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Abstract

:

Increasing extreme weather and climate events have led to recurrent disasters that cause significant harm to human populations. The aim of this present study is to complement Costa Rica’s National Meteorological Institute 2017 risk assessment methodology for extreme weather and climate events. This methodology uses different socio-spatial indicators related to vulnerability and hazards to extreme hydrometeorological events. However, in the methodology applied and presented in this document, an exposure component was added to the model to obtain a more detailed representation of climate-related risks. The presented methodology was implemented in the municipalities of Cartago and Turrialba, where the frequency and severity of weather events have been a major issue in the last few decades. The results showed in fact, there were considerable differences between both, whereby factoring in the exposure component it is possible to visualize more specific risk zones, which evidences the need to include exposure components in this type of model, as this may allow for more timely responses and disaster risk prevention according to the specific vulnerability conditions in these zones. The outcomes at the minimal geostatistical unit level can aid local decision makers in developing more effective disaster risk management and adaptation strategies to minimize the loss of life and property resulting from extreme weather and climate events in Costa Rica.
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1. Introduction


The frequency and intensity of weather-related disasters are on the rise globally [1]. This trend is primarily driven by the accelerating effects of human-induced climate change [2,3,4]. Since the start of the Industrial Revolution, the emission of greenhouse gases and other substances such as aerosols have led to a rise in atmospheric levels, resulting in an increase of around 1.07 °C in the Earth’s average surface temperature, with variations observed between the northern and southern hemispheres and in the oceans [4].



Central America ranked among all the countries with the highest risks worldwide according to the World Risk Report 2018 [5]. This is due to the location and geographical context as the risk involving coastal hazards such as typhoons, storm surges, and rising sea levels is high. Hydrometeorological events account for more than 80% of the disasters in this country during the last century [6].



The increasing frequency of weather-related disasters, driven by climate change, is exacerbating the issue of social vulnerability and hazard exposure [7]. This highlights the need for improved risk assessments using multi-scale, multi-variable approaches [8]. Effective adaptation strategies must consider not only an analysis of weather-related hazards but also the vulnerability and degree of exposure of key stakeholders and affected populations to accurately assess and address rapidly changing risk conditions.



In a regression analysis within a model of disaster risk determination, there is a significant association between the increase in disasters and population exposure, represented by population densities. There is a significant association between climate-related hazards (greater precipitation linked to floods and storms and especially higher temperature linked to droughts and heat waves) and the frequency of weather-related disasters in Asia and the Pacific and its subregions during 1971–2010 [9].



The Sendai Framework for Disaster Risk Reduction developed a conceptual framework for disaster risk reduction globally by combining concepts of vulnerability, hazard, and exposure through a variety of analytical tools [3,10]. The characterization of climate change impacts on natural and human systems depends on a complex interaction between global mitigation and local adaptation actions, which vary depending on geography, economy, politics, and society [11]. While statistical models can predict the likelihood of extreme events and potential losses, the attribution of causality of these events is complex and subject to uncertainty [12]. To assess hydrometeorological risk, multivariate approaches combining different indicators, either qualitative or quantitative, are used [13]. Multivariate methods can handle many variables but their interpretation requires precise statistical estimates [14].



To effectively assess the adverse effects of climate-related hazards on human populations, the use and management of geostatistical data is crucial. These methodologies allow for the comparison of risk factors between geographical areas and facilitate the monitoring of changes resulting from damaging events in dynamic geomorphological and socioeconomic contexts. High-resolution models generated from these data can help identify risk zones and provide valuable information for future climate risk projections. This information can then be integrated into land-use plans and urban design by local authorities, thereby contributing to more effective adaptation measures [15,16,17,18].



Being a small country with a tropical climate and a topography featuring steep hills and numerous rivers, Costa Rica is highly susceptible to disasters associated with extreme weather events, floods, and landslides. Hydrometeorological hazards are the primary cause of over 80% of recorded disaster events in the country [16]. To address this pressing issue, there is a need to enhance the accuracy and reliability of climate risk analysis models. This paper presents the findings of a study that applied a climate risk assessment model to the municipalities of Cartago and Turrialba in Costa Rica. The model uses a high-resolution geospatial approach that integrates vulnerability and exposure indices with hydrometeorological hazards, providing valuable insights for climate risk management.




2. Methodology


2.1. Geographical Setting


Costa Rica constitutes an illustrative case for the study of the risk of extreme hydrometeorological events due to its geographical location, as the country’s geological, geomorphological, biological, and climatological characteristics make it prone to intense hydrological dynamics [19]. Such events are largely due to a high incidence of tropical cyclones, the influence of the El Niño phenomenon (ENSO), and associated hazards [20]. Moreover, with a socioeconomic structure typical of many Central American countries, Costa Rica has adopted ineffectual land-use planning policies with a limited impact on spatial planning at the national, regional, or local levels [21]. According to the historical record of disasters in Costa Rica and the DesInventar disaster database, Cartago and Turrialba (Figure 1) are among the ten top municipalities in the country for damaging hydrometeorological events.



These municipalities are mostly rural, with significant fast-growing urban central areas [22]. The main cities are often located in high-energy alluvial fans because elsewhere steep slopes and narrow terraces offer limited suitable land for urban growth [23]. For this reason, some of the most exposed populations have been affected in recent years by floods and landslides. Rapid urban growth coupled with informal and unplanned urban sprawl and global climate change poses a major challenge for land-use planning and urban managers [24]. Costa Rica has set forth ambitious policy goals in disaster risk reduction and adaptation to climate change, with the clear objective of reducing the country’s contributions to climate change. At the same time, these policies seek to improve the quality of urban life through adaptation measures that aim to bolster the resilience of cities while reducing their vulnerability and ultimately preventing the associated risks for their inhabitants [25]. Therefore, the development of appropriate methodologies to identify the locations and causes of different climate-related risks is needed to prioritize disaster risk reduction and adaptation actions.




2.2. Data and Variables


The proposed methodology is heuristic in nature through the application of a high-resolution spatial model for the risk analysis of extreme hydrometeorological events in different municipalities of Costa Rica. It is based on a multi-variate approach, where risk drivers are defined by multiplying hazards by socioeconomic vulnerability and exposure, in order to map high-risk areas through Geographical Information Systems (GIS).



The hydrometeorological risk model is based on Retana’s methodology [15] and on further adaptations made by this work. This model adopts a social vulnerability approach, aiming at informing municipal planning efforts, which incorporates new variables that have relevance in decision making for disaster risk reduction and climate change adaptation by municipalities. These variables include areas prone to wildfires, as well as landslide and flood-prone areas, in addition to the climatological aridity indicator. These variables were included to reflect differential levels of exposure, in order to measure how selected assets can be preserved from being damaged by a specific natural hazard [26]. Namely these variables, through their location, indicate the primary manifestation of the hazard, and according to differential vulnerability, the potential risk can be adequately characterized. In addition, this methodology can be used to project these variables into the future, also considering possible risk scenarios derived from evolving climate change conditions.



The methodology uses indicators that are related to the vulnerability and hazard components, each one determined by the sum of different relevant variables, also working with standardized data from a formula either positive or negative according to the behavior of the variables. These variables are then standardized between them using the Excel platform because it is necessary to know the maximum and minimum to calculate the vulnerability in each minimal geostatistical unit (MGU). The MGU constitutes the means by which the INEC (National Institute of Statistics and Census) clusters the statistical social information of a population, in a minimum area defined by an extension of territory with similar characteristics and that also has some natural or human features such as rivers or streets so that these basic geostatistical units may be easily identifiable.



The formula for positive normalization is as follows:


      c e l l   v a l u e − m i n i m u m   v a l u e   o f   t h e   s e r i e s   m a x i m u m   v a l u e   o f   t h e   s e r i e s − m i n i m u m   v a l u e   o f   t h e   s e r i e s     × 10  








where the base that is multiplied at the end refers to the total range in which the data will be displayed, so that all calculated indicators are normalized to the same range, in this case from 0 to 10, to make them comparable.



On the other hand, negative normalization is used when an increase in the indicator leads to a decrease in vulnerability and vice versa, therefore, there is an inverse relationship between both components. The formula for negative normalization is as follows:


      m a x i m u m   c e l l   v a l u e − t o t a l   v a l u e   o f   t h e   s e r i e s   m a x i m u m   v a l u e   o f   t h e   s e r i e s − m i n i m u m   v a l u e   o f   t h e   s e r i e s     × 10  











The process to obtain the data for the vulnerability index from the livelihood indicator was differentiated through a factor-weighted methodology that consisted of assigning a relative weight of each MGU to every economic activity, taking as a reference the total population of each of them. Later, the weights are obtained by the difference between the ideal value (which is obtained through an assumption of ideal distribution) and the observed value, taking into consideration the twenty-one economic activities defined. Finally, these differences are added up by row, and thus a number is obtained for each MGU, which will later be transferred to the data matrix to be normalized by applying the formula (Table 1). This provides a high-resolution, spatially differentiated analysis of vulnerability at the MGU scale.



2.2.1. Hazard


The characterization of weather-related hazards was derived from the analysis of meteorological data showing the average annual precipitation over a thirty-year period corresponding to the rainy extreme (90th percentile) according to data obtained from the hydrometeorological stations of the National Meteorological Institute (IMN) based on a Gaussian distributional histogram. According to the intensity of precipitation, its location, and distribution at the district level, a relative hazard index was defined for each district of the canton, resulting in one district with the highest rainfall index and another with the lowest rainfall index.



The precipitation data are vector data obtained from the interpolation between the different meteorological stations that cover the extension of the country. These data come from the National Meteorological Institute (IMN) as the official source of climate data for Costa Rica.




2.2.2. Exposure


In addition to the rainy risk model proposed by Retana et al. [15], this methodology provides an additional analysis of the contribution of exposure to extreme weather hazards as a key risk driver. Two key variables were added, which are the proximity to rivers or flood zones and the presence of steep slopes.



The variable of proximity to rivers shows the presence or absence of rivers in each minimal geostatistical unit (MGU). Thus, there is a higher risk of exposure in those MGUs with the presence of rivers than in the MGUs with the absence of rivers. Regarding slopes, a high-resolution digital elevation model (DEM) was generated from the contour lines of the municipalities under study from which the slopes are generated. Once this information is available and refined at the MGU level, a reclassification is made according to the classes used by Mora–Vahrson–Mora for landslide susceptibility, where the higher the slope range, the greater the exposure [27].



The generated result reveals the points or areas with greater exposure to hydrometeorological risk for the municipalities under study according to the relationship of the hazard and vulnerability variables identified in each MGU. These exposure models have a cell size of 5 × 5 m.



Based on the results of the models, the critical areas with the highest level of climate risk were selected, and field visits were conducted to corroborate the risk profile generated by these models, in order to assess the risk phenomena identified. At the same time, this assessment serves as a basis to establish courses of action for the competent municipal authorities, thus providing solutions and recommendations in terms of future land-use plans for local adaptation and disaster risk management measures for the areas at greatest risk from extreme hydrometeorological events.




2.2.3. Vulnerability


The environmental indicators are incorporated into the sum of the normalized socioeconomic vulnerability indicators, thus obtaining the integrated vulnerability index (IVI), which will be normalized again using the positive normalization formula (Table 1).



For the socioeconomic variables, indicators of poverty and dependent population are selected to calculate the integrated vulnerability index. The poverty indicator is calculated by means of the unsatisfied basic needs Index (UBN), which takes data on the population’s deprivations (access to knowledge and other goods, access to drinking water, access to healthcare, and access to decent housing).



The dependent population, as an indicator for calculating the integrated vulnerability index, includes physical and mental limitations (PLI), which are understood as the population with little or no mobility of arms or legs, and with visual, hearing, and speech impairments. Mental limitations are those associated with intellectual or mental problems. Inhabitants under 14 years of age (CHI) and inhabitants over 65 years of age (OLD) are also considered dependent populations. Unemployment (UNE) is considered another indicator of the dependent population since the impact of a risk event has a low chance of recovery due to their economic condition.



The data for calculating these socioeconomic variables are taken from the 2011 population census from Costa Rica. These variables, by determining the social vulnerability, contribute to determining the most at-risk areas from suffering losses and damage from extreme weather events.



As for the environmental indicators, the livelihood opportunities (OPP) are considered, which are taken from the 2011 population census at the GMU level. This takes into account the number of available sources of employment, assuming that the greater the diversification, the lesser the vulnerability because if a single source of employment is affected, it does not affect the entire population within the GMU under study. land-use conflict (LUC) is also considered, which is processed by overlaying shape files at the district level containing information on the recommended use of the land and the use that is actually given to it. The greater the conflict of use, the greater the vulnerability, due to the fact that this contributes to compounding the number of exposed populations to natural hazards among others.



Protected areas (PARs) are also considered an indicator of vulnerability since the more protected areas in each district, the lower the vulnerability will be since these areas contribute to regulating hydrological services more than other anthropic land uses. These are the official vector data of the country for each canton. The last indicator considered is accessibility (ACC), which by means of vectorial data also officially takes into account the density of roads with respect to the total population of each district, assuming that the higher the density, the lower the vulnerability, since in case of an extreme hydro-meteorological event the possibility of being left stranded is lower.






3. Results


3.1. Risk Analysis for the Cartago Municipality


3.1.1. Vulnerability


Based on the 2011 Population Census of Costa Rica, the municipality of Cartago has a total population of approximately 147,898 people, where the largest percentage of its population (21%) lives in the district of San Francisco (31,879 people). In contrast, the smallest population is located in the districts of Tierra Blanca and Llano Grande (3%) located to the north of the canton, and Quebradilla (4%) [28]. The last two aforementioned districts (Tierra Blanca and Llano Grande) have more rural characteristics.



Figure 2 shows the socioeconomic and environmental profiles for each district in the Cartago municipality. The Oriental and Occidental districts correspond with the most densely populated areas at the center of the city of Cartago. In the Oriental district, the variables with the greatest weight in the socioeconomic profile are limitations and the population over 65 years of age. In the environmental profile for the same district, the variable with the greatest weight is protected areas, being an urban zone without the presence of conservation areas. The environmental profile of the district of Occidental is very similar to that of Oriental, the socioeconomic profile varies slightly, with the same dependent population having the greatest weight of vulnerability but in this case the child population (zero to fourteen years of age).



The highest vulnerability zone is concentrated in the Quebradilla district, which is one of the districts with the highest percentage of the population with unsatisfied basic needs (UBN) (population with little or no access to water and healthcare, knowledge, decent shelter, or other goods), with 31%. On the other hand, Cartago’s central area, where Los Diques is located, in San Nicolás, Taras, represents a level of medium and medium-high vulnerability, this explains the low indices of quality of life and socioeconomic development of its population.



Vulnerability in districts such as Corralillo and Llano Grande is medium to medium-high, and in urbanized districts such as Central, El Carmen, and Occidental, the vulnerability in most of the MGUs is medium and low (Figure 3). The indicators with more weight, according to Figure 2, are UBN and accessibility in Llano Grande. Moreover, there is a low average of presently protected areas and a high average of the population from 0 to 14 years old in Corralillo. While in Central, El Carmen, and Occidental, the indicators with more weight are vulnerable populations (0 to 14 years old and over 65), protected areas, and land-use conflict.



Tierra Blanca, however, has a medium-to-low vulnerability index, being an outlying district, with important tourist activity due to the presence of the Irazú Volcano National Park Prusia Sector as well as the Durán Sanatorium, which are frequently visited. Likewise, Tierra Blanca is a district whose main economic activity is agriculture and livestock, producing a significant proportion of vegetables sold on the national market [29].




3.1.2. Analysis of the Rainfall Risk Index According to the Differential Exposure Criteria


The districts of Llano Grande and Quebradilla are more homogeneously affected by rainfall risk, and several specific MGUs in the districts of Corralillo, San Francisco, and San Nicolás are affected by high and medium-high ranges of extreme rainfall risk. At Los Diques settlement in Taras, San Nicolás, the extreme rainfall percentile has a greater impact; the MGUs present in this location determine a zone that is highly exposed to the impacts of extreme hydrometeorological events (Figure 4a,c).



The district with the highest percentage of the population with a rainfall risk index for hydrometeorological events in Cartago is Llano Grande, located at a higher altitude on the flanks of the Irazú volcano, with 99% of its total population within the maximum rainfall risk range (Figure 4b). Next, in the district of Quebradilla, 92% of the total population has a high and medium-high risk index, which is the second highest in this municipality (Figure 4d). Then, of the total population of the district of San Francisco, 39% has a high and medium-high risk index; of the total population of the district of Corralillo, 33% has a high and medium-high risk index; and of the total population of the district of San Nicolás, 31% has a high and medium-high rainfall risk index. The remaining districts have a low rainfall risk index of 0%. The present risk trend shifts mainly towards areas that are socially identified as unsafe, such as Los Diques in Taras, where the rainfall percentile has a greater impact as well as where the indicators of dependency and unsatisfied basic needs are high (Figure 5).



The risk index for extreme hydro-meteorological events in Cartago shows greater detail of the presence of rainfall risk in the specific MGUs of the municipality. In the Occidental, Oriental, and El Carmen districts, several areas go from low to medium-low risk. In the district of Dulce Nombre, mainly its MGUs are at medium risk. Districts such as Llano Grande and Tierra Blanca do not present significant differences from what has already been analyzed in Figure 3. The Quebradilla and Corralillo districts generate an increase in their risk zones or MGUs due to high exposure rates. With the adherent factor of exposure, the MGUs—according to the incidence of the indicators of slopes and proximity to rivers—tend to rise in rank, which generates a more detailed result of specific zones at high risk from hydrometeorological events, attributing the influence of the adherent geographical variables.





3.2. Risk Analysis for the Turrialba Municipality


3.2.1. Vulnerability


The municipality of Turrialba for the 2011 census had a total of 69,616 inhabitants, with a population density of 44 inhabitants per km2. In general, the canton has a literacy rate of 85%. Among the predominant economic activities in the municipality, 21% of the population is engaged in agriculture and livestock, followed by commerce and vehicle repair with 14%, as well as manufacturing and education with 11% and 10%, respectively.



Municipality districts such as Santa Teresita, Peralta, Pavones, La Isabel, Tayutic, and Chirripó have high levels of risk in practically the entire district. Regarding the ponderation of different indicators in the configuration of the integrated vulnerability index for these different districts, as per Figure 2, most districts share the same configuration of vulnerability, where the indicator with the greatest influence in all districts is the dependent child population. The difference in these cases is given by the environmental factors, where, for example, the districts of Turrialba, Pavones, Tuis, and Tayutic have greater vulnerability in terms of their capacity of use and ASP; La Suiza has a similar high weight in all the environmental indicators; Chirripó has less influence from land-use capacity but a greater influence from the indicators of accessibility, proximity to protected areas, and opportunities. Chirripó, the largest district by far, is also characterized by large indigenous territories in this mountainous region to the southeast of the Turrialba municipality, with low population densities but high levels of vulnerability.



Districts such as La Suiza, Santa Rosa, and Santa Cruz have lower levels of vulnerability; however, within their territory, some minimal geostatistical units remain highly vulnerable. On the other hand, Peralta, Tres Equis, and Santa Teresita have a similar configuration in the indicators of social vulnerability and the environment, with greater importance of the dependent child population but also of the elderly population, as well as the UBN and impairments. In terms of the environment, land-use capacity and lack of protected areas weigh most heavily, followed by accessibility.



As mentioned above, there is a convergence of high vulnerability values in these districts, both in terms of the dependent population and of the population with limitations and unsatisfied basic needs (UBN). In addition, there is a great influence of environmental variables, since almost all of them are with high indexes in terms of accessibility, proximity to protected areas, and land-use capacity.




3.2.2. Analysis of the Rainfall Risk Index According to the Differential Exposure Criteria


The results obtained (Figure 6) regarding the risk of extreme hydrometeorological events corresponding to the 90th percentile of average annual rainfall show a clear identification of the area with the highest risk index, coordinating with almost the entire territory of the district of Chirripó, located in the eastern part of the canton, which covers almost half of the total territory of the municipality. The other districts are at low risk, except for La Suiza, Santa Teresita, and Tres Equis, which have medium risk areas.



This result is due to the high vulnerability and high threat conditions, corresponding to Chirripó and La Suiza, followed by Tayutic, Santa Teresita, and Santa Cruz (Figure 7). The reason why the vulnerability present in the other districts does not show up in the risk result for extreme rainfall events is that comparatively, when normalizing the threat in the different districts, as Chirripó is a much larger district than the others it covers much more territory with high rainfall, so its relative importance is greatly intensified, standing out from the other districts.



However, as shown in Figure 8, the districts of Chirripó, Santa Teresita, Tres Equis, Pavones, and Tayutic present medium-, medium-high-, and high-risk conditions, followed by Suiza, Turrialba, Santa Cruz, Tuis, Peralta, Santa Rosa, and La Isabel, which present medium- and low-risk conditions. Compared to the risk map without including exposure, in addition to presenting an increase in risk in many districts, it also presents a diversification of risk levels within the same district, allowing to find more specific areas with higher levels of risk.



The reason why this result shows more areas at risk compared to the result without including exposure indicators is due to the high slopes and proximity to rivers (Figure 7b–d), which are present in all these districts mentioned, due to their geomorphology. This means that although it does not rain as much in these districts as in Chirripó, they do present other exposure conditions that can aggravate a risk situation in the face of extreme rainfall events.



It is important to mention that, as shown in Figure 7, the district of Turrialba usually presents risk scenarios due to the exposure of the population to the proximity of a river with a greater magnitude of flow than the others in the canton. The reason why this is not reflected in Figure 8 is that in the model all the rivers are considered of equal importance, therefore, it is necessary to include this in the model’s new official indicators of the exposure component, such as flood areas and the magnitude of the main stream’s flow.






4. Discussion


The most significant indicators affecting the vulnerability index in the municipalities of Cartago and Turrialba are unsatisfied basic needs, children and old-age dependency, protected wildlife areas, and access to roads, as well as land-use capacity. These indicators point to the exacerbation of social vulnerability at local, national, and regional levels in Latin America and the Global South, primarily due to poverty and unsafe living conditions, increasing natural hazards [30]. The obtained results can assist the local authorities in prioritizing risk mitigation actions through the development of resilience and adaptation to climate change, ultimately reducing the climate risk from extreme hydrometeorological events.



4.1. Methodological Limitations


This study has certain limitations in its methodology and information processing, leading to potential errors in the measurement of the vulnerability index and climate-related hazards. The differences in the temporal and spatial resolution of the models used may result in higher margins of error. The social indicators are derived from the 2011 Population Census of Costa Rica at the minimal geostatistical unit level, while environmental and hazard-related indicators are generated at the district level, causing a loss of geographical accuracy when high- and low-resolution spatial datasets are combined. This resolution issue has also been acknowledged in previous flood modeling studies in Costa Rica, as precipitation spatial distribution uncertainty generates significant variations in hazard manifestation [31].



There is a discrepancy in the temporal scale of the data layers: the social data at the land-use level are updated every decade through population and housing censuses, while the precipitation layer is an average of three decades, and the exposure data are current. The temporality of layers has been recognized as a challenge in risk calculation [32]. The use of layers from different sources and in different formats increases the likelihood of errors, thus it is crucial to ensure the temporal consistency of the data. Moreover, the absence of high-resolution layers for weather-related hazards, including precipitation data, hinders the use of advanced statistical correlations in this research.



It is also important to note the lack of an indicator related to the watershed dynamics in the territories under examination. This study only considers the extent and concentration of precipitation, without accounting for the hydrological response to extreme weather events and its impact on geomorphological dynamics, especially in the context of flood hazards. Previous research [33] highlights the significance of studying watershed dynamics, as it provides a basis for defining territorial spaces for sustainable management with extensive local or regional involvement in natural resource management and promotes regional development from within.



It is also worth mentioning that in the calculation of risk, the weight of the indicators may vary, with some having a greater impact on the outcome. In this study, however, all indicators are given equal weight. This approach based on equal weighting has been used previously [34] in a risk calculation model, where they argue that it facilitates comparability of data by assigning equal importance to all indicators. However, it is acknowledged that certain indicators may hold greater significance depending on the characteristics of the territory studied, thus further validation is necessary to determine which indicators have a greater weight in each high-risk zone. Further research could benefit from adopting multi-factorial approaches that assign varying weights to key indicators, potentially providing a more robust depiction of local-level risk drivers.




4.2. Implications of Vulnerability and Exposure Indexes


The methodology applied in this study successfully produced a more detailed and segmented analysis of risk by differentiating levels of risk into smaller areas. This provided a more in-depth examination of spatial patterns of risk. By incorporating an exposure component, the analysis provides a more comprehensive picture of current and future climate risk management and highlights critical areas that are particularly vulnerable. The inclusion of the exposure component significantly enriches the assessment of emerging climate risk and provides a more diverse understanding of risk configurations, including how exposure and vulnerability compound to increase overall risk.



The inclusion of areas near rivers and high slopes in the analysis of risk has improved the specificity of risk areas. This highlights the need for more accurate exposure indicators that can be obtained by focusing on the most susceptible areas [35]. The use of high-resolution spatial information in this study enables the integration of highly precise data, especially when assessing socioeconomic vulnerability. The resulting maps allow for the identification of patterns and specific zones where exposure exacerbates vulnerable areas, leading to potentially higher risk levels.



The results of the methodology developed [15], were successfully refined through this study. However, the methodology can be further improved by incorporating additional variables or modifying existing ones to better suit the needs of the research. Additionally, the unification of the scale of data sources can result in more consistent results, especially considering the need for high-resolution models to accurately represent the effects of climate change. This study contributes to the field by offering analytical tools for climate risk management, allowing for the identification of vulnerable and potentially at-risk areas in a timely manner, which can inform land-use planning and local adaptation strategies to effectively mitigate the impacts of climate risk on vulnerable populations.



The results of this study hold great significance in guiding local authorities to prioritize actions toward disaster risk mitigation. Furthermore, these authorities could effectively manage climate risks and strengthen resilience and adaptation to climate change. This methodology can contribute significantly to reducing the risk of extreme hydrometeorological events in Costa Rica, which cause increasing economic losses and damages at a high cost for the country every year. This is critical to implement effective risk management that promotes and enhances proper land-use planning in each study area to mitigate the impact of such events.





5. Conclusions


The methodology used in this study allowed for obtaining a more detailed and segmented cartographic product by incorporating an exposure component. The results allow for the identification of critical points and refinement of the methodology for future replications and improvement. The project was developed at a high-resolution spatial scale (MGU), which allowed for the integration of precise data, particularly when measuring socioeconomic vulnerability. Mapping the data identified patterns and specific zones where exposure compounds climate risks in highly vulnerable areas. The results can guide local authorities in prioritizing risk mitigation measures and improving adaptation to climate change, ultimately reducing climate-related risks in the face of extreme hydrometeorological events, thus reducing economic losses and high costs for the country.



Vulnerable populations should be a top priority in risk management plans for each municipality. Measures such as improving housing access and mobility, maintaining road infrastructure for evacuation, and ensuring functional sewage systems to prevent overflows should be implemented. Of equal importance is the identification and registry of dependent populations located in high-risk municipalities, in order to monitor their social conditions with updated information. This enhanced attention to the dependent population can ensure a timely and effective response in emergency situations. Overall, the goal is to reduce the risk and adverse effects of extreme weather events by promoting resilience and adaptation in the communities that need it most.



The proposed methodology is fit for purpose in terms of risk management. Through its timely application, this approach can contribute positively to the implementation of early warning systems for disaster prevention by determining the location of danger zones and highly vulnerable and exposed populations. It also can contribute to strengthening the risk management plans of each municipality through preventive and timely response measures. For example, measures for structural adaptation in terms of access and mobility in housing, shelters, and sidewalks, among others, may be mentioned. It is also recommended to promote stricter criteria for obtaining construction permits, especially in highly exposed areas, thus reducing the likelihood of future loss and damage. Overall, the results presented in this article provide promising perspectives for future climate risk studies through the implementation of high-resolution spatial models in Costa Rica and in other countries in the Central American region.
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Figure 1. Locations of study area (Turrialba and Cartago municipalities). 
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Figure 2. Socioeconomic and environmental variables used to determine the vulnerability profile in Cartago (upper panels) and Turrialba (lower panels). Socioeconomic variables: UBN (Unsatisfied Basic Needs); PLI (Physical Limitations); CHI (0–14 years old inhabitants); OLD (≥65 years old inhabitants); and UNE (Unemployment rate). Environmental variables: OPP (Opportunities); LUC (Land-use conflict); PAR (Protected Areas); and ACC (Accessibility). 
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Figure 3. Extreme rainfall risk index for the Cartago municipality. 
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Figure 4. Risk scenarios for the San Nicolás (a,c), Llano Grande (b), and Quebradilla (d) districts. These photos were taken at high risk points according to the model obtained. 
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Figure 5. Exposure-factored extreme rainfall risk index for the Cartago municipality. 
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Figure 6. Extreme rainfall risk index for the Turrialba municipality. 
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Figure 7. Risk scenarios for Peralta (a), and Turrialba (b–d) districts. These photos were taken at high risk points according to the model obtained. 
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Figure 8. Exposure-factored extreme rainfall risk index for the Turrialba municipality. 
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Table 1. Indicators and variables used to determine the integrated vulnerability index.
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Component

	
Scenario Type

	
Indicators

	
Source






	
Vulnerability

	
Socioeconomic

	
Poverty:

	
National Institute for Census and Statistics (INEC, Population Census, 2011)




	
Access to knowledge




	
Access to other goods




	
Access to potable water and health




	
Access to housing




	
Dependent population:




	
Population under 14 years old




	
Population over 65 years old




	
Population with physical and mental limitations




	
Unemployed population




	
Environment

	
Accessibility:

	
National Territorial Information System (SNIT)




	
Density of roads and streets (km/km2)




	
Ecosystem services:




	
Protected areas and national parks




	
Land-use capacity:




	
Classes between VI and VIII








Source: [14] based on [12].
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