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Abstract

:

This paper proposes a methodology for the analysis of social vulnerability to floods based on the integration and weighting of a range of exposure and resistance (coping capacity) indicators. It focuses on the selection and characteristics of each proposed indicator and the integration procedure based on the analytic hierarchy process (AHP) on a large scale. The majority of data used for the calculation of the indicators comes from open public data sources, which allows the replicability of the method in any area where the same data are available. To demonstrate the feasibility of the method, a study case is presented. The flood social vulnerability assessment focuses on the municipality of Ponferrada (Spain), a medium-sized town that has high exposure to floods due to potential breakage of the dam located upstream. A detailed mapping of the social vulnerability index is generated at the urban parcel scale, which shows an affected population of 34,941 inhabitants. The capability of working with such detailed units of analysis for an entire medium-sized town provides a valuable tool to support flood risk planning and management.
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1. Introduction


Floods are defined as the “temporary flooding of land that is not normally covered by water” [1]. Most river flooding is associated with the amount and distribution of precipitation in a drainage basin [2], but other reasons for flooding may include rapid snow melting in mountain ranges [3] or dam failure [4,5,6,7]. Other floods are related to coastal processes such as storm surges [8] and tsunamis [9,10]. Both river and coastal floods are mostly natural phenomena that occur with a frequency associated with a magnitude in a defined area. In general, these events are characterized by a high amount of damage, which is the result of the destructive power of water [11,12,13]. In addition to damage caused by the direct water impact, water’s energy works as an erosive agent [14] that may undermine materials under the foundations of buildings, causing them to collapse [15]. Once the flood is over, damage may continue to increase due to electricity and water cutoffs or the spread of diseases such as cholera, leptospirosis, and typhoid fever [16,17,18], increasing economic and personal losses in the affected area [19]. Despite the natural origin of these floods, the main reason for damage can be identified in the human occupation of areas traditionally susceptible to flooding [20,21]. In many cases, the population is settled in flood-prone areas because no other places are available for building in the municipality. At the same time, new engineering infrastructures appear and provide a false sense of security as they do not completely prevent the land from flooding [22]. Therefore, the increased size of populations and the economic development of societies in flooding areas are the main factors in recent land-use changes and have increased society’s vulnerability [23,24].



In the field of disaster risk reduction (DRR), efforts have traditionally been focused on infrastructure and technology-related measures [25]. Currently, however, there is consensus that these efforts must be accompanied by other measures related to the improvement of the resilience of people and territories in all disaster cycle phases (preparedness, response, recovery, mitigation) [26,27]. Many tasks can be applied to prevent and mitigate the effects of flooding, such as updating urban planning based on risk prevention [28], developing early warning systems [29,30] and specifically promoting people’s coping capacity. Society must adapt to flooding, especially as the phenomenon becomes more common as a direct consequence of the climate change process [31,32]. This phenomenon affects the hydrological cycle, producing the following effects [33]: (i) an increase in temperature, which is reflected in an increase in evaporation and evapotranspiration and acceleration in the destruction of glaciers, (ii) drastic changes in water and snow precipitation patterns, and (iii) the ascent of sea level. Society must therefore change its way of acting, know the territory it occupies and delimit the areas most vulnerable to these phenomena. The results of these analyses will facilitate limiting the types of land use in these areas, which will minimize damage and facilitate the quick recovery of society [27].



The analysis of the components of risk is a recurring theme in the scientific literature. Various conceptual frameworks of risk have been proposed that define its main components and relationships (hazard, vulnerability, exposure, coping capacity, adaptive capacity, etc.) [25,34,35]. In all of these frameworks, there is common agreement about the two main components of flood risk: hazard (as the probability of occurrence of flood) and vulnerability (representing conditions and capacities that make a system or an individual susceptible to harm). It is relevant to highlight that the exposure is sometimes considered an independent component [36], but in this paper, exposure is included in the concept of vulnerability [15].



A review of the concept of vulnerability to floods also shows diverse conceptual frameworks that emphasize its multidimensional character [37,38,39,40], comprising physical, social, economic and environmental dimensions [41,42,43,44,45,46,47,48,49,50,51]. Consideration of the social dimension is one of the most common approaches in vulnerability studies. Social vulnerability includes all factors specifically related to the interactions of flood hazards with individuals, populations and communities, including the exposure of people, sociodemographic and socioeconomic profiles, employment, education, household composition, demographic structure, and the capacity of society to cope with hazards and their effects. All of these factors affect the resilience of communities to cope with flood effects, but their respective importance is not clear [25].



We perform a simplification exercise in this work and summarize the factors that affect social vulnerability into two major components: (i) the physical exposure of the individual/population/community to flooding; and (ii) resistance, which includes a set of minor components such as protection, reaction capacity and coping capacity [38].



Notably, most social vulnerability studies adopt a theoretical focus [52], although there has been an effort to perform empirical assessments in recent years [21,52,53,54,55,56,57,58,59]. These studies may present the drawbacks of using different measurement procedures, which makes it difficult to compare their results. However, the more common use of vulnerability indices as methodology better facilitates the comparison of results among different study areas [60]. Additionally, the different scale of studies is significant [56]. To date, research papers that estimate the social vulnerability of a municipality have applied a broad range of scales, with different cartographic units such as municipalities [61], municipal districts [40,62], and census blocks [57,58] or neighbourhoods [63]. Recently, new studies working with cadastral parcel data [59] have improved spatial accuracy. New public open-access databases and spatial data infrastructures provide data with high territorial precision, which opens new possibilities for more accurate analysis.



Based on the previously mentioned gaps in knowledge, the main objective of this paper is to propose a new method to assess social vulnerability to flooding by reviewing the importance of factors to map social vulnerability at a very detailed geographic scale, the cadastral parcel. This method may be applied to other areas where data are available. The proposed method is tested in the urban area of a middle-sized town, Ponferrada (Spain).



The use of indices has proved a robust method to assess social vulnerability [52,55,64,65,66,67]. Therefore, the results of the proposed method are expressed as a multicriteria index (Social Flood Vulnerability Index: FVIsocial) to show the relation between the components of social exposure (population exposure) and the resistance of people exposed to floods (protection, reaction capacity and coping capacity) for each defined geographical unit (cadastral parcel). These components are expressed as normalized quantitative indicators that are weighted based on the analytic hierarchy process (AHP). The assignment of these weights is based on work by a panel of risk experts who have conducted a pairwise comparison among indicators. The indicators are grouped into factors based on semantic meaning to simplify and improve the intelligibility of the model. The AHP process is one of the most commonly used methods when working with the integration of indicators in vulnerability studies [64,68,69,70,71].



The structure of the article is as follows. First, a description of the study area, the city of Ponferrada (Castilla y León, Spain), is presented. Ponferrada is a small town exposed to a hypothetical flood from a dam breakage. The methodology used to quantify social vulnerability is subsequently presented in a section divided into three phases: the description of the indicators used to quantify the vulnerability, the normalization to 0-1 values and the weighting of the indicators. The results map shows the application of the proposed method to the study area at the urban parcel scale. The article continues with a discussion of the advantages and limitations of the proposed methodology and ends with the main conclusions.




2. Study Site


The proposed method is applied in the urban area of the Ponferrada nucleus, a city that belongs to the municipality of the same name, which is located in the province of León (northwest of the Iberian Peninsula) (Figure 1). The municipality of Ponferrada has a total of 67,367 inhabitants distributed in 37 population nuclei. Its capital, Ponferrada, which is located on the banks of the River Sil and its affluent, the Boeza River, is the seventh-largest city of the Castilla y León region by population, with 41,858 inhabitants. It is the centre of the most important services of Bierzo County, including the district hospital, university, and regional authority. According to the population census [72], the municipality is distributed into 6 districts or demarcations. Each district is subdivided into different census sections. In total, the city is subdivided into 45 census sections, each of which averages approximately 1500 persons within the range of 625–2780 inhabitants.



The study area has been affected several times by floods. In the collected historical records [73], a total of 26 floods have been recorded in the area of Ponferrada, including not only the Sil River that runs through the city but also other streams in the area, such as Valdueza and Boeza. The flood hazard was reduced in 1960 with the construction of the Bárcena and Fuente del Azufre dams in the River Sil, located upstream of the town (Figure 1). Nevertheless, Ponferrada’s river section is considered a potential flood section due to the possible downstream effect of the reservoir in a normal exploitation situation [73]. This scenario usually occurs when a large storm is expected and dam gates must be opened to be able to store the incoming water, which may lead to flood areas downstream. As a result, the floods in this area have three main triggers: (i) heavy rainfall, (ii) the exploitation of the dam, and (iii) the breakage of the dam. This research focuses on the last trigger, proposing a method to estimate social vulnerability and applying it to Ponferrada in the estimated flooded area that would be generated in the worst-case scenario in which both the Bárcena and Fuente del Azufre dams break [74] (Figure 2).



Of the 45 census sections, the study focuses on only 37. The eight rejected census sections coincide with sections outside of the perimeter of the flood area or those inside the perimeter but in which no urban parcels are affected. This perimeter is estimated based on break-dam modelling of the dam [73]. From these 37 sections, the assignation of data is extrapolated from neighbouring sections in the other eight census sections. The main reason for this assignment was the coincidence of two situations: on the one hand, the affected extension of the section was small; on the other hand, the affected urban parcels were closer and had social characteristics more similar to those from the neighbouring section than to those from their own section.




3. Methodology and Data Sources


Vulnerability indices (VI) are numerical expressions that provide a statistical measure of the changes in value that vulnerability may experience. These indices are based on indicators. An indicator is a variable that reflects the state of a situation or any of its characteristics in a place at a particular time. It is expressed quantitatively as statistical information that synthesizes the data provided by the variables intended to be analysed. In the present research, all the indicators are grouped semantically into factors selected as the most representative of all the components that conform to the vulnerability. The relationships among the different elements that conform to the proposed vulnerability index are summarized in Figure 3.



Vulnerability indices are represented by equations that relate the records (weighted or not) of all the indicators (e.g., percentage of the elderly, percentage of women) with the components (e.g., exposure degree, resilience) of vulnerability. From these records, fractions are used to obtain the value of the vulnerability index, placing the indicators that increase vulnerability in the numerator and those that reduce vulnerability in the denominator [75]. In this way, the acquired results are dimensionless and allow comparison of vulnerability indices for similar indicators and for different scales in studies of different years or places.



Following these guidelines, the proposed social flood vulnerability index (FVIsocial) is measured on a scale of 0–1 and is determined by two major components: (i) the exposure degree of social indicators; and (ii) the resistance [76], as defined by Equation (1):


FVIsocial = (E/R)/10



(1)




where E is the degree of social exposure (Equation (2)) and R refers to social resistance (Equation (3)).


  E =  ∑  i = 0  m   (   v i     ∗ w   i   )   



(2)






  R =  ∑  i = 0  m   (   v i     ∗ w   i   )   



(3)




where vi is the value of each indicator (included on a scale of 0–1); wi is the weight of each indicator (included on a scale of 0–1); and m is the number of indicators.



From Equation (1), it can be deduced that the exposure-resistance ratio will oscillate between the minimum value of 0 when the exposure degree is 0, independent of the value of the resistance, and the maximum value of 10 when the exposure degree is the maximum (1) and the resistance is the minimum (0, 1). This fraction is divided by 10 in Equation (1) to achieve a social vulnerability index with a range of 0–1. The problem of working with Equation (1) would be if resistance was 0; however, since the number of people connected via social media continues to increase [77], it is expected that every place will not reach this minimum value of 0.



Following the definition of the social vulnerability concept, the methodology developed in this research is divided into the following steps:




	
Description and calculation of indicators. One added value of the proposed methodology is that the majority of these data are open access from governmental websites, although some were collected through personal enquiries.



	
Indicator normalization. This process allows us to obtain dimensionless results to compare social vulnerability indices for different scales in various studies.



	
Indicator weight calculation. The calculation of the weights is based on an expert panel survey following the analytical hierarchical process (AHP) methodology [78]. This method allows the evaluation of the importance of each of the indicators.








All of these phases are described in the following sections together with the data sources.



3.1. Data Sources


Most of the data required to estimate FVIsocial indicators were obtained from the open data repository of the Spanish National Statistical Database [72]. First, this database includes general social data, such as the number of inhabitants, ages, and foreign visitors, which were recorded in the last ten-yearly Spanish census in 2011. Second, this database includes spatial data at different geographic aggregation levels (municipal, districts and census sections), all of which are required in the present research. It is relevant to note that the Dirección General del Catastro in Spain has an open platform that enables the downloading of all the geographic and alphanumeric information of urban parcels [79]. To relate both attributes and geographical data, we propose the use of each indicator in its available spatial resolution and, subsequently, their disaggregation at the highest spatial resolution using geographical information system (GIS) tools. Therefore, in the last step, all the indicators should be linked to the cadastral parcel layer.



Another determining layer was the potential flood area, the perimeter of the water flood, which helped to delimit the real affected census sections and thus the study area. This map is the result of cascading dam failure modelling with a peak discharge of 2093 m3/s according to the Boss Dambrk model [73]. It simulates one-dimensional hydrodynamic flood routing and predicts dam-break flood wave formation. Therefore, the flood area map is accompanied by a wave travel time study.



The rest of the data layers needed to estimate the indicators are as follows:




	
Building doors: This is a point map containing the entrances to all the buildings, which is used to calculate the evacuation time and the population density. In general, there is only one point per urban parcel, but large buildings may show more entrances.



	
Street map: This shows the communication lines inside the urban area and is an indispensable map to identify evacuation time issues; it indicates the evacuation paths.



	
Road map: The access of goods during and after the emergency period is necessary to facilitate the recovery of society. This road map helps to estimate the number of access points affected by floods.



	
Digital elevation model: The purpose of this map is to generate the slopes of the terrain, which are used as impedance to calculate the difficulties of evacuating people (the steeper the path, the slower the evacuation will be).








An added value of the proposed methodology is that all the information used is freely available through the Spanish government website platforms, so there is no cost to obtain updated data. The only exception is the potential flood area map of the study zone. However, many flood maps are also freely distributed.



The last data source exploited in this study comprises the different enquiries posed to (i) the population to evaluate the information on emergency response and/or (ii) public administration, consisting of the police chief, firefighter chief, dam manager chief, council tourist expert, council engineer and different NGO heads. In the first case, the idea was to randomly survey the population to evaluate how much information they have about specific protective measures in case of an emergency. In the second case, enquiries were used to obtain the following indicators:




	
the level of government responsibility, whether there is an emergency plan, events to inform the population about what to do in the case of an emergency, etc.,



	
percent of tourism population to obtain the internal council’s data about the size of the tourism population in the town,



	
the number of volunteers, to understand the size of the volunteer group that may help in the recovery period in the studied society,



	
the number of emergency personnel (police, firefighters, medical workers), to identify the specialized personnel available to confront an emergency,



	
the location of water supply elements to evaluate the percentage of water supply elements that will be affected by the flood and that may make the recovery process difficult.








After performing these enquiries and determining that there had been no event to inform the population, we did not implement any surveys among the population. However, if any such event is performed, it is necessary to survey the population to evaluate their level of knowledge about the procedures to follow in case of a dam failure.




3.2. Indicator Selection and Calculation


To determine the social flood vulnerability index, two tasks were carried out. First, the definitions of vulnerability factors were determined to compare different authors’ approaches e.g. References [41,44,45,75,80,81,82,83,84,85,86,87]. Second, the selection of significant indicators for each factor was performed. If there was scientific consensus in the bibliographic review, the determination of the social vulnerability factor was accomplished by means of a single indicator; when there were difficulties in assigning a unique indicator to define a factor, the method works with several indicators. The state-of-the-art processes indicate that there are uniform criteria when using the following indicators: percentage of elderly, percentage of children, percentage of women, percentage of individuals with disabilities, percentage of foreigners, number of inhabitants per km2 and percentage of illiterate population [40,80,83,86]. This is because the intersection of the circumstances of age (elderly and children), gender (women), minority status, disability status and education (without basic education) have the greatest influence on the social burdens of natural hazards since they constitute more vulnerable groups of a population that more frequently suffer major social impacts when they are exposed to a certain risk. In the case of social resistance indicators, there is also coincidence in the number of health staff per 1000 inhabitants [80,84,85,87], the number of beds per 1000 inhabitants [82,87] and the percentage of reception centres (e.g., surface area in m2 of sports and cultural equipment) [83,87]. Based on this information, the authors propose the number of other civil protection staff per 1000 inhabitants, considering that in some countries, there is no equivalence between health and security services. The other social vulnerability indicators selected in the present study do not show international consensus, and their use varies depending on the study area and the data availability. For instance, the number of vehicles that can leave the affected area according to the type and number of accesses (roads) is supported by one study [84], while [59] suggests that the use of vehicles is dangerous and increases damage because vehicles may be swept away with shallow waters. Although this is a true scenario, driving cars may be beneficial if there is a warning period that is long enough to allow evacuation in an orderly manner. The present study selected at least one indicator for each of the most frequently mentioned vulnerability factors in the bibliographic review, considering the ease of retrieving data and their representativeness. For example, to determine the solidarity of society, the percentage of electoral votes [83,84] cannot be applied in nondemocratic countries or in countries where the population does not trust politicians. Instead, the number of volunteers may better adjust to the solidarity factor, although it may be more difficult to collect this type of data.



As a result, there are two types of indicators according to the value that they provide: quantitative and qualitative indicators. Table 1 and Table 2 show the proposed vulnerability factors for exposure and resistance and the corresponding indicator deployments. As will be explained, all the indicators were merged to define the degree of exposure and the resistance of each geographical unit based on different weight values.



The spatial distributions of all these indicators were mostly determined by a GIS reclassification of an administrative boundary map. Only the population density and evacuation time required more detailed spatial analyses.



3.2.1. Population Density


The areas of higher population density represent areas of higher exposure to a hazard and areas where evacuation may be more difficult, so they are very vulnerable. Although this is a relevant indicator, the personal protection data law remains the main impediment when estimating its value. For this reason, population data are only available at the census section level in open sources. To spatially disaggregate these data, it is necessary to estimate the number of dwellings in each urban parcel. This calculation is possible through the attribute database linked to the cadastral parcel layer, where it is possible to estimate the amount of properties targeted to residential use based on a unique reference cadastral identifier. The population registered in a census section is distributed homogeneously among all dwellings belonging to the same census section.



The final step to calculate the population density is to distribute the total population of each building among the number of building doors. As can be inferred, this process is impossible to perform without GIS capabilities.




3.2.2. Evacuation Time


The evacuation time is an indicator that measures the relationship between citizens’ velocity of displacement and the time of arrival of the flood water. Until now, this indicator has only been used for emergency management, and very few studies have included it to define vulnerability [88]. Its importance is that it establishes a very clear threshold between those areas where there is a possibility of social recovery and those in which such recovery is impossible. The latter correspond to areas in which the evacuation time is greater than the time of arrival of the water wave.



To estimate evacuation time, calculations may be performed assuming that people evacuate on foot or by vehicle. In the case of Ponferrada, there are very few escape routes, which produces a funnel effect. For this reason, this paper focuses only on the evacuation time of pedestrians. Some studies have identified walking and driving in flood waters as the main danger for people during floods [89]. Consequently, Ref. [59] suggests moving upstairs in high buildings. This option was not considered in the present study, because without an emergency plan or information advice, people’s main reaction will be to run away from the river.



The calculation of the evacuation time indicator starts with the generation of a slope map. According to this resulting topography, the time that a person requires to walk a distance is estimated. As an example, on flat terrain, it was considered that the average speed was 3.8 km/h [54]. This is a value slightly more conservative than previous estimates [90,91], but it is considered to better fit with an old population such as Ponferrada. Next, the resultant slope map is reclassified based on the inverse velocity (minutes/metres). This new map together with the street and the flood water sheet maps are the inputs to generate a cost-distance map that allows the estimation of the evacuation time for each urban parcel. Other methods that can be used to estimate the evacuation time are linked to flood evacuation simulators [92].





3.3. Indicator Normalization


In this work, normalization is used to compare and combine indicators of different natures. For this purpose, the final normalized value must be between 0 and 1. Two different methods of normalization follow. The first is applied to indicators whose values are percentages. In this case, the normalization process is immediate and involves dividing the value by 100. The second method is based on linear transformation functions [93] (Equation (4)), although this method does not limit the use of other types of functions if new indicators are incorporated in the future.


y = ((x − Min))/((Max − Min))



(4)




where x is the real value of the indicator, Min is the minimum established for the indicator, and Max is the maximum established for the indicator.



All transformation functions used the value 0 as a minimum value. To define the maximum value of the transformation function, we searched for generic values endorsed mostly by institutions of recognized prestige and international scope. Therefore, this value is different for each indicator, as described below and shown in Table 2 and Table 3:




	
Population density: The maximum value corresponds to the maximum number of people who can occupy a residential building based on the number of evacuation exits. For the example of the Ponferrada municipality, the Spanish government sets 500 as the maximum value for buildings with a single outlet, corresponding in this case with the portal of the building [94].



	
Evacuation time: The minimum and maximum values are functions of the time required to reach the perimeter of the water sheet and the time that the population has available from the start of the alert until the water reaches the city. These values may vary if an emergency plan is implemented in the municipality that includes an estimated time of alert. In this indicator, the normalization values are not continuous but take a value of 0 when the evacuation times are less than the arrival times of the water sheet or a value of 1 when the time required is greater than the available time before reaching a maximum degree of exposure.



	
Number of firefighters per inhabitant: The maximum value is 1 firefighter per 1000 inhabitants, which is a value defined from the recommendations of different institutions [95].



	
Number of local police per 1000 inhabitants: The maximum value is established according to the local regulations of each study area. For instance, in the study case of Ponferrada, the value corresponds to 1.5 local police per 1000 inhabitants.



	
Number of national police per 1000 inhabitants: In this case, the maximum value is 2, and it is determined according to the national recommendations of the study area.



	
Number of health staff per 1000 inhabitants: The maximum value for the application of the transformation function is 2.3. This value is set [96] as the minimum recommended number of health personnel necessary to cover the needs of primary health care.



	
Number of vehicles that can leave the affected area according to the type and number of accesses: The maximum value of this transformation function is calculated by the multiplication of the peak hour intensity value (i.e., the maximum number of vehicles per hour in a road section) by the number of available accesses that allow adequate evacuation. If the number of vehicles in the study area is higher than the previous product, the resistance will be minimal (0). In our case study, the estimation of the peak hour intensity value is derived from the average daily index. According to regional regulations, the peak hour intensity value is 12% of the achieved average daily index [97].



	
Number of beds per 1000 inhabitants: The maximum value of the transformation function of this indicator corresponds to the average number of beds in each country since there is currently no optimum level of beds recommended for adequate care of the population. The reason for this lack is that these values vary according to the structure of the health system of each country [98]. For example, in Spain in 2011 and therefore in Ponferrada, the average was established as 3.1 beds per 1000 inhabitants according to data from Spanish regulations [99].



	
Number of volunteers: Currently, no recommended ratio of volunteers has been established by any international organization, possibly due to the variety of the social mass that constitutes the different volunteer organizations and the lack of training standards in the field of volunteering that unifies this sector. Given this situation, this study proposes that the maximum value is 1.5, which is the same value established for the local police, who would be responsible for the organization and the direction of volunteers in the case of a disaster.



	
Qualitative indicators that measure the known information according to the population affected by the natural phenomenon plus the security and warning measures: These indicators involve a questionnaire mostly aimed at analysing the perception and resistance of a society with closed answers (“yes or no”) (Table 2).








In the case of qualitative indicators, the proposed normalization method considers that the questions to which the answer is yes are equivalent to a resistance of 1, while the questions with a response of no equal a resistance of 0. The results from each of the questions were added and divided by the total number of answered questions.




3.4. Estimation of Indicator Weight Values (wi)


Our hypothesis is that not all indicators will have the same importance in relation to social vulnerability, so we must assign different weights to the indicators and deploy a hierarchy. In this study, the assignment of weights to the indicators was performed by applying a qualitative method comparing pairs, known as the AHP [68,69,70,71]. This method is based on the responses of an expert panel, which, in our case, involved 15 experts including geologists, engineers, geographers, and civil workers. The panel participants answered a survey for the assessment of the weight of each indicator. Each expert independently compared all the resistance indicators and eight of the ten indicators of exposure. To assure the consistency of their answers, the consistency ratio, CR [78], was estimated. The 15 surveys showed a CR lower than 0.1, which indicates a high level of consistency. According to the results of these 15 surveys, different weights were assigned to each indicator (Table 3 and Table 4). It is important to highlight that the surveys were sent together with a list of the indicators, which the experts were asked to order by importance. This information allowed for the elimination of inconsistencies.



The two exposure indicators not analysed by the panel were the population density and evacuation time. For both of these indicators, the maximum weight value was assigned. There are two main reasons for this high score. First, if there is no population (density) in the affected area, the condition of social vulnerability will be minimal. In this case, it is considered that the value does not have to be equal to 0 since in certain unbuilt parcels (e.g., parks), a population may exist. Second, if the evacuation time exceeds the time of arrival of the water sheet (plus the alert time, if this information is available), the population, regardless of age, sex, nationality, education or physical capacity, will not have sufficient time to reach a safe area, so the rest of the indicators will be of secondary importance.





4. Results


The application of the proposed methodology for the assessment of the social vulnerability to floods in the study zone of Ponferrada (Spain) shows that the social vulnerability for 3330 parcels of the 6441 analysed parcels is very high, reaching the maximum value of 1 (Figure 4). This means that approximately 77% of the inhabitants affected by the water sheet will experience heavy damage from the dam break.



In the studied case, the highest values are derived from the maximum exposure values assigned to the evacuation time indicator. In these parcels, the analysis shows that the time needed to reach an area outside the flood area is larger than the time needed by the water wave to reach the parcels (Figure 5). In addition, the value of the resistance cannot decrease this vulnerability as the resistance indicators do not have enough value to decrease the high population exposure due to the short time available to evacuate. In the rest of the parcels for which the evacuation time is low enough to reach a safe place before the water wave arrives, the social vulnerability values are very low, at less than 0.074.



The two other indicators that increase the vulnerability of Ponferrada are the age of the people and the population density. The impact on the vulnerability of the first indicator is due to the predominance of the elderly population compared to the number of young people in the studied society (Table 5). Therefore, the elderly indicator shows high values due to the high percentage that this ageing sector represents compared to the overall population.



Concerning the characteristics of the population, the census sectors that show the highest vulnerability values according to age data (children and elders) are in six sectors: sector 11 in district 1, sector 14 in district 2, sectors 2, 3 and 7 in district 3 and sector 4 in district 5. Except for sectors 3 and 7 of district 3, the rest of the sectors are located along the river. The distribution of women is more or less equal everywhere, and the only census sector that highlights this indicator is number 14 in district 2, which coincides with a large percentage of elderly persons. The next indicator, the foreign population, shows very low values except in sections 2 and 12 of district 2 and section 5 in district 3. All of these sections are on the riverside. With regard to the illiterate population, this indicator shows high values in section 11 in district 1, sections 1, 9 and 11 in district 2 and sections 4 and 5 in district 3. Again, all of these sections are on the riverside. Finally, the indicators related to the municipal data concerning tourism and the district data on people with disabilities present very low values. Once normalized, both indicators show values lower than 0.1.



Similar to the evacuation time, the population density indicator is analysed for the cadastral parcels (Figure 6). Upon normalizing the values, there are only two parcels in which the indicator reaches the highest possible value of 1. The rest of the parcels show very low values, at less than 0.25.



In relation to resistance, the indicator related to the scarcity of information among the population decreases resistance considerably and imposes an increase of social vulnerability [75,83,85]. The main reason for this low information level is the inadequate effort of the government and local authorities to encourage training actions to reduce vulnerability. In the case of Ponferrada, these actions must focus not only on the breakage of the dam but also on other flood phenomena caused by the overflowing of rivers, which have much higher frequency. This type of action would cause a state of alert in the population that should not be confused with a state of alarm. The population will not reach this second state once they know how to act.



On the other hand, the indicators that increase resistance, and therefore reduce social vulnerability, are those related to communications, including those with reference to telephone and Internet access, indicators of emergency and health personnel and indicators concerning community equipment related to the number of beds. Ponferrada presents high values of these indicators since it is an area with a certain level of development and good standards of living due to the solidity of the institutions and the guarantee of services and basic rights (Table 6 and Table 7).




5. Discussion


It is necessary to promote a culture of prevention that favours the study of the different types of vulnerability in a certain area to save millions of euros, avoid the loss of accumulated wealth and, above all, save human lives in the face of disasters [40,64,100]. The present research focuses on the social aspect and proposes a method for quantifying it based on the integration of exposure level and resistance components. With this purpose, the developed method is based on vulnerability indices as they allow dimensionless results to be obtained at the social level that can be objectively compared with vulnerability in different areas, during different periods of time and at different scales.



According to the results, the indicator that shows greater relevance concerning the increase of a society’s vulnerability is the evacuation time, which is a novel indicator in this type of study; very few studies have included it to define vulnerability [88]. Its importance is that it establishes a very clear threshold between areas where there is a possibility of social recovery and those in which such recovery is truly difficult. The latter correspond to areas in which the evacuation time is greater than the time of arrival of the water sheet, so they represent locations where there is not sufficient time to reach a comfort zone. Evacuation times may increase considerably depending on two factors: the time of day and the characteristics of the population. If the disaster occurs at night, when most people are sleeping, the population’s reaction time will be longer, and they will need more time to reach a safe place. At the same time, the displacement velocity will vary according to whether the evacuated population includes old people, children and individuals with disabilities, for instance. The main way to reduce these indicator values would be to increase the alarm time and developing early warning systems. Specifically, the alarm time refers to warnings carried in emergency messages through loudspeakers, lights or sounds [101]. If this time is added to the time of the water wave arrival, a person has more time to assimilate the alarm information and initiate movement for a correct evacuation. The resistance of society thus increases, and social vulnerability decreases. At the time this study was performed, Ponferrada did not have an alarm system or emergency plan to broadcast emergency messages if a dam failure occurred. Since the time for the water wave to reach the town is approximately 15 min, if messages are spread when the dam breaks, there is not enough time to save all the people in the town. This is why the values of the evacuation time indicator are so high. Nevertheless, the latest studies suggest remaining at home [89] or converting the upper floor of buildings at meeting points [59]. However, these alternatives will only be safer if they are included in emergency planning and citizens know before the event how to react.



Another indicator relevant to vulnerability studies is the population density indicator [84,86]. As expected, it is a basic indicator since if there is no population, the social vulnerability will be minimal. This is the main reason for the high weight value with respect to the rest of the indicators. In contrast to other studies, in the case of Ponferrada, the importance of this indicator lies in its weight and not in the overpopulation condition or high number of people living on each unit of the surface [75,82,84,86]. Although the calculation of its real value does not present difficulties, its normalization is complex and requires working at the building portal level to establish the evacuation capacity of people in buildings. For this reason, GIS is the only tool that can be applied in this process.



Ponferrada is an old society, which implies high vulnerability, but it has a low number of immigrants, foreigners and people with disabilities. This means that indicators related to these three groups will show lower values than in towns where there is an important economic development that functions as an immigrant call [80] or where there is an important tourism inversion [83].



The normalization of each of the indicators allows dimensionless values [75] to be obtained to enable the comparison of results not only in different periods but also in different study areas. However, not all normalization processes allow this multi-area analysis [64,102]. To achieve this goal, normalization must avoid the use of the maximum value obtained in the specific study area and work with generic concepts that can be assigned as minimum and maximum values. These generic values may be ratios, recommendations or already established standards at both national and international levels without forgetting the context of the study area. In the case of non-existent indicators, this generic value may be associated with the generic value of a similar indicator. For instance, in the case of Ponferrada, the maximum value applied to normalize the indicator of the number of volunteers was the same maximum value established for the local police. Nevertheless, this process is not always easy. The need to search for a generic value for each of the indicators in the transformation function is the step that presents the greatest difficulty when normalizing indicators.



Concerning the weights, the AHP method has shown its fitness for some of the indicators. This method has several characteristics, including the incorporation of both qualitative and quantitative indicators, the hierarchical decomposition of the problem, the organization and structure of the criteria, the mathematical sustenance of the method and the analysis of inconsistencies of the judgements issued, that contribute to the quality of the drawup of the decision process [103]. Nevertheless, this method also has some drawbacks. In this study, two problems were found in its application. The first is that the interviewed experts had some difficulties in establishing judgements about the weights of the indicators because of the large number of indicators, which hindered comparative analyses between them. For this reason, certain inconsistencies were found in the values of the weights assigned by the interviewed experts. To avoid these inconsistencies, it is recommended that in addition to the weight values, the experts establish a hierarchy of the indicators that define the exposure degree of social vulnerability and another hierarchy for the indicators that define resistance to social vulnerability. In this way, if inconsistencies are detected, possible failures in the paired comparison of the indicators can be solved, as has been done in this work. In turn, to facilitate the generation of matrices containing the weights of the indicators, a document with a brief definition of each of the indicators to be analysed should be added to the surveys to achieve homogeneity in the language and identical interpretations. The second problem that the AHP method presents is its rigor; it is not flexible in the face of future changes. This means that new indicators cannot be incorporated to define different vulnerabilities. The surveys should be repeated, incorporating the new indicators to assign the new weights.



Finally, the distribution of social vulnerability data by means of a map has been shown to be a useful tool for delimiting the areas most vulnerable to floods and to allow their diagnosis. For instance, the evacuation time map together with a map of the characteristics of buildings may help to define meeting points in high buildings spread within the flood water sheet to save people who otherwise would not reach a safe area. Therefore, working at a detailed scale proves worthwhile not only for emergency response but also for better prevention planning, improving the resilience of society. The new open-access data appear to be a perfect source to perform this type of study, although these data have limits in the scale of analysis due to the personal protection data law requirements.




6. Conclusions


Natural disasters are an increasingly popular topic at the social and economic levels since there has been a significant increase in their impact in recent decades. Therefore, it is necessary to promote a strategic and systematic prevention approach that allows the reduction of vulnerability in the face of threats, dangers and risks associated with disasters and emphasizes the need to use adequate means to increase the resilience of nations and communities in the face of disasters. The analysis of vulnerability from a social perspective has proven a valuable tool to support flood risk planning and management, when comparing the results of social vulnerability at multi-temporal and multi-spatial levels.



In the present study, the proposed method makes these comparisons possible through the use of several indicators whose normalization is based on generic values. The definition of these values has been shown to be the most difficult step of the method due to the lack of data on some of the treated indicators, so the method is open to some adjustments adapted to different study areas and types of risks. Regardless, the practicality of the proposed method has been proven by applying it in the urban area of the Ponferrada nucleus (León) in the case of a flood due to the rupture of the Bárcena dam and, in a concatenated way, to the breakage of the Fuentes del Azufre dam. The results of this application showed high social vulnerability as a consequence of the lack of time to evacuate. This indicator showed that the 15 min required for the water wave to reach the town are not enough to evacuate the inhabitants in the affected area. Almost 77% of the affected population of Ponferrada will not be able to reach a safe place.



Finally, the proposed method presents the results with high spatial variability by means of a map. This cartography allows the delimitation of the most vulnerable areas facing floods at the smallest possible scale to allow their diagnosis. This entails, among other tasks, the design of prevention, emergency and evacuation plans and decision-making with respect to the locations of new constructions.
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Figure 1. Location of the study area. 
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Figure 2. Census sections potentially affected by the water sheet. 
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Figure 3. Relationships among the elements of the proposed vulnerability index. 
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Figure 4. Map of the social vulnerability in Ponferrada due to a potential dam break. Break values of the legend correspond to the quantile distribution to better visualize the spatial distribution of index values. 
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Figure 5. Normalized evacuation time map in Ponferrada. 
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Figure 6. Normalized population density indicator in Ponferrada. Break values of the legend are adjusted to better visualize the spatial distribution of index values. 
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Table 1. Description of the proposed factors and indicators used to analyse the degree of exposure of social vulnerability for flood events.
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Factors

	
Exposure Indicators

	
Normalized Values

	
Spatial Scale






	

	
QUANTITATIVE INDICATORS

	

	




	
Age population

	
% children = (population under 16 years/total population) × 100

% elderly = (population over 65 years/total population) × 100

	
0%—0

100%—1

	
Census section




	
Gender population

	
% women = (population of women/total population) × 100

	
Census section




	
Foreign population

	
% foreigners = (foreign population/total population) × 100

	
Municipal level




	
Tourist population

	
% tourist = (tourist population (national and foreign)/total population) × 100

	
Municipal level




	
Population density

	
Population density =Total population/surface

	
Min = 0

Max = 500

	
Parcel level




	
Evacuation time

	
Evacuation time

	
Min = 0

Max = arrival time of the water sheet

	
Parcel level




	
Education

	
% illiterate population = (population without studies/total population) × 100

	
0%—0

100%—1

	
Census section




	
Disabled population

	
% disabled = (population with disabilities/total population) × 100

	
0%—0

100%—1

	
District level
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Table 2. Description of the proposed social vulnerability factors and indicators of resistance to flood events.
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Factors

	
Resistance Indicators

	
Normalized Values

	
Spatial Scale






	

	
Quantitative Indicators

	

	




	
Communications

	
% of households with a telephone = (households with telephone lines/total number of cores) × 100

% of households with ADSL = (households with Internet access/total number of households) × 100

	
0%—0

100%—1

	
Census section




	
Emergency services

	
Number of firefighters per 1000 inhabitants = (firefighter number/total population) × 1000

	
Min = 0

Max = 1

	
County level




	
Number of local police per 1000 inhabitants = (local police number/total population) × 1000

	
Min = 0

Max = 1.5

	
Municipal level




	
Number of national police per 1000 inhabitants = (nº of national police/total population) × 1000

	
Min = 0

Max = 2

	
County level




	
Number of health staff per 1000 inhabitants = (nº of doctors and nurses/total population) × 1000

	
Min = 0

Max = 2.3

	
Municipal level




	
Transport

	
Number of vehicles that can leave the affected area according to the type and number of accesses (roads)

	
Min = 0

Ma x= 3015

	
Water sheet level




	
Accessibility

	
% of accesses not affected by the water sheet= (nº of unaffected accesses/total) × 100

	
0%—0

100%—1

	
Water sheet level




	
Community equipment

	
Number of beds per 1000 inhabitants = (nº of beds/total population) × 1000

	
Min = 0

Max = 3.1

	
County level




	
% of reception centres (surface area in m2) (sports, cultural equipment, etc.)

	
0%—0

100%—1

	
Municipal level




	
% of unaffected schools = (nº of schools not affected/total) × 100

% of unaffected medical centres = (nº of unaffected medical centres/total) × 100

% of unaffected police centres and firefighters = (nº of unaffected centres/total) × 100

	
0%—0

100%—1

	
Municipal level




	
Water supply system

	
% of unaffected water supply elements = (nº of water supply elements not affected/total) × 100

	
0%—0

100%—1

	
Municipal level




	
Solidarity and social participation

	
Number of volunteers

	
Min = 0

Max = 1.5

	
Municipal level




	
QUALITATIVE INDICATORS




	
Government responsibility

	
Historical record of disasters (Yes/No)

Alert system (Yes/No)

Emergency plan (Yes/No)

Emergency drill (Yes/No)

Evacuation routes (Yes/No)

Courses or brochures (Yes/No)

	
Yes—1

No—0

	
Municipal level
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Table 3. Weights of indicators that indicate the exposure degree of social vulnerability.
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	Indicators
	Weight (wi)





	Population density
	0.264



	Evacuation time
	0.264



	% disabled
	0.121



	% children
	0.105



	% elderly
	0.104



	% foreign tourism
	0.042



	% foreigners
	0.032



	% national tourism
	0.024



	% illiterate population
	0.025



	% women
	0.018
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Table 4. Weights of indicators that indicate the resistance of social vulnerability.
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	Indicators
	Weight (wi)





	Qualitative indicators: Historical record of disasters, alert system, emergency plan, emergency drill, evacuation routes and courses or brochures
	0.186



	Number of firefighters, local and national police per 1000 inhabitants
	0.133



	% of unaffected police centres and firefighters
	0.098



	Number of volunteers
	0.084



	Number of health staff per 1000 inhabitants
	0.078



	% of accesses not affected by the water sheet
	0.077



	% of unaffected water supply elements
	0.068



	% of unaffected medical centres
	0.058



	% of reception centres (surface area (m2) of sports centres, cultural centres, etc.)
	0.049



	% of schools not affected
	0.048



	Number of beds per 1000 inhabitants
	0.044



	% of households with telephone
	0.035



	% of households with ADSL
	0.024



	Number of vehicles that can leave the affected area according to the type and number of accesses (roads)
	0.019
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Table 5. Indicators related to age, gender, foreigners and education in Ponferrada. The highest values appear in bold font.






Table 5. Indicators related to age, gender, foreigners and education in Ponferrada. The highest values appear in bold font.





	
Census Section

	
% Children

	
% Elders

	
% Women

	
% Foreigners

	
% Illiterate Population






	
DISTRICT 1




	
1

	
14.2

	
16.6

	
51.6

	
4.2

	
15.1




	
3

	
9.5

	
18

	
50.9

	
3.2

	
14.5




	
8

	
18.8

	
18.5

	
49.1

	
6.6

	
15.9




	
9

	
19.1

	
12.8

	
49.4

	
0

	
15.7




	
11

	
14.7

	
25.7

	
55.1

	
0

	
40.4




	
Average

	
15.26

	
18.32

	
51.22

	
2.8

	
20.32




	
DISTRICT 2




	
1

	
3.1

	
32.6

	
49.6

	
1.34

	
37.9




	
2

	
24

	
12.4

	
47.6

	
20.22

	
13.5




	
3

	
9.1

	
19

	
52.3

	
3.13

	
11.9




	
4

	
10.1

	
12.5

	
50.4

	
8.12

	
9.3




	
5

	
15.9

	
13.4

	
52

	
8.94

	
25.2




	
6

	
7.3

	
28.2

	
50.5

	
9.22

	
21.8




	
7

	
8.1

	
20.8

	
50.2

	
10.1

	
10.4




	
8

	
9.1

	
12

	
57.7

	
7.57

	
26.2




	
9

	
8

	
30

	
50.2

	
8.92

	
34.7




	
10

	
10.5

	
20.1

	
48.9

	
11.71

	
19.2




	
11

	
3.2

	
29.1

	
46.8

	
0

	
39.9




	
12

	
18.1

	
17.6

	
48.6

	
22.25

	
21.7




	
13

	
12.9

	
17.1

	
58.8

	
0.4

	
17.7




	
14

	
12

	
31.2

	
64.8

	
0

	
16.8




	
15

	
20.8

	
6.9

	
53.8

	
0

	
7.6




	
16

	
20.3

	
3.7

	
52.5

	
0.8

	
6.4




	
Average

	
12.03

	
19.16

	
52.17

	
7.05

	
20.01




	
DISTRICT 3




	
1

	
21

	
11.8

	
49

	
10.8

	
11.8




	
2

	
11.9

	
30.5

	
58.8

	
2.5

	
31.7




	
3

	
16.2

	
22.7

	
51.6

	
6.5

	
32.7




	
4

	
9.1

	
20.7

	
50.9

	
0

	
34.1




	
5

	
8.7

	
10.9

	
50.5

	
25.5

	
41.8




	
6

	
15.6

	
16.9

	
47.5

	
6.5

	
21.3




	
7

	
15

	
22.8

	
46.4

	
0

	
30.3




	
Average

	
13.93

	
19.47

	
50.67

	
7.40

	
29.10




	
DISTRICT 5




	
4

	
16.8

	
21.9

	
51.8

	
0.5

	
15.1




	
OVERALL STUDY AREA




	
Average

	
13.21

	
19.19

	
51.63

	
6.17

	
22.09
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Table 6. Values of indicators of health, security and community equipment in Ponferrada.
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	Indicators
	Values





	Number of health staff per 1000 inhabitants
	1



	Number of beds per 1000 inhabitants
	0.788



	Number of firefighters, local and national police per 1000 inhabitants
	0.614



	Number of volunteers
	0.485



	Reception centres (surface area (m2) of sports centres, cultural centres, etc.)
	0.809



	% of unaffected medical centres
	0.5



	% of unaffected water supply elements
	0.485



	% of schools not affected
	0.406



	% of unaffected police centres and firefighters
	0



	Information on the population
	0



	% of accesses not affected by the water sheet
	0.8



	Number of vehicles that can leave the affected area according to the type and number of accesses (roads)
	0
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Table 7. Values of communication indicators calculated at the census section level but presented in this table at the district level because their values are quite homogeneous in the study area.
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Indicators

	
District Level




	

	
Values

	
Number






	
% of households with a telephone

	
0.943

	
1




	
0.945

	
2




	
1

	
3




	
1

	
5




	
% of households with ADSL

	
0.621

	
1




	
0.616

	
2




	
0.485

	
3




	
0.744

	
5
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