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Abstract

:

Coastal areas are dynamic and complex systems exposed to waves, high tides, and storm surges. Often, these areas are densely populated and have essential socio-economic values for the region and country. Any changes or disruptions can cause a tremendous social burden. Coastal Vulnerability Index (CVI) is one of the most used and straightforward methods to assess coastal vulnerability. This paper aims to analyse and summarise the current state of published coastal vulnerability indices. The analysis seeks to develop a regional vulnerability index for the eastern Adriatic coast, specifically for the Istrian peninsula. A total of 18 published papers were reviewed. A detailed survey was performed on three groups of variables that represent (a) the physical features of the coast, (b) the amount of influence of wave energy on the coast, and (c) exposed socio-economic factors. While choosing Physical and ecological variables is relatively straightforward, choosing Socio-economic variables is particularly challenging. The number of variables differs significantly from one author to another. As a result of the huge variety of global coastal characteristics and different research approaches, there is no universal CVI. Therefore, analysed indices are not suited for the calculation of the vulnerability of the Istrian coast without modification. A 5 × 5 m cell dimension was proposed as the most suitable for analysing the physical vulnerability of the Croatian coast of Istria.
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1. Introduction


Coastal areas are dynamic and complex systems. Coasts and their ecosystems worldwide are exposed to waves under extreme events, high tides and storm surges [1], tsunamis, river flooding, frequent gullying [2], and shoreline erosion [3,4]. Lower coastal areas, river estuaries, and islands are the most endangered [5,6]. The sea-level change includes global [7], regional, and local effects, mainly related to the glacio-isostatic adjustment [8,9], and/or tectonic effects [9,10,11]. As a result of climate change and subsequent changes in sea level, people and critical infrastructure in coastal areas have become more exposed to coastal hazards [12]. According to Cazenave et al. [13], the global sea level has been changing at a mean rate of +3.1 ± 0.3 mm/year for the last 25 years, and it is showing signs of acceleration at a rate of 0.10 mm/yr.



Along with submerging of coastal areas, sea-level rise increases coastal erosion and causes seawater intrusion, which leads to the salinisation of soil [5,6] and coastal aquifers [14,15,16,17]. It can cause the loss of valuable land, and difficulties in maritime transport, representing a tremendous social burden. Moreover, coastal areas are often the most densely populated areas. These areas are essential for socio-economic valorisation, for which any change could have catastrophic consequences. Current estimations indicate that one billion people live in coastal areas located 10 m above the present height tides, out of which 630 million live in areas below projected flood levels for the end of the 21st century [18].



As part of the Mediterranean Basin, the Adriatic Sea was exposed to numerous changes in relative sea level (RSL) in the past. Certainly, the most significant impact on the Adriatic and, thus, the Istrian coast was induced by Pleistocene-Holocene transgression [19,20]. Nonetheless, numerous Holocene fluctuations, including the past 2000 years that influenced Northern Adriatic, have been proven on the basis of geomorphological, biological, and archaeological indicators [2,10,21,22,23].



Underwater archaeological sites are direct evidence that the coastal area of the Istrian peninsula has attracted human population for well over three thousand years [24] and has been influenced by sea-level rise. As can be observed in Figure 1, there are more than 25 partially or fully submerged archaeological sites and areas. Most of them are located along the western coast of Istria. Due to the favourable geographical location of Istria relative to the Top 5 Croatian tourist-generating revenues counties and its accommodation capacity, Istria is a significant generator of state budget revenues [25]. Sea-level rise could affect 85 Istrian municipalities within the coastal area, as well as tourism, transport, shipbuilding, fishing industry, and agriculture. There are numerous cities and settlements along the Croatian coast whose main economic activities are related to the exploitation of coastal resources [26], especially on the Istrian peninsula. As such, they are highly exposed and endangered to the potential sea-level rise. In the case of a 1 m sea-level rise 54,910 people in 302 coastal settlements of Croatia will be flooded [27]. According to Orlić and Pasarić [28], the maximum expected sea-level rise in the Adriatic by the end of the 21st century is 62 ± 14 cm. Although the Eastern Adriatic coast can be considered resilient to sea-level rise due to the prevalence of carbonate rocky coast and general steepness, certain areas are highly vulnerable to the influence of sea-level rise [26].



To create sustainable coastal management strategies and plans, vulnerable elements of both natural and human systems must be identified, defined, and described. Coastal vulnerability is considered as the ability of the coastal area to cope with the adverse effects of natural hazards [29]. The vulnerability of coastal areas is associated with both natural and social hazards, sometimes with a combination of both. Therefore, various hazard dimensions must be considered to effectively carry out a vulnerability assessment [30]. Coastal Vulnerability Index (CVI) is one of the most used and straightforward methods to assess coastal vulnerability to sea-level rise [5]. The majority of the studies using CVI have categorised the vulnerability of different coastal environments, using necessary information on coastal geomorphology, rate of sea-level rise, past shoreline evolution, coastal slope, and mean tidal range [5]. Over the years, a considerable number of methodologies have been developed, e.g., Kantamaneni [31] and Ramieri et al. [32].



Besides being one of the Climate Change Adjustment Strategy goals, no systematic vulnerability assessment has been developed for the Croatian coast so far. This paper aims to analyse and provide state of the art on coastal vulnerability indices. Furthermore, the 18 selected published indexes aim to help in the further selection of physical variables for the analysis of the regional vulnerability index, which could be applied to the eastern Adriatic coast, particularly to the Istrian peninsula.




2. Coastal Vulnerability Index (CVI) Methodology Overview


A considerable number of methodologies for assessing coastal vulnerability have been developed, which can be divided into four groups: 1. Dynamic computer models, 2. GIS-based decision support systems, 3. Indicator-based methodology, and 4. Index-based methodology [31,32].



Dynamic computer models are used to analyse and map the vulnerability and risk of coastal areas. GIS-based decision support systems are tools for the analysis of physical features, transforming huge sets of data into maps and creating risk maps. Measuring coastal vulnerability and intensity of exposure of coastal areas to hazards is conducted by Indicator based methodology [31,32].



Index-based methods are quantitative or semi-quantitative vulnerability assessments where indices classify different vulnerability variables. The process is not fully transparent because it is impossible to determine whether values/ranks are logarithmic or linear or to determine how variables should be combined or weighted. In addition, this method uses predefined values/ranks of variables, making it not fully transparent/clear [31]. The results are usually shown on a vulnerability map on multiple scales, which allows the identification of the most vulnerable regions and locations [31,33]. The coastal vulnerability index is easily understood by non-specialists [34].



Over the years, several coastal vulnerability indices have been developed to assess and quantify the interaction between humans and the sea [35] in a narrow coastal area. Coastal vulnerability is explained through three characteristics: physical, ecological, and human [34]. Coastal vulnerability indices generally are divided into three groups (1) Coastal characteristic, (2) Coastal forcing, and (3) Socio-economic [35]. Choosing the correct coastal variables is particularly challenging, and the number of variables differs significantly from one author to another. For example, to assess coastal dune vulnerability, Williams et al. [36] used around 54 variables, while Quelennec [37] used merely three variables for the European high-risk coastal areas [34]. Choosing physical and ecological variables is relatively straightforward, while choosing socio-economic variables tends to be culturally dependent [5].



To calculate the risk level that sea-level rise caused by greenhouse climate warming might have on the population, ports, cities, and wetlands in low-lying areas of the United States coastline, Gornitz [5] developed the first coastal vulnerability index using seven Physical coastal characteristics variables: 1. relief, 2. rock type (relative resistance to erosion), 3. landform, 4. mean tide range, 5. maximum wave height, 6. relative sea-level change, and 7. shoreline displacement. Coastal areas are not only defined by Physical coastal characteristics and Coastal forcing but also by Socio-economic characteristics. Including variables, such as storm frequencies, intensities, surges, and population as additional risk factors, in the coastal vulnerability index can significantly influence the outcome of vulnerability calculation [5]. According to Mclaughlin and Cooper’s [35] multidisciplinary approach to coastal vulnerability, the calculation of CVI provides insight into the complex correlation between Physical coastal characteristics, Coastal forcing, and Socio-economic characteristics.



Szlafsztein and Sterr [38] were among the first who included socio-economic characteristics alongside Physical coastal characteristics, bringing population and income data as additional risk factors into the formula as suggested by Gornitz [5]. Since not all characteristics are equally significant, weight coefficients were used to aggregate indicators. Additionally, McLaughlin et al. [39] explore the possibility of incorporating socio-economic variables into the coastal vulnerability index on the spatial multi-scale. Based on the previous findings, Mclaughlin and Cooper [35] developed a coastal vulnerability index with three equally represented variables: Physical coastal characteristics (resilience and susceptibility), Coastal forcing, and Socio-economic variables. Furthermore, Mclaughlin and Cooper [35] emphasise the importance of spatial scale (national, regional, local) in developing coastal vulnerability indices. While general index architecture is applicable, the selection of variables must be considered the scale of the application and, above all, data availability.



Remote sensing and GIS tools have often been used in CVI research. In order to create a vulnerability index of the KwaZulu-Natal Coast based on physical parameters [40], remote sensing data were used. The developed method is based on assessing physical vulnerability a priori, and social, economic, and ecological components were assessed a posteriori. Mani Murali et al. [41] calculated the coastal vulnerability index of the Pondicherry Coast using the hierarchical analytical process (AHP) where the Physical Vulnerability Index (PVI) and Socio-economic Vulnerability Index (SVI) have an equal impact. In contrast to Hamm-Klose and Thieler’s [42] methodology, Kantamaneni et al. [43] integrated two indices to develop the Combined Coastal Vulnerability Index (CCVI). CCVI comprises Physical Coastal Vulnerability Index (PCVI) based on Palmer et al. [40] methodology and the Fiscal Coastal Vulnerability Index (FCVI) based on Kantamaneni [31] methodology. Kantamaneni et al. [43] argue that the proposed CCVI provides a basis for coastal planning and can be used on local, regional, and international scales.



To assess the coastal vulnerability of the Peloponnese peninsula in Greece, Tragaki et al. [44], used two separate vulnerability indices, physical and social, similar to Kantamaneni et al. [43]. The Applied Coastal Vulnerability Index (CVI) used in that study is based on Hammar-Klose and Thieler’s [42] approach with seven variables. While six out of seven variables of CVI can be quantitatively expressed, Social Vulnerability Index (SVI) uses different units and scales, which must be standardised before multivariate analysis can be conducted. The most recent methodology by Pantusa et al. [45] proposed a modified Hammar-Klose and Thieler’s [42] approach, which represents conditions suitable for the Mediterranean coast and allows users to evaluate the ability of “natural systems” to dissipate the wave energy. Six Hammar-Klose and Thieler [42] variables were supplemented with four additional variables: emerged beach width, dune width, width of vegetation behind the beach, and Posidonia oceanica. All ten variables were divided into three typological groups: geological, physical process, and vegetation.



As previously mentioned, coastal vulnerability assessments for the Croatian coast are scarce. Early research on the coastal vulnerability of the Croatian coast mainly focused on physical vulnerability and erosion [46] or was extremely local [47,48]. Ružić et al. [47] developed/adapted a vulnerability assessment methodology for the Croatian Eastern Adriatic Coast (CEAC), which is characterised by quite complex geomorphology. The used methodology is index-based, as proposed by Gornitz [5]. Due to a relatively small part of the coastline (7720 m), Ružić et al. [47] used the segmentation of the coastline, like Kantamaneni et al. [43], Pantusa et al. [45] and Palmer et al. [40]. This method of graphical representation is acceptable for a small part of the coastline, but larger areas would require larger segmentations which would result in a lower precision of calculated CVI. The above-mentioned CVI has been calculated using the modified Gornitz [5] formula, where a total number of variables divides the square root of the sum of variable ranks. The weighing was used to emphasise the importance of geologic fabric in Ružić et al. [47] methodology. Furlan et al. [49] developed multi-dimensional CVI to assess spatial-temporal vulnerability. For this purpose, Furlan et al. [49] grouped variables into four groups: 1. Coastal forcing, 2. Environmental, 3. Social, and 4. Economic.



Five papers, Gornitz [5], Mclaughlin and Cooper [35], Faivre et al. [10], Hamid et al. [34], and Ružić et al. [47], were used as the basis for establishing parameters for research. In Scopus [50], Web of Science [51], and Google Scholar [52] following search terms were used: coastal vulnerability index and CVI, coastal vulnerability, vulnerability index, coastal physical factors, socio-economic factor, SLR, sea-level rise and SLR, relative sea-level rise and RSLR, coastal flooding, coastal erosion, and coastal zone. Croatian scientific databases were also browsed, Croatian Scientific Database (CROSBI) [53], Croatian Digital Dissertations Repository [54], and Digital Academic Archives and Repositories (DABAR) [55]. An additional search was conducted by reading referenced papers in previously found publications by the above-explained process. In the end, the Google search engine was used to browse web pages and other sources dealing with coastal vulnerability. This search yielded about 60 papers. To select 18 papers, the analysis started with Gornitz [5] and then turned to the most recent papers, choosing those that have contributed to the previous papers and have some new aspects that are important for the aim of this study: factors, calculation methods, weighting, and research scope. The general parameters of the selection process can be explained in terms of creating CVI suitable for Istria and the eastern Adriatic coast having in mind Physical coastal characteristics, Coastal forcing characteristics, and Socio-economic characteristics. For example, Boruff et al. [56] were one of the first to use social-economic variables to calculate CVI, but the used variables either are US-specific or are kind of variables that are not collected in Croatia. Therefore, we did not use it further in the overview.



Several papers provide an overview and comparison of different CVI models and approaches. Bukvić et al. [57], in an overview of Coastal Vulnerability Mapping, concluded that social data are rarely included. Hamid et al. [34] find that different authors often used available data rather than data that should yield the best results. Kantamaneni et al. [58] analysed different Coastal Vulnerability assessments along Andhra Pradesh coast in India and concluded that the majority of used data collected from either satellite or field observations are very low in resolution. Koroglu et al. [59] analysed and compared approaches proposed by Gornitz [5], Shaw, et al. [60], Thieler and Hammar-Klose [42], and Lopez et al. [61], along the Barcelona coastline. Koroglu et al. [59] concluded that variable data rankings are site-specific.



2.1. Coastal Vulnerability Variables


To fully understand the complexity of coastal vulnerability, it is not important how many variables are used but what kind of approach and variables are used [35]. Using only Physical coastal characteristics variables and Coastal forcing variables yields results that can significantly be changed if Socio-economic variables are included in the CVI calculation [5]. Like Mclaughlin and Cooper’s [35] proposed methodology, this paper reviews three groups of variables that represent (a) the physical features of the coast, (b) the amount of influence of wave energy on the coast, and (c) exposed socio-economic variables. All reviewed published papers use at least two out of three groups of variables (Table 1). Physical coastal characteristics variables appear in all reviewed papers, Coastal forcing in 83%, and Socio-economic variables appear in 61% of studies. Only Szlafsztein and Sterr [38], Palmer et al. [40], and Kantamaneni et al. [43] have not used Coastal forcing variables in their calculation of Coastal vulnerability.



2.1.1. Physical Coastal Characteristic Variables


Physical coastal characteristics are generally defined by variables contributing to natural hazard coastal vulnerability, such as coastal type, elevation, slope, and erosion. Gornitz [5] proposed four variables (Table 2): (1) relief, (2) rock type (relative resistance to erosion), (3) landform, and (4) shoreline displacement, which are applied differently by authors in their methodologies. In reviewed published papers, landform (geomorphology) was used in 84% of them, shoreline displacement (erosion in general) in 56%, relief (elevation) in 39%, and rock-type (relative resistance to erosion) in 17%. The coastal slope variable proposed by Hammar-Klose and Thieler [42] is used in 61% of published papers. The rationale behind using Physical coastal characteristic variables is to determine coastal susceptibility to erosion, flooding, and inundation.




2.1.2. Coastal Forcing Variables


Coastal forcing variables are sea and ocean contributing factors to coastal vulnerability, such as waves, tides, storms, and currents. To explain how and to what extent the coast is exposed to wave impact, Gornitz [5] proposed three variables: (a) vertical movement (RSL change), (b) tidal ranges and (c) wave height. Tidal range and wave height are the most often used, with 72% of 18 reviewed papers, followed by relative sea-level change, with 56%. Mclaughlin and Cooper [35] propose the use of storm frequency on a national level, and the probability of storms in relation to the orientation of the coast on a regional and local level, due to their influences on wave generation. Mohamad et al. [64] introduce tide-induced current as a variable alongside the tidal range proposed by Gornitz [5]. An overview of coastal forcing elements chosen in this review is given in Table 3.




2.1.3. Socio-Economic Variables


Coastal regions and their characteristics can be considered as a result of interdependencies and relationships between natural and social environments [57]. Socio-economic variables are considered an indicator of the damaging effect of natural processes in the coastal area, although overpopulation can also cause damage. Natural processes in inhabited areas are usually considered low-risk natural processes, but in highly valued and densely populated areas, they are described as natural hazards. Although Gornitz [5] did not implement Socio-economic variables (Table 4) in the proposed CVI methodology, she recognised the importance of the incorporation of such data. Unlike Physical coastal variables and Coastal forcing variables, Socio-economic variables are even more strongly determined by location. The diversity of Socio-economic variables in the sense of type, rank, and detail for different spatial scales is best shown in Mclaughlin and Cooper [35]. Mclaughlin and Cooper [35] argue that transport is a vital variable in Northern Ireland but is also spatial scale-dependent. For example, for calculation at a national level, motorways, dual carriageways, and A-class roads were used; on a regional level, all road classes plus minor (access roads), and at a local level, even a footpath were included. “Non local” population, or people not born in the same place they live in, or “foreign-born” variables were used by both Szlafsztein and Sterr [38] and Tragaki et al. [44] but with different presumptions. Szlafsztein and Sterr [38] argue that “Non-locals” are not aware of local hazards, therefore, will settle in hazard-prone areas, while Tragaki et al. [44] argue that “Foreign-born” have language issues and they are generally both socially and economically marginalised. Socio-economic variables are generally divided into nine groups—Demographics, Land use—Land cover, Economic value and Commercial activities, Transport, Construction environment, Cultural heritage, Coastal protection and conservation, and Historical data. Education level is used only in one review paper. This is contradictory to the fact that creating disaster-resilient and sustainable communities heavily depends on successful education [66].





2.2. Data and Rank Ranges


For representing values of all three groups of variables, researchers use both categorical (qualitative) and numerical (quantitative) data or a combination of both types (Table 5). Categorical data can be further divided into nominal data (geomorphology, land use, sea defences, land cover, cultural heritage) and ordinal data (type of aquifer and rivers). Both types of numerical data are used: discrete data (population, children population (0–4 years-old population), elderly population (population older than 70 years old), ‘non-local’ population or people born in a different place that they live now) and continuous data (population density, share of women in total population, share of persons above 65 in total population). Ranks and ranges depend on used data types and local conditions. Determining the range of ranks was performed in different ways, and it was not always transparent or clear. However, researcher knowledge and experience are important. For example, in defining Wave height ranges Gornitz [5] uses historical data. The ranks assigned are based on maximum wave heights. Pantusa et al. [45] use only two values, “present—absent” for variable Posidonia oceanica. Both close and open-ended ranges were used (Table 5). Equal rank ranges are rare. Some researchers, such as Szlafsztein and Sterr [38], use Jenks Natural Breaks Classification inside GIS to form rank ranges. Koroglu et al. [59] conclude that the ranking ranges are site-specific and that it would be useful to calculate overall CVI to predetermine local or region ranking ranges. Furthermore, rank values cannot always be interpreted in the same way because they often depend on local conditions.



Data sources also vary from author to author. For the physical coastal features and coastal-related variables, the sources can be divided into three main groups: 1. historical data, 2. scientific publications and studies, and 3. direct measurements and observations. The socio-economic sources can be divided into two groups: 1. census and 2. direct observation and calculation.




2.3. Calculating Coastal Vulnerability Index


There are various methodologies and formulas that have been used in calculating Coastal Vulnerability Index (Table 6). In general, the calculation of the CVI consists of four steps, and the identification of coastal vulnerability variables is the first [5].



The second step relates to the quantification of variables. It is considered mostly a semi-quantitative scoring and usually ranges from 1 to 5 [5,42,44], where 1 represents low influence on coastal vulnerability while 5 represents high influence (Table 5). Some of the published papers use a range from 1 to 4 [40,41,63], one being low influence while 4 is high influence. Although Mclaughlin and Cooper [35] use value scoring from 1 to 5, for certain variables, they use a different number of values: (a) two for rivers, cultural heritages (“Absent—Present”), and inland buffer (“<500 m”—“500—1000 m”), (b) three for orientation, roads, railways, and conservation designation, and c) four (drift geology) (Table 6). Data types and rank ranges were discussed in the previous chapter.



The third step represents the integration of variables into a single index. Integration can be performed by multiplication or addition [67,68]. Although Gornitz et al. [67] argue that addition shows lower sensitivity to misclassification errors and missing data, the square root of the product means is widely used [32] (Table 6). Integration into a single index can be divided into the calculation of three general groups: 1. Equal variables—this group uses variables from one or all three groups of coastal variables equally. Integration does not differentiate variables during the calculation process. This type is used by Gornitz [5], Hammar-Klose and Thieler [42], Ružić et al. [47], Rizzo et al. [69], and others; 2. Separate variables—in this group, variables are divided into two (1. physical and coastal forcing variables and 2. Socio-economic variables) or three groups. Integration is performed in two steps. The first step is the calculation of the index of each group separately, while the second step is calculating the final (single) coastal vulnerability index. This method is used by Szlafsztein and Sterr [38], McLaughlin and Cooper [35], Mani Murali et al. [41], Kantamaneni et al. [43], and 3. Causal variables—in this method, researchers first define variables that define physical vulnerability and, in separate processes, calculate socio-economic vulnerability based on physical vulnerability calculation [40,44,58].



The final, fourth step, refers to the classification of calculated CVI values, which could be organised into different number of classes: (a) three—Low, Medium (Moderate), and High [67,70]; (b) four—Very Low (Low), Low (Moderate) High and Very High [33,36,41,42,43,71,72] and (c) five—Very low, Low, Moderate, High, Very high [44,47,73].





3. Physical Characteristics of the Coast in the Pilot Area


Three physical coastal characteristic variables, coastal type, elevation, and slope were used for testing at the pilot area located along the eastern coast of Istria. According to Bukvic et al. [57], scale determination and adjustment should be considered at an early stage in the analysis of the coastal vulnerability. This is especially the case when performing DEM-based analysis of physical variables. Therefore, our pilot area was divided into cells of eight different dimensions ranging from 5 × 5 up to 1000 × 1000 m (Figure 2). Due to particular coastal characteristics, high, steep, and very indented coastline, testing showed 5 × 5 m cell dimension as the most suitable dimension for analyses of physical vulnerability. Pilot area is similar to the major part of the eastern Adriatic coast, which makes variables and cells dimension analysed for Istria also applicable to other parts of the eastern Adriatic coast. Further research into different physical variables is in progress.




4. Discussion


Due to the great diversity of global coastal conditions and different research scopes, there is no universal CVI. Therefore, analysed indices are always adapted to local conditions. This is also the case with the Istrian coast.



Early papers on the coastal vulnerability index focused on physical vulnerability or how the relative sea-level change will influence coastal processes such as erosion, flooding, inundation, saltwater intrusion, or loss of valuable land. Although the purpose of establishing the level of coastal vulnerability is to determine the level of risk to social elements in coastal areas, Physical coastal characteristics and Coastal forcing take precedence over Socio-economic variables in many research studies.



The number of variables used for CVI calculation ranges from 5 in Ružić et al. [47] to 19 in Özyurt and Ergin [62]. In ten reviewed papers, at least two out of three variable groups were used. As seen in Table 1, there is no “standard” number of variables or mandatory group variables. The number and type of variables are defined by location, the purpose of analysis, and researchers’ knowledge and experience. In addition, relations between variables differ from index to index. The compound vulnerability index calculation method can be grouped into three calculation methods (Figure 3). 1. Equal variables —this group is characterised by equal importance of all physical and social variables. This calculation can significantly influence the final vulnerability outcome and give a false picture. Areas with high physical and social vulnerability and regions with low physical and high social vulnerability can have equal final vulnerability. The reason for calculating the coastal vulnerability index is to determine the level of risk to social elements in coastal areas so that this methodology would be suitable for physical vulnerability only. 2. Separate variables—this group distinguishes two or three groups of variables. This method classifies physical and social vulnerability separately before creating a single vulnerability index. In this manner, different vulnerability types are shown separately, and the non-expert quickly understands the dependency between physical and social vulnerability. 3. Causal variables—this method is based on establishing physical vulnerability as a stepping-stone for further vulnerability analysis. With this method, researchers can exclude, from the further process, areas of low vulnerability (area of no interest), which significantly speed up analysis, save money and focus on an area of high vulnerability.



The complexity of coastal areas requires the use of different data types to calculate coastal vulnerability. Although data type does not represent a problem, defining ranks might be an issue. Ranks (bins) should be equal and close-ended to avoid researcher influence on the result.



Calculating CVI can be performed by multiplication or addition. Most authors consider all variables equal and do not use weighted values. Using weighted values can allow one to emphasise variables with high rankings or relevant variables for a particular area. The choice of used variables or method of calculation depends on the analysed area and the author’s knowledge and background. The vulnerability classification is usually performed using from three to five vulnerability levels. Using a larger number of vulnerability levels provides greater precision. By using an even number of levels, the mean level or value of vulnerability is avoided making it easier for coastal managers to decide on further steps.



Considering the reviewed CVI methodology and our preliminary analyses, we propose the following physical variables to be considered for Istria: coastal elevation, coastal landform, coastal slope, storm frequencies, coastal orientation, and sea-level change. The Croatian as well as Istrian coast is generally rocky, composed mainly of limestone and dolomites [74], limiting the effects of erosion. The prediction of maximum sea-level rise in the Adriatic by the end of the century [28] and its regional dependency [9,10,11,75,76] combine with two prevailing winds, Bora (NE wind) and Jugo (SE wind—sirocco), shows that coastal slope, elevation, and landform should be considered as crucial variables.




5. Conclusions


Urban areas in low-lying coastal strips are social hotspots of coastal vulnerability where stress on natural elements interacts with low societal capacity and high exposure [6]. Based on various approaches and variables, CVI is one of the most used and straightforward methods to assess coastal vulnerability. Choosing variables and calculation methods and eliminating possible expert bias should be a priority. The need to calculate coastal physical vulnerability as a starting point for establishing a potential socio-economic impact must be a deciding factor for selecting the appropriate variables and variable numbers and determining their dependencies. Therefore, approaches with separate or causal variables shown in Figure 3 should be preferred.



The development of CVI for the eastern Adriatic area is valuable for further socio-economic development and sustainability of coastal areas. For a better understanding of the sea-level rise impact on social and economic variables and the eastern Adriatic area’s vulnerability, a CVI on a regional scale is needed. It is vital to select relevant variables that would be applicable to the whole of Istria and the eastern Adriatic. Our research presented 5 × 5 m cell dimension as the most suitable for analysing the physical vulnerability of the Istrian coast. Further development of CVI for the Croatian coast of Istria will focus on a complex interaction of physical and social vulnerability variables. A better understanding of the interaction and interdependence between physical and social variables and their integration into CVI will provide coastal disaster managers and spatial planners with a thorough basis for an effective spatial planning that will enable strengthening the resilience of coastal areas in Croatia and similar coastal areas worldwide.
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Figure 1. Fully and partially submerged archaeological sites and zones—Istria peninsula. Source: Adapted from Cultural goods register (https://registar.kulturnadobra.hr/#/ accessed on 29 December 2023). 
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Figure 2. Coastal elevation shown as single cell average height ((a)—cell dimension 5 × 5 m, (b)—cell dimension 10 × 10 m, (c)—cell dimension 50 × 50 m). 
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Figure 3. Three groups of Coastal vulnerability assessment and coastal vulnerability index calculation methods based on the 18 reviewed papers (see Section 2.3. and “Discussion” section for more details). 
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Table 1. Coastal Vulnerability Index overview (group variables and variables used).
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Author

	
Year

	
Total

	
Group of Variables




	
Physical Coastal Characteristic

	
Coastal Forcing Characteristic

	
Socio-Economic Characteristic






	
Gornitz [5]

	
1991

	
7

	
4

	
3

	
/




	
Hammar-Klose and Thieler [42] 1

	
1999

	
6

	
3

	
3

	




	
Szlafsztein and Sterr [38]

	
2007

	
15

	
7

	
/

	
8




	
Pendleton et al. [33]

	
2010

	
6

	
3

	
3

	
/




	
McLaughlin and Cooper [35] (N) 2

	
2010

	
17

	
7

	
4

	
6




	
McLaughlin and Cooper [35] (R) 3

	
2010

	
13

	
4

	
3

	
6




	
McLaughlin and Cooper [35] (L) 4

	
2010

	
10

	
4

	
2

	
4




	
Özyurt and Ergin [62]

	
2010

	
19

	
9

	
3

	
7




	
Palmer et al. [40]

	
2011

	
11

	
5

	
/

	
6




	
Yin et al. [63]

	
2012

	
8

	
5

	
3

	
/




	
Mani Mural et al. [41]

	
2013

	
11

	
4

	
3

	
4




	
Mohamad et al. [64]

	
2014

	
6

	
2

	
4

	
/




	
Loinenak et al. [65]

	
2015

	
6

	
3

	
3

	




	
Kantamaneni et al. [43]

	
2018

	
13

	
5

	
/

	
8




	
Pantusa et al. [45]

	
2018

	
10

	
6

	
4

	
/




	
Tragaki et al. [44]

	
2018

	
12

	
3

	
3

	
6




	
Ružić et al. [47]

	
2019

	
5

	
3

	
1

	
1




	
Furlan et al. [49]

	
2021

	
13

	
8

	
1

	
4








1 Gulf of Mexico, US, US Pacific Coast, US Atlantic Coast; 2 National Index, Northern Ireland; 3 Regional Index; 4 Local Index.
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Table 2. Coastal Vulnerability Index—Physical coastal characteristics.
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	Author
	Scale
	Area
	Physical Coastal Characteristics





	Gornitz [5]
	Global
	North America
	Relief, Rock-type (relative resistance to erosion), Landform, Shoreline displacement



	Hammar-Klose and Thieler [42]
	Regional
	Gulf of Mexico, US; US Pacific Coast; US Atlantic Coast
	Geomorphology, Coastal slope, Shoreline erosion/accretion



	Szlafsztein and Sterr [38]
	Regional
	State of Pará, Brazil
	Coastline Length, Continentality, Coastline complexity, Coastal features, Coastal protection measures, Fluvial drainage, Flooding areas



	Pendleton et al. [33]
	Regional
	Northern Gulf of Mexico
	Geomorphology, Coastal slope, Shoreline erosion/accretion,



	McLaughlin and Cooper [35] (N)
	National/Regional
	Northern Ireland
	Shoreline type, Rivers, Solid geology, Drift geology, Elevation, Orientation, Inland buffer



	McLaughlin and Cooper [35] (R)
	Regional
	Northern Antrim coast
	Landform, Elevation, Rivers, Inland buffer



	McLaughlin and Cooper [35] (L)
	Local
	East Strand at Portrush
	Landform, Elevation, Rivers, Inland buffer



	Özyurt and Ergin [62]
	Regional
	Göksu Delta
	Geomorphology, Coastal slope, Sediment Budget, Proximity to Coast, Type of Aquifer, Hydraulic Conductivity, Depth to groundwater level above the sea, River Discharge, Water Depth at the downstream



	Palmer et al. [40]
	Local
	Relative Physical CVI KwaZulu-Natal, South Africa
	Beach width, Dune width, Distance to 20m isobath, Distance of vegetation behind the back beach, Percentage outcrop



	Yin et al. [63]
	Regional
	South China
	Geomorphology, Coastal elevation, Coastal slope, Shoreline erosion, Coastal land use,



	Mani Mural et al. [41]
	Local
	Puducherry coast, India
	Coastal slope, Geomorphology, Elevation, Shoreline change



	Mohamad et al. [64]
	Regional
	Peninsular Malaysia
	Geomorphology, Shoreline change rate,



	Loinenak et al. [65]
	Local
	Doreri Bay
	Geomorphology, Coastline changes, Coastline slope,



	Kantamaneni et al. [43]
	National/Local
	11 locations along Great Britain’s coast
	Beach width, Dune width, Coastal slope, Distance of vegetation behind the back beach, Rocky outcrop



	Pantusa et al. [45]
	Local
	Apulian Coastline, Italy
	Geomorphology, Shoreline erosion/accretion, Coastal slope, Emerged beach width, Dune width, Width of vegetation behind the beach,



	Tragaki et al. [44]
	Regional
	South Greece
	Geomorphology, Shoreline erosion/accretion, Coastal slope



	Ružić et al. [47]
	Local
	Krk Island, Northeast Adriatic
	Geologic fabric, Coastal slope, Beach width,



	Furlan et al. [49]
	National/Regional
	Italian coast
	Shoreline evolution trend, Distance from shoreline, Elevation, Coastal slope, Geological coastal type, Land roughness, Conservation designation, Coastal protection structures
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Table 3. Coastal Vulnerability Index—Coastal forcing characteristics.
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	Author
	Scale
	Area
	Coastal Forcing Characteristics





	Gornitz [5]
	Global
	North America
	Vertical movement (RSL change), Tidal range, Wave height



	Hammar-Klose and Thieler [42]
	Regional
	Gulf of Mexico, US; US Pacific Coast; US Atlantic Coast
	Mean tide range, Mean wave height, Relative sea-level change



	Szlafsztein and Sterr [38]
	Regional
	State of Pará, Brazil
	/



	Pendleton et al. [33]
	Regional
	Northern Gulf of Mexico
	Mean tide range, Mean wave height, Relative sea-level change



	McLaughlin and Cooper [35] (N)
	National/Regional
	Northern Ireland
	Significant wave height, Tidal range, Difference in modal and storm waves, Frequency of onshore storms



	McLaughlin and Cooper [35] (R)
	Regional
	Northern Antrim coas
	Tidal range, Storm probability (based on coastal orientation), Morphodynamic state (Dean’s parameter)



	McLaughlin and Cooper [35] (L)
	Local
	East Strand at Portrush
	Storm probability (based on coastal orientation), Morphodynamic state (Dean’s parameter)



	Özyurt and Ergin [62]
	Regional
	Göksu Delta
	Rate of RSL, Significant wave height, Tidal range



	Palmer et al. [40]
	Local
	Relative Physical CVI KwaZulu-Natal, South Africa
	/



	Yin et al. [63]
	Regional
	South China
	Sea-level rise, Mean tide range, Mean wave height (m)



	Mani Mural et al. [41]
	Local
	Puducherry coast, India
	Sea-level change, Significant wave height, Tidal range



	Mohamad et al. [64]
	Regional
	Peninsular Malaysia
	Maximum current speed, Maximum tidal range, Significant wave height, Sea-level rise



	Loinenak et al. [65]
	Local
	Doreri Bay
	Trend relative sea surface increase, Average wave height, Average tidal range



	Kantamaneni et al. [43]
	National/Local
	11 locations along Great Britain’s coast
	/



	Pantusa et al. [45]
	Local
	Apulian Coastline, Italy
	Mean tide range, Mean significant wave height, Relative sea-level change, Posidonia oceanica (Presence/Absence)



	Tragaki et al. [44]
	Regional
	South Greece
	Mean tide range, Mean wave height, Relative sea-level change



	Ružić et al. [47]
	Local
	Krk Island, Northeast Adriatic
	Significant wave height



	Furlan et al. [49]
	National/Regional
	Italian coast
	Extreme sea-level
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Table 4. Coastal Vulnerability Index—Socio-economic characteristics.
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	Author
	Scale
	Area
	Socio-Economic Characteristics





	Gornitz [5]
	Global
	North America
	/



	Hammar-Klose and Thieler [42]
	Regional
	Gulf of Mexico, US; US Pacific Coast; US Atlantic Coast
	/



	Szlafsztein and Sterr [38]
	Regional
	State of Pará, Brazil
	Emergency relief—historical cases, Demographics, Population density, Children Population (0–4 years-old population), Elderly population (population older than 70 years old), ‘Non-local’ population or people born in a different place that they live now, Poverty, Municipal wealth



	Pendleton et al. [33]
	Regional
	Northern Gulf of Mexico
	/



	McLaughlin and Cooper [35] (N)
	National/Regional
	Northern Ireland
	Settlement, Cultural heritage, Roads, Railways, Land use, Conservation designation



	McLaughlin and Cooper [35] (R)
	Regional
	Northern Antrim coast
	Cultural heritage, Land use, Population, Roads, Railways, Conservation designation



	McLaughlin and Cooper [35] (L)
	Local
	East Strand at Portrush
	Cultural heritage, Land use, Population, Roads



	Özyurt and Ergin [62]
	Regional
	Göksu Delta
	Reduction of sediment supply, River flow regulation, Engineered frontage, Groundwater consumption, Land use pattern, Natural protection degradation, Coastal protection structures



	Palmer et al. [40]
	Local
	Relative Physical CVI KwaZulu-Natal, South Africa
	Economic & commercial activities, Strategic Infrastructure, Recreational areas, Subsistence sites, Important Ecological areas, Residential properties



	Yin et al. [63]
	Regional
	South China
	/



	Mani Mural et al. [41]
	Local
	Puducherry coast, India
	Population, Land use/land cover, Road network, Cultural heritage



	Mohamad et al. [64]
	Regional
	Peninsular Malaysia
	/



	Loinenak et al. [65]
	Local
	Doreri Bay
	/



	Kantamaneni et al. [43]
	National/Local
	11 locations along Great Britain’s coast
	Distance of built structures behind the back beach, Sea defences, Commercial properties, Residential properties, Economic value of site, Population, Coastal erosion, Flood (event) impact



	Pantusa et al. [45]
	Local
	Apulian Coastline, Italy
	/



	Tragaki et al. [44]
	Regional
	South Greece
	Population density, Share of women in total population, Share of persons above 65 in total population, Share of children below 5 in total population, Share of foreign-born in total population, Share of low educated in total population



	Ružić et al. [47]
	Local
	Krk Island, Northeast Adriatic
	Land use



	Furlan et al. [49]
	National/Regional
	Italian coast
	Number of population < 5, Number of population > 65
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Table 5. Coastal Vulnerability Index—Examples Data types, Ranks, and Ranks ranges.
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	Author
	Variable
	1

Very Low
	2

Low
	3

Moderate
	4

High
	5

Very High





	Hammar-Klose and Thieler [42]
	Geomorphology
	Rocky, cliffed coasts, Fiords

Fiards
	Medium cliffs, Indented coasts
	Low cliffs, Glacial drift, Alluvial plains
	Cobble beaches, Estuary, Lagoon
	Barrier beaches, Sand Beaches, Salt marsh, Mud flats, Deltas, Mangrove, Coral reefs



	Hammar-Klose and Thieler [42]
	Relative sea-level change (mm/yr)
	<1.8
	1.8–2.5
	2.5–3.0
	3.0–3.4
	>3.4



	Mohamad et al. [64]
	Maximum current speed (m/s)
	0–0.2
	0.2 > 0.4
	0.4–0.6
	0.6–0.8
	0.8–1



	McLaughlin and Cooper [35]
	Roads
	Absent
	Footpaths
	Minor access roads
	B-class roads
	A-class roads



	Mani Mural et al. [41]
	Population (number)
	<50,000
	>50,000 and <100,000
	
	>100,000 and <200,000
	>200,000



	Özyurt and Ergin [62]
	Type of Aquifer
	Leaky confined
	
	Confined
	
	Unconfined



	Pantusa et al. [45]
	Posidonia oceanica
	Present
	
	
	
	Absent
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Table 6. Coastal Vulnerability Index—Formula.
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	Author
	Formula





	Gornitz [5]
	  C V I =    [  1 / n  (   a 1  ×  a 2  × …  a n   )   ]    1 / 2    

Ai: variable and n: total number of variable present

(1. Relief, 2. Rock type (relative resistance to erosion), 3. Landform, 4. Mean tide range, 5. Maximum wave height, 6. Relative sea-level change, and 7. Shoreline displacement)



	Hammar-Klose and Thieler [42]
	  C V I   =       a × b × c × d × e × f  6   2   

a: Geomorphology, b: Coastal slope, c: Relative sea-level rise rate, d: Shoreline erosion/accretion rate, e: Mean tide range, and f: Mean wave height



	Szlafsztein and Sterr [38]
	   N a t u r a l   V u l n e r a b i l i t y   I n d e x    (  N V I  )  =     ∑     N a t u r a l   V u l n e r a b i l i t y   V a r i a b l e s     N u m b e r   o f   V a r i a b l e s     

   S o c i o e c o n o m i c   V u l n e r a b i l i t y   I n d e x    (  S E V I  )  =     ∑     S o c i o e c o n i m i c   V u l n e r a b i l i t y   V a r i a b l e s   N u m b e r   o f   V a r i a b l e s     

   T o t a l   V u l n e r a b i l i t y   I n d e x =   N V I + S E V I  2    



	Pendleton et al. [33]
	  C V I   =       a × b × c × d × e × f  6   2   

a: Geomorphology, b: Shoreline erosion/accretion rate (or land area loss), c: Coastal slope, d: Relative sea-level rise rate (or vertical movement rate), e: Mean significant wave height, and f: Tidal range.



	McLaughlin and Cooper [35] (N)
	  C o a s t a l   C h a r a c t e r i s a t i o n    (  C C  )    s u b − i n d e x =      (  s u m   o f   C C   v a r .  )  − 7   28   × 100  

  C o a s t a l   F o r c i n g    (  C F  )    s u b − i n d e x =      (  s u m   o f   C F   v a r .  )  − 4   16   × 100  

  S o c i o − e c o n o m i c    (  S E  )    s u b − i n d e x =      (  s u m   o f   C C   v a r .  )  − 6   24   × 100  

  C V I =   C C S I + C F S I + S E S I  3   

CCSI—Coastal Characteristic Sub-Index, Coastal Forcing Sub-Index and Socio-economic Sub-Index.

Variables of Sub-Indices are summed up. In order to merge all three sub-indices in CVI their scores are normalised.



	McLaughlin and Cooper [35] (R)
	  C V  I  i m p a c t   =    (  0.5   ∑  1 n  P  P n  ×  R n   )  +  (  0.5   ∑  1 m  H  P m  ×  R m   )    C V  I  l e a s t   v u l n e r a b l e      

CVIimpact: Physical impact sub-index, PP: Physical parameters, HP: Human influence parameters, R: Rank of parameters, CVIleast vulnerable: Calculated least vulnerable case for a particular physical impact



	McLaughlin and Cooper [35] (L)
	  R e l a t i v e   C V I = a + b + c + d + e + f + g  

a: Beach width vulnerability score, b: Dune width vulnerability score, c: Distance to 20m isobath vulnerability score, d: Percentage outcrop vulnerability score, e: Distance of vegetation behind the back beach vulnerability score, f: Additional weighting of highly vulnerable sites (if a, b, and c = 4), and g: Additional weighting if the cell intersects an estuarine area.



	Özyurt and Ergin [62]
	  C V I =     ∑  i = 1  n    F i  ×  w i   

Fi: Vulnerability ranking of factor i and Wi: weight of factor

i.Oceanic variables: Sea-level rise, Mean tide range, Mean wave height and Terrestrial variables: Geomorphology, Coastal elevation, Coastal slope, Shoreline erosion, and Coastal land use)



	Palmer et al. [40]
	  P V I   =    W 1   X 1  +  W 2   X 2  +  W 3   X 3  +  W 4   X 4  +  W 5   X 5  +  W 6   X 6  +  W 7   X 7   

  S V I   =    W 1   X 1  +  W 2   X 2  +  W 3   X 3  +  W 4   X 4   

  P V I   =     P V I + S V I  2   

PVI: Physical Vulnerability Index (X1: Tidal range, X2: Significant wave height, X3: Sea-level, X4: Shoreline change, X5: Elevation, X6: Geomorphology and X7: Slope), SVI: Social Vulnerability Index (X1: Cultural heritage, X2: Road networks, X3: Land use/Land cover, and X4: Population) and Wn: Weight value of each variable.



	Yin et al. [63]
	  C V I   =       a 1 × a 2 × a 3 × a 4 × a 5 × a 6  6   2   

a1: Geomorphology, a2: Shoreline change rate, a3: Maximum current speed, a4: Maximum tidal range, a5: Significant wave height, and a6: Sea-level rise in Peninsular Malaysia.



	Mani Mural et al. [41]
	  C V I   =       a × b × c × d × e × f  6   2   

a: Geomorphology, b: Coastline changes due to accretion and erosion, c: Coastline slope, d: Sea surface increase, e: Average wave height, and f: Average tidal range.



	Mohamad et al. [64]
	  P C V I = a + b + c + d + e + f + g  

a: Beach width, b: Dune width, c: Coastal slope, d: Distance of vegetation behind the back beach, e: Distance of built structures behind the back beach, f: Rocky outcrop, and g: Sea Defences

  F C V I = a + b + c + d + e + f  

a: Commercial properties, b: Residential properties, c: Economic value of a site, d: Population, and e: Coastal erosion, f: Flood (event) impact

  C C V I =       ∑     P C V I  N  +     ∑     F C V I  N   2   

N: number of cells contributing to total PCVI and FCVI scores, respectively



	Loinenak et al. [65]
	  C V I   =       a × b × c × d × e × f × g × h × i × l   10    2   

a: Geomorphology, b: Coastal slope, c: Shoreline erosion/accretion rates, d: Emerged beach width, e: Dune width, f: Relative sea-level change, g: Mean significant wave height, and h: Mean tide.

range, i: Width of vegetation behind the beach, l: Posidonia oceanica.



	Kantamaneni et al. [43]
	  C V I   =       a × b × c × d × e × f  6   2   

a: Geomorphology, b: Shoreline erosion/accretion rate, c: Coastal slope, d: Relative sea-level rise rate, e: Mean significant wave height, and f: Mean tide range.

  S V  I i  =   ∑  A = 1  6   x  ’  A , i ’    

SVIi scores are classified based on standard deviations from the mean into five categories, ranging from less than -1σ on the lower end to more than +1σ on the upper end



	Pantusa et al. [45]
	  C V I =      a 2  × b × c × d × e  6   2   

a: Geological fabric, b: Coastal slope, c: Emerged beach width, d: Significant wave height, and e: Land use.



	Tragaki et al. [44]
	  S  I  a , t  p  = 100   ×       ∑   n = 1  N   β  n , a , t  p  −  N a     M  n , a , t  p  −  m  n , a , t  p     

    SI   a , t  p      = is the score resulting from each sub-index a (i.e., CF,ENV,SOC,ECO sub—indices) at time t (either reference or future scenario) in the province p. n (1,…,N) is the number of indicators included in the computation of each sub-index (N = 1 for the CF sub-index; N = 8 for the ENV sub-index; N = 2 for the SOC subindex; N = 2 for the ECO sub-index).    β  n , a , t  p    is the score of the indicator n for the sub-index a at time t, for the province p. M = is the maximum value assumed by each sub-index at time t (either reference or future scenario) in the province p. m = is the minimum value assumed by each sub-index at time t (either reference or future scenario) in the province p.

  M D i m − C V  I t p  =     ∑   a = 1  4  S  I  a , t  p   4   

  MDim −   CVI  t p     = is the score (s) for the Coastal Vulnerability Index in province p at time t (either reference or future scenario).      SI   a , t  p      = is the score (s) for each sub-index (CF, ENV, SOC, ECO) at time t in province p.
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