaches, with coarser sediments and greater permeability, are considered to be highly susceptible beaches [94]. Dune system protects backing natural ecosystems and human activities/settlements against flooding and erosion processes [109]. The degree of beach armoring influences the level of coastal protection and so the sensitivity of the system, which is often associated with lower vulnerability [115,116]. A combination of adaptation and mitigation strategies aim at decreasing biophysical vulnerability and risk. The level of urbanization influences the choice of the different coastal adaptation strategies: defensive measures against inundation are preferred for the “urbanized coasts”, which are intensely developed and have a high economic value, while a nature-based reduction strategy is preferred for the “non-urbanized coasts”, to preserve their environmental value [176]. The accommodation strategies include land-use regulations in areas of severe flood hazard, relocation programs which decrease property damage due to coastal flooding and erosion by removing structures from the hazard zone [143]. The latter strategies, including also flood warning and emergency preparedness programs, require time to reduce the vulnerability to hazards occurring in the future. This means allowing the system time to adapt in an anticipatory manner or to adapt reactively to hazards that involve slow change over relatively long periods. This again raises scaling issues and interaction between the different adaptation strategies. Modelling can be a possible solution to choose a set of adaptation measures: whatever the potential impact of human intervention, and the temporal evolution of the erosion rate, numerical models provide information on the sensitivity of the beach to potential changes in marine parameters (related for instance to climate variability or climate change) [194]. Numerical simulations of the effects of the proposed strategies on the system vulnerability can give the necessary information to help managers and planners to choose the proper adaptation measures.




6. Conclusions and Future Directions


In this paper, we examined different vulnerability indexes, built up with forcing and morphological variables in both coastal sensitivity and vulnerability studies, together with the main coastal adaptation strategies used to reduce biophysical vulnerability. The analysis demonstrated that the more sophisticated the index or the model, the more data are required, so this point highlights the need for observations, continuous measurements and open-access databases. An integrated perspective in several dimensions must be performed, including integration across change drivers (climate and non-climate), across sectors, impacts and responses, across space and time dimensions, and across institutions (including levels of government). In particular, the adaptation strategies can be successfully implemented by an informed, engaged and prepared community with active participation of different stakeholders, even the more disadvantaged and marginalized groups. On the other hand, the planning, decision-making and response implementation to current and emerging climate impacts and risks require effective governance that operates integration between different institutional arrangements at both local and regional scales. In fact, local responses are required, although included in a wider context to ensure that overlap and duplication are avoided and that maximum benefits are derived from collaborative and joined-up adaptation initiatives.
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Table A1. Summary table of the variables used in some susceptibility (S) and vulnerability (V) indices with their scale of applicability classified as national (N), regional (R) and local (L).






Table A1. Summary table of the variables used in some susceptibility (S) and vulnerability (V) indices with their scale of applicability classified as national (N), regional (R) and local (L).





	Authors
	Typology
	Scale
	Variables





	[81,195]
	V
	R
	Relief, lithology, landforms, vertical/horizontal land movements, tidal range, wave height,

tropical storm/hurricane probability.



	[196]
	S
	R
	Shoreline index. Exposed tidal flats, sheltered rocky shores and seawalls, exposed mangroves

and marsh, exposed vertical rocky shores and seawalls.



	[22]
	S/V
	N
	Coastal Vulnerability Index. Relief, lithology, landforms, horizontal/vertical land

movements, tidal range, wave height.



	[197]
	V
	R
	Coastal Vulnerability Index. Relief, rock type, landform,

vertical sea-level change, shoreline displacement, tidal range, wave height.



	[198]
	S/V
	R
	Coastal Vulnerability Index. Elevation, geology, geomorphology, SLR, shoreline displacement, wave height,

annual probability of tropical storm and hurricane, Hurricane strike frequency-intensity, mean forward velocity,

number of extratropical cyclones, hurricane surge height, tidal range



	[199]
	V
	L
	Wind and wave climate, berm height, maximum depth for

shore-normal sediment transport and distance, sea level



	[91]
	V
	L
	Hydrodynamic and energy-related: mean energy flux per unit of coastline, net/gross

longshore transport rate. Evolutionary: mean shoreline retreat/accretion. Morphology and sedimentology of the beach:

width of the backshore, elevation of the backshore, mean size of the beach sediments. Seafloor: slope of the sea floor,

mean size of the sea floor sediment, number of bars. Human intervention: defensive structures and ports.



	[200]
	V
	N
	Climate-induced: Environmental changes (sea-level rice, rainfall, sea surface temperature, wind,

wave, El-Nino changes, sediment budget), Socio-economic developments (Autonomous/planned adaptation).

Non-climate-induced: Environmental changes (vertical land movements, sediment budget), Socio-economic developments

(population, land-use, changes in gross domestic product).



	[26]
	V
	R
	Coastal Vulnerability Index. Geomorphology, coastal slope, relative sea-level change,

shoreline erosion/accretion, mean tide range, mean wave height.



	[95]
	V
	L
	Costral Vulnerability Impact. Physical parameters: rate of SLR, geomorphology, coastal slope,

H 1/3, Sediment budget, tidal range, proximity to coast, type of aquifer, hydraulic conductivity,

water depth at downstream, discharge. Human influence parameters: reduction

of sediment supply, river flow regulation, engineered frontage, natural protection degradation,

coastal protection structures, growndwater consumption, land-use pattern.



	[26]
	V
	R
	Coastal Vulnerability Index. Geomorphology, coastal slope, relative sea-level change,

shoreline erosion/accretion, mean tide range, mean wave height.



	[95]
	V
	L
	Costral Vulnerability Impact. Physical parameters: rate of SLR, geomorphology, coastal slope,

H 1/3, Sediment budget, tidal range, proximity to

coast, type of aquifer, hydraulic conductivity, water depth at downstream, discharge. Human influence parameters:

reduction of sediment supply, river flow regulation, engineered frontage, natural

protection degradation, coastal protection structures, growndwater consumption, land-use pattern.



	[201]
	V
	R
	Coastal Vulnerability Index. Geological/geomorphological: resistance of the

geological/geomorphological substrate to erosion, erosion rates,

coastal slope. Physics/hydrodynamic: significant average swell,

rate of change in relative sea level, mid tidal range.



	[116]
	V
	L
	Coastal Vuulnerability Index. Mean Elevation, geology,

coastal landform, shoreline, wave height, tide range.

Impact Index. Wave run-up, short/long-term erosion,

stability coastal protections, tide range.



	[202]
	V
	R
	Social economic index. Population, roads, industrial

and agricultural output value, residential land.

Land-use index. Farming land, Aquaculture, Arable land.

Eco-environmental index. Beaches and wetlands, mangroves, rivers.

Coastal construction index. Coastal engineering, coastal highways, coastal buildings.

Disaster-bearing capability index. Seawalls, labor population, financial revenue.



	[106]
	V
	L
	Physical Vulnerability Index. Barrier island width, lithology,

width of back-beach vegetation, percentage of low areas, shoreline change rate.

Socio-economic Vulnerability Index. Land use



	[203]
	V
	R
	Shoreline retreat, coastal defense works, events due to sea wave

action, emergency interventions, coastal defense costs.



	[82]
	V
	R
	Elevation referred to Chart Datum, distance to shore, tidal range,

maximum wave height, erosion/Accretion rate, geology, geomorphology,

ground cover, anthropogenic actions.



	[204]
	S/V
	L
	Beach Vulnerability Index. Longshore/cross-shore sediment

transport, riverine inputs, relative sea-level change,

wave run-up, aeolian sediment transport.

Beach Value. Accommodation facilities, coastal business,

tourism area, beach width, distance from the city,

beach attendance, sector length.



	[18]
	S/V
	L
	Vulnerability sub-index. Coastal forcing: significant wave height, storm surge, degree of littoral

exposure to wave fronts, tidal range. Coastal Susceptibility: SANDY (dune height, percentage of washovers,

dry beach width as a multiple of the ICZ, beach slope/morphodynamic state, foreshore slope,

K Index); ROCKY (type, lithology, structures, slope, cliff edge

width as a multiple of the ICZ, weathering, K Index. Socio-economic:

land uses, percentage of urbanized areas, population density.

Ecological: protected area, ecosystem and habitat cover, level of human intervention.



	[181]
	S
	L
	Cliff, beach face, rocky shore, dunes, valley, skyline landform,

tides, coastal landscape features, vistas, water color and clarity,

natural vegetation cover, vegetation debris;

Human parameters: noise disturbance, litter, sewage discharge

evidence, non-built environment, built

environment, access type, skyline, utilities.



	[16]
	S
	L
	Morphological Beach Sub-Index. Foreshore slope, grain size, backshore width, number of bars.

Morphological Dune Sub-Index. Mean dune height and width, vegetation succession continuity,

dune discontinuity. Shoreline Evolution Sub-Index. Short/medium/long-term evolution trend.

Coastal Run-Up Sub-Index. Mean and maximum run-up height. Fluvial System Sub-Index.

Basin area, mean river discharge, distance from the river mouth. Storm-Surge Sub-Index.

Storm-surge effect on beach and dune systems. Topographic Sub-Index. Presence of low-lying areas.



	[205]
	V
	L
	Coastal Vulnerability Assessment. Run-up distance,

beach slope, beach retreat, presence of coastal structures,

medium-term coastline erosion.



	[44]
	V
	R
	Coastal Vulnerability Index. Storm-surge height, SLR, tidal range,

elevation, coastal slope, geomorphology, shoreline change, bathymetry



	[36]
	V
	R
	Coastal Vulnerability Index. Sea-level change, significant wave height,

tidal range, geomorphology/geology, coastal slope, shoreline change.



	[45]
	V
	R
	Coastal Vulnerability Index. Significant wave height and direction,

SLR, tidal range, geomorphology, coastal slope, shoreline change.



	[43]
	S/V
	R
	Susceptibility Index. Geomorphology, coastal defenses.

Value module. Population density, infrastructures, ecology.

Exposure module. Distance to shoreline, topography, sea-level trend,

Coastal-erosion hazard module. Wave climate, shoreline change.



	[38]
	S
	R
	Sensitivity indicator. Erosion rate, backshore width,

accommodation space width and typology



	[17]
	V
	R
	Coastal Vulnerability Index. Elevation, presence/absence of artificial protection

structures, dunes coverage, shoreline change, land cover.



	[42]
	S/V
	R
	Hazard sub-index. Coastal Forcing: significant wave height, storm surge, degree of littoral

exposure to wave fronts, tidal range. Coastal Susceptibility: SANDY

(dune height, percentage of washovers, dry beach width as a multiple of the ICZ, beach slope/morphodynamic

state, foreshore slope; ROCKY: type, lithology, structures, slope, cliff edge

width as a multiple of the ICZ, weathering, K Index. Vulnerability sub-index.

Socio-Economic: land uses, percentage of urbanized area, population density, roads, conservation

designation, number of infrastructure services, tourism, economic activities. Ecological:

protected area, ecosystem and habitat cover, level of human intervention, protected species, ecosystem services,

litter presence, non-built environment. Cultural: cultural heritage, ethnographic interest,

state of conservation, national protection, ethnic communities, cultural built environment.



	[177]
	S
	L
	Coastal Sensitivity. Coastal forcing: wave energy flux.

Buffer zone assessment: dry beach width.
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Figure 1. Block diagram of the principal susceptibility/vulnerability indexes components related to its assessment strategies to enhance coastal resilience/ human activities protection. 
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Figure 2. Cross-shore view of the main characteristics of a typical beach-dune system. 
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Figure 3. Spatial and temporal evolution scale characteristics of the main phenomena determining the coastal sentitivity/vulnerabilty. 
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Table 1. Summary table of the coastal adaptation strategies approaches.
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“Protect” Option






	
Hard engineering defenses

	
breakwaters, groins, seawalls dikes




	
Soft engineering interventions

	
beach nourishment




	
Ecosystem-based solutions

	
wetland/mangrove maintenance

dune replenishment

barrier island and coastal wetland maintenance

mangrove conservation/restoration




	
“Accomodate” Options




	
Non-structural mitigation options

	
land-use regulations/restrictions

relocation programs




	
Information systems

	
flood hazard mapping

emergency preparedness programs

good warning




	
“Retreat” Option




	
Marraged realignment

	
setback zones (vertical/horizontal)

soft tolerant crops

change of land use
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