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Abstract

:

The issue of spatial equity of Nature-Based Solutions in cities generally concerns the spatial distribution of their benefits to local residents and other city users. In the context of flood risk management, planners are challenged to identify effective mitigation and adaptation measures that can generate benefits to the higher number of people and, more specifically, to people with highest levels of exposure and vulnerability. To address these issues, an essential step is to identify the geography of needs for mitigation, intended as prior areas in which to locate measures for flood risk mitigation. This study combines geospatial layers of multiple dimensions of exposure and vulnerability to flooding and identifies prior areas suitable for design scenarios for mitigation of flooding risk, for a regional case study located in Sicily. The results show patterns of exposure and vulnerability that vary according to locally relevant physical and social urban dimensions. Based on these results, proposals for mitigation actions are advanced with the overall objective of generating equal benefits to the most vulnerable exposed social subjects. Moreover, this study argues about the particular implications of implementing stormwater green infrastructure planning for equal beneficial distribution of the potentially achievable risk reduction.
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1. Introduction


1.1. Flood Risk in Cities: Exposure and Vulnerability of Urban Contexts


Urban and infrastructure development generate dramatic impacts in the natural process of water drainage and regulations, replacing draining soil and vegetation with impervious covers, decreasing the amount of water that can be infiltrated in the ground and increasing the amount and velocity of water run-off [1,2]. This therefore increases the risk of flooding in cities. Urban development also strong consequences on regulating services supplied by urban ecosystems [3], increasing the economic costs associated with damages occurring to buildings, infrastructure and other urban facilities [4], agriculture [5], water quality [6] and eventually human health [7].



Urban systems present high levels of exposure and vulnerability to different climate change-related issues, especially urban flooding, which is a growing concern due to its direct impacts on residents, infrastructure, public services and commercial activities [8]. Urban flooding risk can include different dimensions of exposure and vulnerability, related to social and physical domains where the damages by urban flooding can be generated [9,10], and recent research on flood disasters has stressed the link between urban flooding and vulnerability [11].



A social dimension includes the direct possible harm that the flow of water can cause to people moving in cities during flooding events. Potential harm can vary according to the social group considered, with children, the elderly and people with disabilities being the most vulnerable subjects, due to their limited movements or slower reaction to harmful events [12].



A public dimension refers to the potential damage that can occur to public facilities and commercial activities. Public facilities include buildings and areas that host a wide range of functions and services, which are crucial in cities and are normally widely used by residents. Such facilities include schools/universities, hospitals, administrative buildings, cultural hotspots, squares, parks and gardens. A number of commercial activities are usually located in infrastructure, and especially in city centers, rather than in more peri-urban areas. Urban flooding can therefore have a direct and long-lasting impact on the buildings where these activities are located, as well as on the goods stored.



Infrastructure is another element of urban environment with high exposure and vulnerability to urban flooding: in urban roads, water run-off is the main cause of casualties, especially after flash flooding events. Direct impacts of these events are the traffic disruption [13], physical damage to infrastructure [14] and direct damage to people who may be stuck in vehicles, with fatal consequences in some instances [15]. This last impact is highly dependent on the nature of roads and the specific traffic conditions.




1.2. Urban Flooding Risk and Equity Issues


Solutions to tackle urban flooding can lead to unjust performances of the planned measures, as they can decrease the potential damages in areas where levels of social vulnerability is lower, or they can generate unequal distribution of the benefits [16]. This represents a problem of environmental justice related to urban flooding risk [17,18], occurring when water can flow to different areas after heavy rainfall events and produce damages to different social groups, depending on the configuration of physical and social characteristics of the urban system [19].



Floods generate unavoidable inequalities in terms of subjects who can be damaged by their impacts, because the spatial distribution of a hazard naturally depends on the hydrologic pattern and hydraulic network of a catchment. Researchers that have addressed the link between environmental justice and flooding have found disparities in the exposure to flood and pollution hazard among different racial and socio-economical communities [20]. Most of these researchers have found that minorities, residents with lower socio-economic status and other marginalized subjects live in areas with higher levels of pollution or flooding risk than other social groups [21]. However, spatial planning and urban policies can generate avoidable inequities, as planning decisions (i.e., zoning) can expose people and buildings to flooding hazards in different ways. Additionally, flooding mitigation solutions can generate inequities in terms of generated benefits for urban communities, when these benefits are not spatially distributed [16,22].



From this perspective, it is important to identify scenarios of solutions to urban flooding that can be able to distribute the potential benefits where high levels of vulnerability are present, in a spatial dimension of equity [16,23].



Distributional equity involves designing planning policies so that flood mitigation services and infrastructure are directed to the neighborhoods and households most in need [24]. Indeed, understanding the quantity/quality of subjects who are mostly at risk of floods, as well as their locations, can be used to tailor mitigation strategies to target those most in need, and leverage the results to inform the process of identification of priority locations where interventions can mitigate both physical and social aspects of flood vulnerability. This requires understanding where scenarios of urban flooding mitigation are more urgent for the high levels of hazard, exposure and social/physical vulnerability.



This article tries to address this issue by proposing a method of identifying areas with a high need for solutions to mitigate urban flooding risk.



Previous authors have stressed the importance of developing methodologies to identify priority neighborhoods for adaptation to flooding risk based on factors such as social vulnerabilities and flood risk [25]; and to highlight potential opportunities for urban planners to increase environmental equity in the siting of GI, as it relates to pluvial flood risk [26]. However, researchers very often analyze places’ vulnerability and exposure separately, ignoring risk drivers such as the traffic conditions on the road networks that represent an additional risk factor for which it is very difficult, if not useless, to decouple the social characteristics (e.g., age, gender, ethnicity, income, disability) and exposure (e.g., number) of car users. This study develops a method in which exposure and vulnerability can be analyzed in combination. It also includes the traffic conditions as a relevant element of risk, which is underrepresented, if not absent, in similar research and with regard to the scale and resolution of the presented case study.



The article is structured in the following way. Section 2 introduces the method and the geographical context of the case study investigated. Section 3 presents the results, identifying hotspots based on exposure/vulnerability (EXVUL) analyses and the related scenarios for prioritizing localization of planning mitigation interventions. Section 4 discusses the results obtained in light of recent related literature and research, advancing possible proposals for mitigation solutions according to the results obtained. Section 5 summarizes the main findings and identifies further streams of research.





2. Materials and Methods


2.1. Analysis of Place Exposure and Vulnerability


Spatial approaches and GISs are widely used for risk mapping and to examine, in particular, the geography of risk components, either as a whole or in isolation [27]. The research on social and built environment vulnerability to flood risk, in particular, has identified the risk posed by multiple hazards at the local level, suggesting both mitigation and adaptation inputs, contributing to more equitable risk reduction [28,29].



According to the ‘Directive 2007/60/EC’ [30] on the assessment and management of flood risks, ‘flood risk’ is defined as the combination of the probability of a flood event and the potential adverse consequences for human health, the environment, cultural heritage and economic activity associated with a flood event. The potential adverse consequences are expressed in terms of the number of inhabitants potentially affected; the type of economic activity of the area potentially affected; the installations which might cause accidental pollution in case of flooding and potentially affected protected areas and the other significant sources of pollution.



The potential of a hazard is filtered through the social fabric and the geographic context which interact, in their own condition of exposition, to create the overall vulnerability of a location [31]. Many definitions of vulnerability have been provided based on the disciplines of their origin. Among the long-standing interpretations, one by (Watts & Bohle, 1993) [32] defines vulnerability in terms of exposure, capacity and potentiality. Exposure and vulnerability are mutually related in generating potential damage, because the vulnerability of an element at risk tends to increase with its exposition and susceptibility to forces and impacts of the negative event [33].



In theory, it would be correct to affirm that elements can be exposed without being simultaneously vulnerable but, in reality and cautiously, flood-proofing of urban environments cannot reduce the vulnerability to zero.



Accordingly, this study explores the geography of exposure and vulnerability (EXVUL) in flood-prone areas. In particular, the place EXVUL is assessed based on an integrated analysis to combine geospatial layers of multiple dimensions (physical and social) of exposure and vulnerability to flooding, which are considered to be interrelated. Each dimension is expressed by an indicator whose corresponding value is attributed to the reference spatial unit where it is calculated (the census tract, namely the smallest territorial entities for which the Census of Population and Housing survey was carried out by the Italian National Institute of Statistics (ISTAT)). Indicators are derived using available data on fluvial and pluvial flood risk extent (official flood risk maps), the condition of human beings (number and age of exposed population) and the potential level of people fruition of places (area of public complexes and number of shops; road traffic speeds in exposed parcels of the census tract).



Thereafter, the values of EXVUL indicators were used to highlight hotspots of exposure and vulnerabilities (where scores of indicators show the highest values). Suggestions on potential planning strategies for mitigation actions are also provided for census tracts where high values of considered EXVUL factors occur contextually.



Hierarchy and relations of researched topics are graphed in Figure S1.




2.2. Data and Case Study


The applied methodology is based on a spatial analytic approach that returns the geography of flood risk hotspots based on the EXVUL assessment.



The method is designed to be applied at the regional scale so that the results can guide strategic planning of solutions for the mitigation of urban flooding. Despite the regional scale, the method is designed to provide results at the maximum resolution available, which is the one of census tracts. The method is applied in the Sicily region (Italy), which has experienced severe urban flooding events in the last 40 years [34].



Coastal watersheds, in particular, have experienced intense processes of urban sprawling and resulting soil sealing: they represent the highest-density urban landscapes and host the majority of the population.



There, largely, interferences between the natural drainage system network and the human settlements have caused heavy criticalities in terms of hydraulic risk. Sicily, similar to other Italian regions, has suffered from catastrophic landslide and flooding events which have created 683 victims and damages of more than EUR 15,000 million. Hydrologic and hydraulic failures are widely diffused, especially with regard to the minor drainage network and within urban areas, with serious risky conditions along the coasts [35].



These factors could also be exacerbated by climate change processes. Rainfall statistics changes in Sicily have been studied and provided results of extreme events analysis, as well as precipitation events of long durations. An increasing trend for rainfall of short durations and, conversely, a decreasing trend of precipitation events of long durations have been highlighted. In particular, an increase in short-duration precipitation has been observed, especially in stations located along the coastline, and heavy–torrential precipitation events tend to be more frequent at regional scale [36].



In the current study, the following geo dataset was used. Census tracts from the 2011 national census were available as a polygonal shapefile, with associated socio-demographic attributes. Census Tracts were considered as the reference spatial units for all further analysis. The primary source for delineating regional flood hazard and risk were the maps by the Regional River Basin District authority [37]. Maps depict the spatial extent of the areas at flood risk, based on an assessment method where the damage is a function of the combined exposure and vulnerability. Only areas at high and extremely high risk of flooding were investigated. In these areas, valued societal elements such as people and buildings might potentially be affected by high and extremely high adverse consequences caused by flood hazard associated with the 50-year, 100-year flood and 300-year flood scenarios (Figure 1 and Table S1).



We also used Open Street Map to identify the locations of shops, because it is one of the most-used sources of open access geographic information [38] and because this kind of information is not available from the official cartographic sources. To extract this information, the QGIS plugin QuickOSM was used to download the data from Overpass server.



Finally, Traffic Data were extracted from the World Traffic Service of ArcGis Online Resources, which includes different type of traffic data, such as historical, live and predictive traffic [39]. The color-coded traffic map layer can be used to represent relative traffic speeds. The service works globally and can be used to visualize traffic speeds in many countries; however, the data coverage varies worldwide and for the Italian region, it is based on the “predictive traffic” speed source.




2.3. Indicators for Exposure and Vulnerability


2.3.1. The Social Dimension


Because social vulnerability is not a directly measurable phenomenon, different indicators have been widely used as proxies [40]. Among these indicators, the spatial distribution of the population represents an aggregated measure of the extent of people exposure, which can also be combined with information on demography. In this study, the exposed population is disaggregated based on age characteristics: age strongly influences mortality for flood events [41], and the elderly and children are considered particularly vulnerable to the direct and the indirect health consequences of floods [42].



To estimate the number of residents vulnerable to flooding, we first selected the census tracts intersecting areas of very high or high risk (risk level 4 and 3, respectively). However, the portions of census tracts that intersect areas under risk can vary greatly and the number of residents in census tracts cannot be a precise indicator of people actually at risk. To overcome this limitation, we adjusted the number of residents in each census tract with a weight that accounts for the area of residential buildings that are located in risk areas (Figure 2).



The residents exposed to floods were then computed as a portion of the total residents in the i-th census tract with the following formulas:


    I   p i      =    A   R i       A  t o  t i        · P o  p  t o  t i      



(1)






    I   e i      =    A   R i       A  t o  t i        · E l  d  t o  t i      



(2)






    I   c i      =    A   R i       A  t o  t i        · C h i l  d  t o  t i      



(3)




where:



   I   p i     ,     I   e i      and    I   c i      are the adjusted values of residents living in the residential buildings in census tracts located in risk areas, respectively, for all of the population, for elderly people (over 74 years old) and for children (under 9 years old);



   A  t o  t i     , is the total area of buildings in the i-th census tract;



   A   R i     , is the area of the buildings located in risk areas of the i-th census tract;



   P  t o  t i      is the total value of population in the i-th census tract;



  E l  d  t o  t i      is the number of people aged over 74 years;



  C h i l  d  t o  t i      is the number of people under 9 years old.



Residential buildings have been extracted via regional vector cartography.




2.3.2. The Road Traffic Dimension


Flooding poses an important threat to roads and can lead to massive obstruction of traffic and damage to road structures, with possible long-term effects [43]. Parameters used to assess risk from natural hazards on roads often include so-called static traffic values such as the length of the hazardous section, the average number of vehicles per time unit and the speed of vehicles [44].



To understand the potential negative impact of flood events, we referred to a typical condition of workday traffic. A rush hour of a recent workday (1 pm, 17 October 2022) was selected. To this end, we used the ArcGis Traffic, an online service providing traffic conditions on the network of main streets. The service returns values of traffic ranging from 4 (free traffic condition) to 1 (stop and go condition).



The images of traffic conditions generated by the Traffic Service were exported as raster files and then converted to a polygonal vector shapefile, representing the road network with the associated traffic value.



Roads intersecting areas of very high and high risk were thus selected. In order to attribute an overall indicator of traffic condition to each census tract, the following indicator was calculated:


   I   t i    =   ∑   j = 1  n   A j  ·  t j   



(4)




where:



   I   t i      is an indicator of traffic condition in the i-th census tract;



   A j    is the area of the j-th road exposed to risk in the i-th census tract;



   t j    is the traffic value associated with the j-th road, ranking from 1 (stop and go) to 4 (free traffic condition).



An example of selected roads with traffic values and census tracts is reported in Figure 3.




2.3.3. The Dimension of Public and Shopping Complexes


The public built-up spaces, including shopping complexes, bring together many different users living in urban environments and act as centers of attraction. This implies a concurrent increase in exposure and vulnerability for people and buildings located in census tracts where high levels of risk are present.



To estimate the quantity of such public buildings, we used a simple indicator accounting for the areas covered by public buildings, schools, religious, social and sport facilities (Formula (5)) and the number of shopping complexes (Formula (6)). Both these indicators have been calculated in the census tracts that intersected the areas at very high (R = 4) and high risk (R = 3) (Figure 4).


    I  p  c i    =    A  p  c i      



(5)






   I   s i    =  n   s i     



(6)




where:



   I  p  c i      is Indicator for EXVUL of public complexes;



   I   s i      is the indicator of EXVUL for shops;



   A  p  c i      is the total area covered by public buildings included in the vector regional cartography;



   n   s  i         is the number of shops located in the i-th census tract, extracted from Open Street Map data.





2.4. Vulnerability/Exposure Hot Spot Analysis and Scenarios for Risk Mitigation


The identification of hotspots of EXVUL intends to select areas with high levels of exposure and vulnerability where different scenarios of mitigation measures can be planned.



Given the multi-dimensional nature of flood EXVUL, the scenarios are designed according to the different degrees of EXVUL for each of the evaluated dimensions, therefore identifying spatial priorities for mitigation measures [45]. These scenarios are based on the number of census tracts where indicators used to assess EXVUL dimensions present different values.



For each dimension of EXVUL, two scenarios of prior mitigation measures are identified:




	
The max_scenario is obtained by selecting the census tracts where one or more of the considered indicators of EXVUL dimension assume highest values.



	
The min_scenario is obtained via selection of the census tracts, where all of the considered indicators at the same time show the highest values.








Highest values are considered here as values above the 1 standard deviation for each indicator considered, a condition often used for hot spot identification [20].



The max scenario results in the highest number of census tracts being selected, as this scenario follow additive criteria, grouping census tracts that have the highest values for each of the indicators considered; the min_scenario returns a scenario with a minimum number of census tracts, as it means that multiple conditions are respected at the same time. The min_scenario thus represents a scenario with the highest level of vulnerability and exposure, as all the indicators of EXVUL dimensions present, at the same time, the highest values. This scenario thus identifies the census tracts at which to plan mitigation measures with high priority.



To select the census tracts to be included in the scenarios, specific conditions were elaborated on in GIS with SQL queries investigating the values of the different indicators of the social, public and shopping complexes and road traffic dimensions, as indicated in Table 1.



Since the previous scenarios focused on single EXVUL dimension, a further step of the methodology is to identify scenarios that take into account and integrate all the EXVUL dimensions at the same time.



This approach is summarized in Figure 5, reporting all different combinations of values of the three EXVUL dimensions (as reported in Table 1). For example, the scenario (max_Social, max_Public and shopping complexes and max_ Road traffic) includes those census tracts belonging to the Max scenarios previously identified for the three EXVUL dimensions (Table 1). This scenario results in the highest number of census tracts because it follows additive criteria in the selection of census tracts. In contrast, the scenario (min_ Social, min_ Public and shopping complexes and min_ Road traffic) includes census tracts belonging to the Min_scenarios for the three EXVUL dimensions. All other scenarios are similarly identified by different combinations among Max and Min scenarios.





3. Results


3.1. EXVUL Analysis


3.1.1. The Social Dimension


Results for the social dimensions return 90,106 residents living in areas at high and very high risk of flooding, corresponding to the 30% of the entire population living in those census tracts that intersect areas at risk. In total, 8869 of these are people aged over 74 years, while 8630 are children under 9 years old.



Figure 6 maps the distribution of values of the indicator    I   p i      in the census tracts intersecting the areas at very high and high risk.



Increasing values of    I   p i     ,     I   e i      and    I   c i      express increasing degrees of exposure and vulnerability, therefore identifying prior census tracts at which to concentrate measures for mitigation of flooding risk. In particular, values of    I   p i      correspond to degrees of exposure, while values of    I   e i      and    I   c i      suggest higher levels of vulnerability. Census tracts with higher values of    I   p i     ,     I   e i        and    I   c i      are small areas located in urban areas, with an overall high density of residents.




3.1.2. The Road Traffic Dimension


The road traffic network is mainly characterized by conditions of free flow (value 4) for 52% of the entire network. Moderate traffic (value 3) conditions occur for 30%, while slow (value 2) and stop and go (value 1) conditions can be found for 16% and 2%, respectively.



Figure 7 maps the distribution of values of the indicator    I   t i      in the census tracts intersecting the areas at very high and high risk.



Likewise, for the social dimension, increasing values of the indicator express increasing degrees of exposure and vulnerability, which is equal to zero only when there are no road areas at risk.




3.1.3. The Dimension of Public and Shopping Complexes


A total of 115 buildings, corresponding to 2,160,697 m2 of public complexes, are included in areas at high and very high risk. Very importantly, 35 of these are schools covering about 149,118 m2. Among the selected elements are hospitals areas (38,823 m2), social spaces (33,115.8 m2), religious complexes (12,646 m2), touristic complexes (2,152,154 m2) and outdoor sporting centers (88,280 m2). A total of 477 shops have been extracted from the Open Street Map, accounting for 4% of the total shops included in the database in the region. Census tracts included a very varied number of shops, ranging from 1 to 60, with the highest number in urban areas. Figure 8 shows the map of the sum of values of the indicators    I  p  c i      and    I   s i    .  





3.2. Exposure/Vulnerability Hotspot Analysis and Scenarios


Table 2, Table 3 and Table 4 report the main statistics for the values of indicators considered and the number of census tracts included in the scenarios for each of the EXVUL dimensions. Based on the tables, it is evident that the Social and Road Traffic are the dimensions with the highest number of census tracts in both scenarios considered, and therefore the dimensions with the most widespread vulnerability. This depends on the spatial density of the variables of population and traffic, present in all the region and significantly higher than the density of public buildings and shops.



The maps hot spot scenarios for each of the vulnerability dimensions are shown in Figure 9, Figure 10 and Figure 11.



For the social dimension, the scenarios identified include census tracts mainly located in urban areas, as a direct consequence of the high values of all population variables in urban census tracts. Furthermore, the total proportion of the population living in the census tracts included in the max_scenario and min_scenario account, respectively, at 64,365 and 43,213, highlighting the high number of people exhibiting the highest level of vulnerability. The min_scenario for the public and shopping complexes did not return any census tract.



The scenarios resulting from the integration of the scenarios of the single EXVUL dimensions are reported in Table 5. They include a number of census tracts ranging from 470 in the most inclusive scenario (max_Social, max_Public and shopping complexes, max_road traffic) to 189 in the most restricted scenario (min_ Social, min_ Public and shopping complexes, min_ road traffic). These 189 census tracts are areas where all the three EXVUL dimensions have values above the one standard deviation at the same time and thus have the highest level of priority for the implementation of mitigation measures.



Figure 12 and Figure 13 map the scenarios of (max_Social, max_Public and shopping complexes, max_road traffic) and (min_ Social, min_ Public and shopping complexes, min_ road traffic), respectively.



Figure 14 and Figure 15 show more in detail an example of census tracts included in these latter scenarios of mitigation measures, in a town located between the northern seaside and surrounding mountains. Figure 14 maps census tracts at highest priority, satisfying the conditions Min_Social, Min_Public and shopping complexes, Min_Road Traffic. Figure 15 highlights census tracts satisfying the conditions Max_Social, Max_Public and shop-ping complexes, Max_Road Traffic. In both scenarios, census tracts are specially located along the main roads with high traffic and close to river beds. Blue colors indicate areas at very high risk (as reported in Section 2.2).





4. Discussion


This work intends to deepen research on environmental justice, focusing on the specific dimension of the geography of risk [46] and beneficial distribution of benefits that are potentially achievable via mitigation measures [47] in a spatially explicit way [16].



This research links the evaluation of exposure and vulnerability to flooding to the location of the possible mitigation actions that can be implemented, according to the overall principle of generating equal benefits to the most vulnerable/exposed census tracts. While an extensive body of research is working on improving approaches to evaluation of urban flooding in different cross-cutting fields [48,49], a more limited effort has been made to identify possible strategies and actions for flooding mitigation in areas of high vulnerability and exposure, so as to generate benefit to the higher number of communities.



Results obtained highlight that, when offering the same level of risk, scenarios of EXVUL are related to the combination of the considered dimensions, showing a complex spatial behavior, which mainly depends on the location of residents, hydrological hazard and infrastructure density. Typically, census tracts with highest need for mitigation action are the ones in dense urban areas, where the concentration of residential buildings, high-traffic streets and commercial and other public activities is higher (Figure 14 and Figure 15). Although limited in number, there are examples of high levels of EXVUL in rural parts of the region: Figure 16 shows particular situations of a high level of EXVUL due to the presence of a high-traffic street built beside the bed of a stream prone to flooding.



The combination of different values of EXVUL variables can be explored further to identify more precise priorities in mitigation actions to be planned and implemented, so they can be better perceived as more socially equitable [50]. In particular, the implementation of stormwater green infrastructure (SGI) as planned actions to reduce EXVUL can be designed to be upstream of the involved census tract, as well as within its area.



The provision of benefits and impacts of SGI performance do not interest the sole place where they are deployed and nearby community. For example, SGI located and concentrated in a particular areas of the urban watershed might redistribute floodwater elsewhere in the city and generate a different level of reduction of pluvial risk by changing its spatial distribution with respect to the original scenario without SGI [51].



At the same time, planning the implementation of SGI primarily within hotspot census tracts, as identified in Section 3.2, is supported by the principle of dealing with runoff locally (source control), which is always effective for the management of drainage exceedance during extreme events.



Many types of SGI are designed to reduce run-off under normal conditions and mitigate more frequent and less intense events. Despite this, the interest in SGI as a climate change adaptation planning strategy stays high, in the face of potential changes in precipitation patterns. The latter, in particular, called into question the reliability of the “design storm” or “return period” approach in supporting flexible long-term planning under climate and land use processes uncertainties [52,53].



Whenever possible, for urban areas with high values of EXVUL, the integration of local measures in public/private areas with upstream interventions to mitigate water run-off should be chosen. For more rural areas, with a limited amount of residential buildings and public functions, mitigation measures such as natural drainage or detaining systems should be implemented to avoid water reaching the street network.



Furthermore, the differences in urban and rural areas call for different stormwater installations according to their suitability to physical characteristics, land availability, ecological and local hydrological processes [54]. For example, in more compact urban areas, the availability of public areas in which to implement SGI could be limited, so mitigation actions must also include private areas, i.e., retrofitting residential buildings with green roofs [55] or public spaces with permeable pavement or vegetated swale [56]. In peri-urban areas, the usual higher availability of open spaces can suggest the design of multifunctional public spaces able to detain/retain water run-off [57] and to provide cultural services for peri-urban communities that often have a more limited access to green spaces [58,59].



The results of the hotspot analysis may also be leveraged to consider diverse adaptation actions for urban census tracts, directly addressed to lower the exposure of people and built structures, namely relocation of buildings, urban regeneration and soil compensation for de-sealing.



4.1. High Resolution of Analysis


Previous research indicated that assessment of exposed population is highly sensitive to the resolution of geographical data about flood hazard and population data [60]. Results from this research have returned an evaluation of exposure and vulnerability to flooding at the highest resolution available, with respect to many previous studies at the national level and considering the possible data that are publicly available. A recent national assessment by Italian Institute for Environmental Protection [34] analyzed exposure and vulnerability for Sicily using national census data and flooding maps and evaluated the total number of residents exposed to high hazards in the range of 126,000 to 138,000 (2.5% to 2.8% of the entire Population). Differences from the estimation of this research (slightly higher than 90,000 residents living in existing residential buildings) are related to the diverse applied methodologies. Other, more relevant differences between the methods used by national assessment and this research are reflected in the estimation of the total number of buildings exposed to high flooding hazard. This difference is mainly due to the fact that this research considered the sole residential/social/civil buildings included in the regional cartography (see Section 2.2), which are more precise data for refining the level of exposed resident population.




4.2. Limitations and Future Improvements


Variables considered in the population and infrastructure dimensions had a greater impact than variables of urban environment dimension: derived from census tracts, variables of populations are sampled and available for the entire region, and traffic information is also available for almost all type of streets (see Section 2.3.2). Variables of the urban environment have a much more scattered geographical extent due to their nature (Section 2.2), resulting in a general lower number of census tracts with high EXVUL. This difference in relevance should be taken into account when selecting suitable mitigation actions.



Not all the combinations of scores of EXVUL values have been explored, and the scenarios of EXVUL presented in Section 3.2 are derived from combinations of scores of variables that were higher than one std. dev (see Section 2.3). This choice has therefore not considered scenarios of “average” level of risk, with the general aim of identifying hotspots of EXVUL deserving prior attention from mitigation measures.



Although census tracts represent the geographical units with the highest possible resolution, there are some situations where they do not represent high levels of EXVUL in the best way. This typically happens where census tracts in rural areas intersect areas of high risk to a limited extent, but the entire census tracts are considered under hazard. Though this situation could be inaccurate from a geographical point of view, it depicts a more prudent scenario of attention to the intersected census tracts.



Mitigation solutions can be located in hotspots of exposure–vulnerability, but interventions located upstream of those areas should also be considered, in order to reduce the water run-off that is generated upstream. As a consequence of the complex relationship between SGI and hydrological processes, the use of modeling becomes a future compulsory step in the distributive analysis of SGI positive impacts in terms of number and location of beneficiaries and to evaluate which scenarios could lead to more equal benefits among the social subjects involved.



Other variables related to different aspects of EXVUL can be integrated in the assessment to improve the relevance of final scenarios of EXVUL hotspots. Examples include more specific social indicators [20], characteristics of buildings [61] or detailed characterization of the urban environment [62]. However, all these possible improvements require specific modeling and data. This can hamper the replicability of the model in large areas such as regions, which are appropriate territorial units for planning decisions about where to concentrate mitigation solutions. The variables used in this research represent an appropriate choice, due to their geographical extent (the entire region), their periodic update, and their availability and ability to capture the most important dimension of EXVUL.



The results cannot be considered conclusive and permanent. Data used to map flood hazard and risk are continuously updated by the regional River Basin District Authority, which is also a requirement of the Flood Directive.



Very importantly, the occurrence of flash floods as a consequence of climate change has very recently been included in the update of the Regional Flood Risk Management Plan, which is finalizing the analysis of flash floods vulnerability for a limited number of river catchments in Sicily [63].



Flooding is as much a dynamic process as urbanization. The mutual and continuous changing status of flooding and urbanization phenomena must be carefully considered in planning actions, which cannot neglect the importance of scenario simulation for reliably envisioning equitable transformations, the processes used to create and implement them and the resultant distributions of goods and hazards. As cities increase investment in SGI, they must grapple with embedded, multifaceted uncertainties; in fact, patterns of inequitable distributions of flood EXVUL might be reinforced by inefficacies of SGI planning, positively influencing the distributional equity of flood hazard and improving unequal urban conditions [64].





5. Conclusions


Flood risk in cities continues to be a challenge for policies and spatial planning managed by administrations, from local to wide area scales. New interdisciplinary and integrated analytical tools, spatially explicit methods, experimental and modeling approaches are continuously proposed by researchers to investigate the risk components.



Based on these premises, this paper has spatially evaluated the combined flood exposure and vulnerability at the regional scale, based on the use of proxy indicators for seizing the multidimensional nature of EXVUL.



Accordingly, this study has also defined a comprehensive and valid methodological framework in which diverse complex aspects could be concurrently and uniformly analyzed, including factors that are rarely explored in risk assessment research, such as traffic conditions.



Based on hotspots of EXVUL and with details based on the use of census tract as the spatial reference unit, this study has thus mapped the geography of mitigation priorities, namely prior areas in which to plan and design mitigation and adaptation planning strategies for flood risk.



The previous step is fundamental to the debate on the equity of benefits generated by planning strategies and to the achievement of fairness in bearing environmental burdens. This is also because disentangling factors of flood exposure and vulnerability may determine the misrepresented geography of needs and related mitigation priorities.



Moreover, few works have discussed the customization of mitigation decisions to the spatial layout of EXVUL hotspots, especially with approaches/models used to plan flood mitigation scenarios at the regional level while maintaining high resolution (the census tracts).



Lastly, aiming at flood mitigation, this paper reviewed stormwater green infrastructure design by considering the changing characteristics of hotspots between urban and rural settings. The latter is far less investigated by literature in terms of flood EXVUL, and less understood in its relationship with equity issues.



Uncertainties remain regarding for whom and to what extent SGI delivers disservices such as changes in the distributions of value and hazards in the urban landscapes.



Further research efforts must be channeled into comparing the geography of mitigation priorities with the geography of benefits generated by stormwater green infrastructure, from the perspective of distributional equity. In fact, when planning for flood risk mitigation, environmental injustice can arise for communities, especially when the excess of water is simply re-distributed within the urban fabric from certain locations to others.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su15107957/s1, Figure S1: hierarchy and relations of researched topics; Table S1: the matrix for the identification of classes of risk.





Author Contributions


Conceptualization, V.P. and D.L.R.; methodology, D.L.R. and V.P.; validation, D.L.R. and V.P.; formal analysis, V.P. and D.L.R.; investigation, V.P. and D.L.R.; resources, V.P.; data curation, V.P. and D.L.R.; writing—original draft preparation, V.P. and D.L.R.; writing—review and editing, V.P.; visualization, V.P.; supervision, D.L.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data used for the implementation of methodology are openly available. Census tracts and corresponding demographic date can be found here: [https://www.istat.it/it/archivio/104317]; flood risk areas can be found here: [https://www.sitr.regione.sicilia.it/download/tematismi/pai-download-dati/] (accessed on 31 March 2021); traffic data access requires an ArcGIS Online organizational subscription and can be found here: [https://www.arcgis.com/home/item.html?id=ff11eb5b930b4fabba15c47feb130de4].




Acknowledgments


This research has been developed under the framework of the Erasmus+ Project “Urban Resilience and Adaptation for India and Mongolia: curricula, capacity, ICT and stakeholder collaboration to support green & blue infrastructure and nature-based solutions (URGENT)”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Shuster, W.D.; Bonta, J.; Thurston, H.; Warnemuende, E.; Smith, D.R. Impacts of impervious surface on watershed hydrology: A review. Urban Water J. 2005, 2, 263–275. [Google Scholar] [CrossRef]

	



Xie, J.; Chen, H.; Liao, Z.; Gu, X.; Zhu, D.; Zhang, J. An integrated assessment of urban flooding mitigation strategies for robust decision making. Environ. Model. Softw. 2017, 95, 143–155. [Google Scholar] [CrossRef]

	



Martinico, F.; La Rosa, D.; Privetera, R. Green oriented urban development for urban ecosystem services provision in a medium sized city in southern Italy. IForest Biogeosciences For. 2014, 7, 385–395. [Google Scholar] [CrossRef][Green Version]

	



Unterberger, C. How Flood Damages to Public Infrastructure Affect Municipal Budget Indicators. Econ. Disasters Clim. Chang. 2018, 2, 5–20. [Google Scholar] [CrossRef][Green Version]

	



Nga, P.H.; Takara, K.; Van, N.C. Integrated approach to analyze the total flood risk for agriculture: The significance of intangible damages—A case study in Central Vietnam. Int. J. Disaster Risk Reduct. 2018, 31, 862–872. [Google Scholar] [CrossRef]

	



Miller, J.D.; Hutchins, M. The impacts of urbanisation and climate change on urban flooding and urban water quality: A review of the evidence concerning the United Kingdom. J. Hydrol. Reg. Stud. 2017, 12, 345–362. [Google Scholar] [CrossRef][Green Version]

	



Paterson, D.L.; Wright, H.; Harris, P.N.A. Health Risks of Flood Disasters. Clin. Infect. Dis. 2018, 67, 1450–1454. [Google Scholar] [CrossRef][Green Version]

	



Hammond, M.J.; Chen, A.S.; Djordjević, S.; Butler, D.; Mark, O. Urban flood impact assessment: A state-of-the-art review. Urban Water J. 2015, 12, 14–29. [Google Scholar] [CrossRef][Green Version]

	



Greiving, S.; Fleischhauer, M.; Lückenkötter, J. A Methodology for an integrated risk assessment of spatially relevant hazards. J. Environ. Plan. Manag. 2006, 49, 1–19. [Google Scholar] [CrossRef]

	



Nasiri, H.; Yusof, M.J.M.; Ali, T.A.M. An overview to flood vulnerability assessment methods. Sustain. Water Resour. Manag. 2016, 2, 331–336. [Google Scholar] [CrossRef][Green Version]

	



Rufat, S.; Tate, E.; Burton, C.G.; Maroof, A.S. Social vulnerability to floods: Review of case studies and implications for measurement. Int. J. Disaster Risk Reduct. 2015, 14, 470–486. [Google Scholar] [CrossRef][Green Version]

	



Kuhlicke, C.; Scolobig, A.; Tapsell, S.; Steinführer, A.; De Marchi, B. Contextualizing social vulnerability: Findings from case studies across Europe. Nat. Hazards 2011, 58, 789–810. [Google Scholar] [CrossRef]

	



Kasmalkar, I.G.; Serafin, K.A.; Miao, Y.; Bick, I.A.; Ortolano, L.; Ouyang, D.; Suckale, J. When floods hit the road: Resilience to flood-related traffic disruption in the San Francisco Bay Area and beyond. Sci. Adv. 2020, 6, eaba2423. [Google Scholar] [CrossRef]

	



Morelli, A.B.; Cunha, A.L. Measuring urban road network vulnerability to extreme events: An application for urban floods. Transp. Res. Part D Transp. Environ. 2021, 93, 102770. [Google Scholar] [CrossRef]

	



Bocanegra, R.A.; Francés, F. Assessing the risk of vehicle instability due to flooding. J. Flood Risk Manag. 2021, 14, e12738. [Google Scholar] [CrossRef]

	



La Rosa, D.; Pappalardo, V. Planning for spatial equity—A performance based approach for sustainable urban drainage systems. Sustain. Cities Soc. 2020, 53, 101885. [Google Scholar] [CrossRef]

	



Johnson, C.; Penning-Rowsell, E.; Parker, D. Natural and imposed injustices: The challenges in implementing ‘fair’ flood risk management policy in England. Geogr. J. 2007, 173, 374–390. [Google Scholar] [CrossRef]

	



Walker, G.; Burningham, K. Flood risk, vulnerability and environmental justice: Evidence and evaluation of inequality in a UK context. Crit. Soc. Policy 2011, 31, 216–240. [Google Scholar] [CrossRef]

	



Liao, K.-H.; Chan, J.K.H.; Huang, Y.-L. Environmental justice and flood prevention: The moral cost of floodwater redistribution. Landsc. Urban Plan. 2019, 189, 36–45. [Google Scholar] [CrossRef]

	



Tate, E.; Rahman, M.A.; Emrich, C.T.; Sampson, C.C. Flood exposure and social vulnerability in the United States. Nat. Hazards 2021, 106, 435–457. [Google Scholar] [CrossRef]

	



Walker, G. Environmental Justice: Concepts, Evidence and Politics. In Environmental Justice: Concepts Evidence and Politics; Routledge: London, UK, 2012. [Google Scholar] [CrossRef]

	



Janbehsarayi, S.F.M.; Niksokhan, M.H.; Hassani, M.R.; Ardestani, M. Multi-objective decision-making based on theories of cooperative game and social choice to incentivize implementation of low-impact development practices. J. Environ. Manag. 2023, 330, 117243. [Google Scholar] [CrossRef]

	



Soja, E.W. The City and Spatial Justice. In Justice et Injustices Spatiales; Paris Nanterre University Press: Nanterre, France, 2010. [Google Scholar] [CrossRef]

	



Roy, M.; Berke, P. Social Equity, Land Use Planning, and Flood Mitigation. In Oxford Research Encyclopedia of Environmental Science; Oxford University Press: Oxford, UK, 2022. [Google Scholar] [CrossRef]

	



Mohtat, N.; Khirfan, L. Distributive Justice and Urban Form Adaptation to Flooding Risks: Spatial Analysis to Identify Toronto’s Priority Neighborhoods. Front. Sustain. Cities 2022, 4, 919724. [Google Scholar] [CrossRef]

	



Arun, P.; Sauer, J.; Chang, H.; Grimm, N.B. Urban flood risk and green infrastructure: Who is exposed to risk and who benefits from investment? A case study of three U.S. Cities. Landsc. Urban Plan. 2022, 223, 104417. [Google Scholar] [CrossRef]

	



Sanyal, J.; Lu, X. Remote sensing and GIS-based flood vulnerability assessment of human settlements: A case study of Gangetic West Bengal, India. Hydrol. Process. 2005, 19, 3699–3716. [Google Scholar] [CrossRef]

	



Heckert, M.; Rosan, C.D. Developing a green infrastructure equity index to promote equity planning. Urban For. Urban Green. 2016, 19, 263–270. [Google Scholar] [CrossRef]

	



Hoover, F.A.; Meerow, S.; Grabowski, Z.J.; McPhearson, T. Environmental justice implications of siting criteria in urban green infrastructure planning. J. Environ. Policy Plan. 2021, 23, 665–682. [Google Scholar] [CrossRef]

	



EC. Directive 2007/60/EC of the European Council and European Parliment of 23 October 2007 on the assessment and management of flood risks. Off. J. Eur. Union 2007, 288, 27–34. [Google Scholar]

	



Cutter, S.L.; Mitchell, J.T.; Scott, M.S. Revealing the vulnerability of people and places: A case study of georgetown county, South Carolina. Ann. Assoc. Am. Geogr. 2000, 90, 713–737. [Google Scholar] [CrossRef]

	



Watts, M.J.; Bohle, H.G. The space of vulnerability: The causal structure of hunger and famine. Prog. Hum. Geogr. 1993, 17, 43–67. [Google Scholar] [CrossRef]

	



Messner, F.; Meyer, V. Flood Damage, Vulnerability And Risk Perception—Challenges For Flood Damage Research. In Flood Risk Management: Hazards Vulnerability and Mitigation Measures; Springer: Dordrecht, The Netherlands, 2007. [Google Scholar] [CrossRef][Green Version]

	



Trigila, A.; Iadanza, C.; Bussettini, M.; Lastoria, B. Dissesto Idrogeologico in Italia: Pericolosità e Indicatori di Rischio-Edizione 2018. ISPRA, Rapporti 287/2018. 2018. Available online: https://www.isprambiente.gov.it/it/pubblicazioni/rapporti/dissesto-idrogeologico-in-italia-pericolosita-e-indicatori-di-rischio-summary-report-2018 (accessed on 2 December 2022).

	



Rapporto Preliminare Rischio Idraulico In Sicilia-DRPC_5-2015; Dipartimento Della Protezione Civile Regione Siciliana: Palermo, Italy, 2015.

	



Arnone, E.; Pumo, D.; Viola, F.; Noto, L.V.; La Loggia, G. Rainfall statistics changes in sicily. Hydrol. Earth Syst. Sci. 2013, 17, 2449–2458. [Google Scholar] [CrossRef][Green Version]

	



Autorità di Bacino del Distretto Idrografico della Sicilia. Piano di Gestione del Rischio di Alluvioni-II Ciclo. 2020. Available online: https://www.regione.sicilia.it/istituzioni/regione/strutture-regionali/presidenza-regione/autorita-bacino-distretto-idrografico-sicilia/siti-tematici/pianificazione/piano-di-gestione (accessed on 31 March 2021).

	



See, L.; Mooney, P.; Foody, G.; Bastin, L.; Comber, A.; Estima, J.; Fritz, S.; Kerle, N.; Jiang, B.; Laakso, M.; et al. Crowdsourcing, citizen science or volunteered geographic information? The current state of crowdsourced geographic information. ISPRS Int. J. Geo-Inf. 2016, 5, 55. [Google Scholar] [CrossRef][Green Version]

	



Esri, HERE. Available online: https://traffic.arcgis.com/arcgis/rest/services/World/Traffic/MapServer (accessed on 17 September 2022).

	



Tate, E. Social vulnerability indices: A comparative assessment using uncertainty and sensitivity analysis. Nat. Hazards 2012, 63, 325–347. [Google Scholar] [CrossRef]

	



Salvati, P.; Petrucci, O.; Rossi, M.; Bianchi, C.; Pasqua, A.A.; Guzzetti, F. Gender, age and circumstances analysis of flood and landslide fatalities in Italy. Sci. Total Environ. 2018, 610–611, 867–879. [Google Scholar] [CrossRef]

	



Hajat, S.; Ebi, K.L.; Kovats, R.S.; Menne, B.; Edwards, S.; Haines, A. The human health consequences of flooding in Europe: A review. In Extreme Weather Events and Public Health Responses; Springer: Berlin/Heidelberg, Germany, 2005. [Google Scholar] [CrossRef]

	



Bles, T.J.; van der Doef, M.R.; van Buren, R.; Buma, J.T.; Brolsma, R.J.; Venmans, A.A.M.; van Meerten, J.J. Investigation of the Blue Spots in the Netherlands National Highway Network. In CEDR (Conference of European Road Directors). 2012: Adaptation to Climate Change; Deltares: Oslo, Norway, 2012. [Google Scholar]

	



Voumard, J.; Caspar, O.; Derron, M.H.; Jaboyedoff, M. Dynamic risk simulation to assess natural hazards risk along roads. Nat. Hazards Earth Syst. Sci. 2013, 13, 2763–2777. [Google Scholar] [CrossRef][Green Version]

	



Barredo, J.I.; Engelen, G. Land Use Scenario Modeling for Flood Risk Mitigation. Sustainability 2010, 2, 1327–1344. [Google Scholar] [CrossRef][Green Version]

	



Müller-Mahn, D.; Everts, J.; Stephan, C. Riskscapes revisited-exploring the relationship between risk, space and practice. Erdkunde 2018, 72, 197–214. [Google Scholar] [CrossRef]

	



Thaler, T.; Zischg, A.; Keiler, M.; Fuchs, S. Allocation of risk and benefits—Distributional justices in mountain hazard management. Reg. Environ. Chang. 2018, 18, 353–365. [Google Scholar] [CrossRef][Green Version]

	



Piyumi, M.M.M.; Abenayake, C.; Jayasinghe, A.; Wijegunarathna, E. Urban Flood Modeling Application: Assess the Effectiveness of Building Regulation in Coping with Urban Flooding Under Precipitation Uncertainty. Sustain. Cities Soc. 2021, 75, 103294. [Google Scholar] [CrossRef]

	



Löwe, R.; Urich, C.; Sto Domingo, N.; Mark, O.; Deletic, A.; Arnbjerg-Nielsen, K. Assessment of urban pluvial flood risk and efficiency of adaptation options through simulations—A new generation of urban planning tools. J. Hydrol. 2017, 550, 355–367. [Google Scholar] [CrossRef][Green Version]

	



Cutter, S.L.; Emrich, C.T.; Morath, D.P.; Dunning, C.M. Integrating social vulnerability into federal flood risk management planning. J. Flood Risk Manag. 2013, 6, 332–344. [Google Scholar] [CrossRef]

	



Damodaram, C.; Giacomoni, M.H.; Prakash Khedun, C.; Holmes, H.; Ryan, A.; Saour, W.; Zechman, E.M. Simulation of combined best management practices and low impact development for sustainable stormwater management. J. Am. Water Resour. Assoc. 2010, 46, 907–918. [Google Scholar] [CrossRef]

	



McPhillips, L.E.; Matsler, M.; Rosenzweig, B.R.; Kim, Y. What is the role of green stormwater infrastructure in managing extreme precipitation events? Sustain. Resilient Infrastruct. 2021, 6, 133–142. [Google Scholar] [CrossRef]

	



Hassani, M.R.; Niksokhan, M.H.; Janbehsarayi, S.F.M.; Nikoo, M.R. Multi-objective robust decision-making for LIDs implementation under climatic change. J. Hydrol. 2022, 617, 128954. [Google Scholar] [CrossRef]

	



Zhang, K.; Chui, T.F.M. A comprehensive review of spatial allocation of LID-BMP-GI practices: Strategies and optimization tools. Sci. Total Environ. 2018, 621, 915–929. [Google Scholar] [CrossRef]

	



Pappalardo, V.; La Rosa, D.; Campisano, A.; Greca, P.L. The potential of green infrastructure application in urban runoff control for land use planning: A preliminary evaluation from a southern Italy case study. Ecosyst. Serv. 2017, 26, 345–354. [Google Scholar] [CrossRef]

	



Pacetti, T.; Cioli, S.; Castelli, G.; Bresci, E.; Pampaloni, M.; Pileggi, T.; Caporali, E. Planning Nature Based Solutions against urban pluvial flooding in heritage cities: A spatial multi criteria approach for the city of Florence (Italy). J. Hydrol. Reg. Stud. 2022, 41, 101081. [Google Scholar] [CrossRef]

	



Cui, L.; Wang, J.; Sun, L.; Lv, C. Construction and optimization of green space ecological networks in urban fringe areas: A case study with the urban fringe area of Tongzhou district in Beijing. J. Clean. Prod. 2020, 276, 124266. [Google Scholar] [CrossRef]

	



Zhang, R.; Peng, S.; Sun, F.; Deng, L.; Che, Y. Assessing the social equity of urban parks: An improved index integrating multiple quality dimensions and service accessibility. Cities 2022, 129, 103839. [Google Scholar] [CrossRef]

	



Fan, P.; Xu, L.; Yue, W.; Chen, J. Accessibility of public urban green space in an urban periphery: The case of Shanghai. Landsc. Urban Plan. 2017, 165, 177–192. [Google Scholar] [CrossRef]

	



Huang, X.; Wang, C. Estimates of exposure to the 100-year floods in the conterminous United States using national building footprints. Int. J. Disaster Risk Reduct. 2020, 50, 101731. [Google Scholar] [CrossRef]

	



Figueiredo, R.; Romão, X.; Paupério, E. Component-based flood vulnerability modelling for cultural heritage buildings. Int. J. Disaster Risk Reduct. 2021, 61, 102323. [Google Scholar] [CrossRef]

	



Barbosa, V.; Pradilla, M.M.S. Identifying the social urban spatial structure of vulnerability: Towards climate change equity in Bogotá. Urban Plan. 2021, 6, 365–379. [Google Scholar] [CrossRef]

	



Distretto Sicilia. Aggiornamento e Revisione del Piano di Gestione del Rischio di Alluvione Redatto ai Sensi Dell’art. 7 del D.lgs. 49/2010 Attuativo Della Dir. 2007/60/CE–II Ciclo di Gestione. Relazione Metodologica. 2021. Available online: https://www.regione.sicilia.it/sites/default/files/2021-12/1%20Relazione%20metodologica%20PGRA%20II%20ciclo%20di%20gestione.pdf (accessed on 18 December 2022).

	



Grabowski, Z.J.; McPhearson, T.; Pickett, S.T. Transforming US urban green infrastructure planning to address equity. Landsc. Urban Plan. 2023, 229, 104591. [Google Scholar] [CrossRef]








[image: Sustainability 15 07957 g001 550] 





Figure 1. Identification of Census Tracts overlapping high and extremely high flood risk areas. 
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Figure 2. Identification of buildings exposed to flood risk (very high and high level). One randomly selected census tract is lined with light blue tract. 
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Figure 3. Traffic conditions for roads exposed to high and very high flood risk in the considered Census Tracts. 
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Figure 4. Identification of shops and public complexes exposed to high and very high flood risk in the considered Census Tracts. 
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Figure 5. Integrated scenarios for the three EXVUL dimensions; the different color grade (darker to paler) indicates a decreasing number of census tracts included in the scenarios. 
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Figure 6. Map of the distribution of values of the indicator of social dimension (   I   p i     ). 
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Figure 7. Map of the distribution of values of the indicator of Road Traffic (   I   t i     ). 
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Figure 8. Map of the distribution of values of the indicators      I  p  c i        and (   I   s i      ). 
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Figure 9. Maps of the census tract included in the max_scenario (a) and min_scenario (b) for the Social dimension. 
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Figure 10. Maps of the census tract included in the max_scenario for the Public and Shopping complexes. 
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Figure 11. Maps of the census tract included in the max_scenario (a) and min_scenario (b) for the Traffic dimension. 
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Figure 12. Prior census tracts for mitigation measures: Scenario Max_Social, Max_Public and shopping complexes, Max_Road Traffic. 
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Figure 13. Prior census tracts for mitigation measures: Scenario Min_Social, Min_Public and shopping complexes, Min_Road Traffic. 
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Figure 14. Zoom of census tracts included in the scenario Min_Social, Min_Public and shopping complexes, Min_Road Traffic. 
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Figure 15. Zoom of census tracts included in the scenario Max_Social, Max_Public and shopping complexes, Max_Road Traffic. 
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Figure 16. Example of census tract with high EXVUL located in rural areas. 
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Table 1. Conditions for the values of indicators for the identification of scenarios of mitigation measures.
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	Exposure/

Vulnerability

Dimensions
	Conditions
	Scenario
	Priority





	Social
	highest total pop OR highest_children OR highest_elderly

highest_total_pop AND highest_children AND highest_elderly
	Max_scenario

Min_scenario
	High

Medium



	Public and shoppingcomplexes
	highest_public_complexes OR highest_shops

highest_public_complexes AND highest_shops
	Max_scenario

Min_scenario
	High

Medium



	Road traffic
	medium-high traffic

highest_traffic
	Max_scenario

Min_scenario
	High

Medium
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Table 2. Values of variables for the Population dimension and number of census tracts included in scenarios for mitigation measures.






Table 2. Values of variables for the Population dimension and number of census tracts included in scenarios for mitigation measures.











	Social Dimension
	Mean
	Std Dev
	# Census Tracts > Std Dev





	Total population (#)
	104
	134
	204



	Children (#)

Elderly (#)
	10

8
	13

14
	195

185



	
	# census tracts
	
	



	Max_scenario
	263
	
	



	Min_scenario
	124
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Table 3. Values of variables for the Public and shopping complexes dimension and number of census tracts included in scenarios for mitigation measures.
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	Public and Shopping Complexes
	Mean
	Std Dev
	# Census Tracts > Std Dev





	Public complexes (m2)
	24,553
	98,831
	5



	shops (#)
	3
	6
	12



	
	# census tracts
	
	



	Max_scenario
	17
	
	



	Min_scenario
	0
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Table 4. Values of variables for the Road Traffic dimension and number of census tracts included in scenarios for mitigation measures.
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	Road Traffic
	Mean
	Std Dev
	# Census Tracts > Std Dev





	Traffic
	7965
	18,524
	



	High

medium-high
	
	
	145

358



	
	# census tracts
	
	



	Max_scenario
	358
	
	



	Min_scenario
	145
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Table 5. Number of census tracts after the integration of the scenarios of EXVUL dimensions.






Table 5. Number of census tracts after the integration of the scenarios of EXVUL dimensions.





	
Scenario

	
# Census

Tracts

	
Scenario

	
# Census

Tracts

	
Scenario

	
# Census

Tracts






	
Max

Max

Max

	
Social

Public and shopping

Road Traffic

	
470

	
Max

Max

Min

	
Social

Public and shopping

Road Traffic

	
301

	
Max

Min

Max

	
Social

Public and shopping

Road Traffic

	
309




	
Min

Max

Max

	
Social

Public and shopping

Road Traffic

	
253

	
Max

Min

Min

	
Social

Public and shopping

Road Traffic

	
213

	
Min

Max

Min

	
Social

Public and shopping

Road Traffic

	
209




	
Min

Min

Max

	
Social

Public and shopping

Road Traffic

	
223

	
Min

Min

Min

	
Social

Public and shopping

Road Traffic

	
189
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