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The Iberian Peninsula (IP) is anticipated to undergo future shifts in precipitation patterns and an increased occurrence of hot and dry extreme (HDE) weather events, including droughts and heatwaves. Such events pose substantial risks to the region’s population and ecosystems, particularly amidst evolving demographic dynamics marked by an overall population decrease and contrasting growth in urban areas. This study evaluates population exposure to HDEs in the IP, comparing projected conditions for the late 21st century with the historical period (1971–2000). The Standardized Precipitation-Evapotranspiration Index (SPEI) is used to quantify droughts’ duration and the number of warm months to assess the frequency of extreme heat events. Two representative concentration pathways (RCPs), specifically RCP4.5 and RCP8.5, are considered to represent distinct greenhouse gas emission scenarios. This research reveals a significant projected increase in population exposure to both drought and warm months across the entire IP by the century’s end, with climate change identified as the primary driver of this escalation. Certain regions will experience a particularly drastic surge in drought exposure, while exposure to warm months may exceed 500% in some cases. Climate change’s impact on exposure surpasses that of population change, and the interplay between climate and population changes predominantly contributes negatively across all Iberian regions. These findings are expected to provide valuable insights for policymakers, planners, and stakeholders, guiding the development of targeted adaptation strategies and resource allocation. This proactive approach aims to enhance the resilience of vulnerable communities and ecosystems in response to the evolving climatic conditions.
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1 Introduction

The Iberian Peninsula (hereafter IP) is a region highly susceptible to the impacts of climate change (Andrade et al., 2021; Diffenbaugh et al., 2007; Diffenbaugh and Giorgi, 2012; Giorgi, 2006), with projected shifts in precipitation patterns (Soares et al., 2017a) and increased frequency of hot and dry extreme (HDE) weather events (Cardoso et al., 2023; Soares et al., 2023). Droughts and heatwaves stand out as significant environmental challenges that pose substantial risks to the population and ecosystems of the region (Bastos et al., 2014; Bento et al., 2021; García-Herrera et al., 2005; Salvador et al., 2020, 2021; Trigo et al., 2009). Droughts exacerbate water scarcity, impacting agriculture, hydropower production, and urban water supply, while extreme heat poses significant risks to human health, particularly among vulnerable populations such as the elderly and those with pre-existing conditions. Exposure to these climate extremes is further amplified by the region’s socio-economic context, including urbanization patterns, aging demographics, and economic reliance on water-intensive sectors like tourism and agriculture. Understanding the interplay between HDEs, population exposure, and socio-economic vulnerability is critical for informing effective adaptation strategies and mitigating the adverse impacts of climate change in the Iberian Peninsula. Understanding the future dynamics of HDEs and its implications for human well-being is crucial for developing effective adaptation strategies and policies. Particularly, compound extreme events possess the capacity to exacerbate the impacts compared to individual stressors (Zscheischler et al., 2018; Bevacqua et al., 2023), thereby driving global socioeconomic systems closer to critical tipping points (Brunner et al., 2021; Zscheischler et al., 2020). This phenomenon arises from the cumulative stressors that can surpass the resilience of both natural and human systems exposed to extreme conditions. Notably, when such stressors manifest as significant natural hazards like a drought event or heatwave—culprits in 40% of global disaster-related fatalities in recent decades—the resultant consequences can be calamitous (Douris et al., 2021).While it is vital to understand how these extreme events are potentiated, how they interact, and how their compound occurrence may exacerbate their effects on the population, it is important to consider the changing population dynamics, which is not evolving equally throughout the world. While the global population is projected to continue growing (United Nations, 2019), the IP is expected to experience an overall decrease in population, primarily driven by declining birth rates and an aging population (Newsham and Rowe, 2023). However, this overall trend masks the contrasting growth observed in urban areas, particularly in the larger cities (Kabisch and Haase, 2011). Urbanization and migration patterns are reshaping the demographic landscape of the region, concentrating populations in urban centres and surrounding areas (Bosch, 2000; González-Leonardo et al., 2023). These demographic changes have the potential to significantly alter the vulnerability and resilience of communities to HDE impacts. As urban areas expand and populations concentrate, the demand for water resources and the exposure to HDE risks become critical. Simultaneously, the declining population in rural areas may have implications for agricultural activities and resources availability (Newsham and Rowe, 2023), further influencing the social and economic dimensions of HDE impacts. Notably, an increase in population exposure within areas prone to hazards has been identified as a more influential factor in the future escalation of certain extreme events than merely amplifying the hazards themselves (Tabari and Willems, 2023). Consequently, the changing nature of these risk components underscores the need for proactive disaster risk reduction initiatives aimed at managing the potential impacts of compound events. While numerous studies have investigated the impact of hot, dry, or combined hot and dry events on populations in various regions worldwide or on a global scale (Smirnov et al., 2016; Liu and Chen, 2021; Tabari and Willems, 2023; Wang et al., 2023; Yin et al., 2023), there remains a notable absence of research specifically centered on the IP. Therefore, it becomes imperative to study the extent to which future HDE events may affect the changing population dynamics in this decreasing population area.

This research aims to assess population exposure to drought and warm months, comparing the projected conditions at the end of the 21st century (2066–2095) with the historical period (1971–2000). To quantify and classify drought and warm months, the Standardized Precipitation-Evapotranspiration Index (SPEI) and the number of hot days (NHD) per months will be used. The SPEI provides a comprehensive measure of meteorological drought by incorporating both precipitation and evapotranspiration data (Vicente-Serrano et al., 2010), thus allowing a holistic evaluation of drought impacts on water availability and ecosystem functioning. This makes SPEI particularly suitable for assessing agricultural (short-term) and hydrological (long-term) droughts. It quantifies the deviation of current precipitation and evapotranspiration amounts from the long-term historical average at different time scales. The inclusion of evapotranspiration data also makes SPEI more sensitive to changes in temperature, enabling a more accurate assessment of future population exposure to drought on the IP considering climate change (Vicente-Serrano et al., 2010; Beguería et al., 2014). In the case of extreme hot events, the option relied on NHD, which is a climate index that quantifies the frequency of extreme heat events and represents the count of days with maximum temperatures exceeding a predetermined threshold, such as the 90th percentile of historical temperature data. The NHD provide valuable information about the occurrence and intensity of hot weather conditions, aiding in the assessment of climate change impacts and their implications for various sectors, including human health, agriculture, and energy demand (Bento et al., 2022; Russo et al., 2019). Monitoring and understanding NHD plays a crucial role in developing strategies to cope with the challenges posed by increasing temperatures and extreme heat events (Zhang et al., 2011).

Overall, this study seeks to shed light on the implications of projected shifts in HDE conditions to the population exposure in IP at the end of the 21st century, considering the changing population dynamics, particularly the contrasting trends between urban and rural areas. We consider two representative concentration pathways (RCPs) to represent different greenhouse gas emission scenarios: RCP4.5, representing a moderate emissions trajectory, and RCP8.5, representing a high-emission scenario. These scenarios allow us to explore a range of possible future climate conditions and their potential impacts on drought occurrence.

Thus, the objectives of this research are threefold: (1) to evaluate the historical patterns of HDE (droughts and warm months) and population on the IP during the reference period (1971–2000); (2) to project and compare the population exposure to drought and warm months at the end of the 21st century under the RCP4.5 and RCP8.5 scenarios; and (3) to assess the contributions of changes in population, climate, and their interaction, and the potential implications of these projected changes in population exposure to HDEs for socioeconomic systems and environmental sustainability. By examining population exposure to HDEs using SPEI and NHD, this study contributes to a better understanding of the potential future impacts of climate change on the IP and their inhabitants. The findings of this research will aid policymakers, planners, and stakeholders in developing targeted adaptation strategies and resource allocation to enhance the resilience of vulnerable communities and ecosystems in the face of changing climatic conditions.



2 Data and methods


2.1 Theoretical and conceptual framework

This study focuses on the IP, located in the southwestern part of Europe, encompassing both Portugal and Spain. The region is characterized by three primary bioclimatic zones: Mediterranean dry, Mediterranean oceanic, and temperate oceanic (Rivas-Martinez et al., 2011; Gouveia et al., 2012, 2018). The Mediterranean dry climate dominates the eastern areas of the IP and is marked by dry, hot summers prone to intense, frequent, and prolonged droughts, along with mild, wet winters. The Mediterranean oceanic climate prevails in the western parts of the IP, particularly in the southwest, with similar summer droughts but greater oceanic influence. In contrast, the temperate oceanic bioclimate, found in the northern and northwestern regions, features milder temperatures, warm summers, and relatively consistent precipitation across all seasons. These diverse climatic conditions significantly influence the hydrological cycles, vegetation dynamics, and socio-economic activities in the region, making the IP a critical area for studying population exposure to hot and dry climate extremes.

HDEs refer to the occurrence of extreme heat and arid conditions that significantly disrupt the environmental, social, and economic fabric of a region. Heatwaves, defined as prolonged periods of excessively hot temperatures, and droughts, characterized by a deficiency of precipitation over extended periods, can occur independently or as compound events, where their simultaneous occurrence exacerbates the impacts on human health, agriculture, and ecosystems (Zscheischler et al., 2018). The Iberian Peninsula is highly vulnerable to these extreme weather conditions, with projections suggesting a significant increase in the frequency, intensity, and duration of HDEs by the end of the 21st century (Soares et al., 2023). While droughts traditionally have been assessed through their meteorological and hydrological impacts, their socio-economic effects, especially on agriculture and water resources, cannot be underestimated. For instance, reduced precipitation during droughts hampers agricultural productivity, leading to food shortages and increased prices, which disproportionately affect low-income communities (Bevacqua et al., 2021; Ribeiro et al., 2020a, 2020b). Similarly, heat events put an additional pressure on energy demand, particularly in urban centres where demand spikes due to increased air conditioning use (Davis and Gertler, 2015).

During the last decades, people, assets, and systems have been consistently more exposed to environmental hazards such as HDEs. This exposure refers to the degree to which they are affected by HDEs, while vulnerability encompasses sensitivity to these events and adaptive capacity (IPCC, 2012). Exposure is extremely influenced by demographic shifts, with rural areas declining in population and urban centres growing (González-Leonardo et al., 2023; Gómez Valenzuela and Holl, 2023). Considering expected changes (Figure 1), urban areas face higher exposure due to denser populations than rural areas.
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FIGURE 1
 Population in millions of people in each NUTS III regions in 2019 (A), and the projected % of population change in 2080 relative to 2019 (B). Values are obtained from EUROSTAT EUROPOP 2019.


On the other hand, socio-economic vulnerability of populations is not uniform (García-León et al., 2021), with vulnerable groups such as the elderly, children, and people with comorbidities facing heightened risks during extreme climate events (Thiery et al., 2021; Salvador et al., 2022; Monteiro Dos Santos et al., 2024). The socio-economic impacts of HDEs in the Iberian Peninsula are severe, threatening food security (Ribeiro et al., 2020a, 2020b), public health (Salvador et al., 2020; Alho et al., 2024), and economic stability (García-León et al., 2021). To mitigate these effects, adaptation strategies are crucial, including climate-resilient agriculture, improved urban planning, and targeted social protection for vulnerable populations (Bento et al., 2021).

The conceptual framework of this research (Figure 2) is centred on evaluating the historical patterns of HDEs in relation to population dynamics in the IP, projecting future exposure to these events under varying climate scenarios, and assessing the contributions of climate change and population shifts to vulnerability. By focusing on the impacts of droughts and warm months, the study aims to better understand how these changes will affect the region’s population, hopefully providing valuable insights for the development of adaptation strategies and resource management to improve resilience in vulnerable areas.
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FIGURE 2
 Conceptual framework.




2.2 Climate projections

The regional climate projections used in this study were obtained from the EURO-CORDEX initiative, which is part of the larger CORDEX experiment (Giorgi et al., 2009). EURO-CORDEX provides a comprehensive collection of Regional Climate Model (RCM) simulations specifically designed to cover the European region. To achieve a high-resolution representation, the simulations employ a horizontal grid spacing of 0.11°, achieved through the process of dynamically downscaling Global Climate Models (GCMs) from the CMIP5 project (Jacob et al., 2014).

For this research, two EURO-CORDEX experiments were considered, encompassing different time periods, namely: (i) the historical period from 1971 to 2000; and (ii) the projected end of the century period spanning 2066 to 2095, aligned with two distinct emission scenarios: RCP4.5 and RCP8.5. We have opted to analyse RCP4.5 and RCP8.5, keeping RCP2.6 out of the study, to maintain the clarity and conciseness of the manuscript. Furthermore, RCP2.6 represents an ambitious mitigation scenario that may be overly optimistic for the study area at this time (Cos et al., 2022; Matthews and Wynes, 2022; Masson-Delmotte et al., 2021). Daily total precipitation, as well as the maximum and minimum 2-meter temperatures, were the primary variables of interest. These data records were accessed through the Earth System Grid Federation (ESGF) data portal and encompassed outputs from 13 RCMs. A detailed overview of the RCMs used in this study and their corresponding driving GCMs is presented in Table 1. The respective references for each RCM are provided, and detailed descriptions of the parametrizations used can be found in Kotlarski et al. (2014) and Katragkou et al. (2015).



TABLE 1 EURO-CORDEX RCMs used in this study, along with the responsible institute and the forcing GCMs.
[image: Table1]

The EURO-CORDEX simulations have undergone extensive evaluation to assess their ability to accurately represent current climate conditions. Multiple studies have demonstrated significant improvements in simulating key climate variables, capturing both the spatial and temporal variability across Europe (Vautard et al., 2013; Kotlarski et al., 2014; Katragkou et al., 2015; Prein et al., 2016) and specifically within the IP (Cardoso et al., 2019; Lima et al., 2023a, 2023b; Soares et al., 2017a). Notably, Soares and Cardoso (2018) quantified the added value of utilizing the high-resolution EURO-CORDEX simulations throughout the entire European domain, revealing significant enhancements in capturing precipitation patterns, particularly for extreme events. Additionally, Cardoso and Soares (2022) assessed the added value of EURO-CORDEX simulations for temperature across Europe, while Careto et al. (2022a, 2022b) evaluated the added value for both temperature and precipitation characteristics specifically within the IP. Collectively, these studies provide compelling evidence for the benefits of using EURO-CORDEX simulations in delivering enhanced representations of temperature and precipitation characteristics in the study area. By incorporating the robust EURO-CORDEX dataset into our analysis, we can leverage the advancements in spatial and temporal representation achieved through downscaling, thus enabling a comprehensive evaluation of population exposure to HDEs under different future climate scenarios on the IP.

This study uses a weighted multi-variable multi-model ensemble, combining precipitation, maximum temperature, and minimum temperature variables. This choice was made as weighted multi-model ensembles improve climate simulations and provide reliable projections (Brunner et al., 2019; Christensen et al., 2010; Eyring et al., 2019; Knutti et al., 2017; Lorenz et al., 2018; Sanderson et al., 2017; Wenzel et al., 2016). Performance evaluation of 13 EURO-CORDEX RCMs against the Iberia01 dataset over the IP (Herrera et al., 2019) provided the model weights following the approach of Lima et al. (2023a). The ensemble performs well in representing precipitation means and extremes, as well as temperature, instilling confidence in its ability to characterize future climate extremes and indices (Lima et al., 2023b). The approach enhances drought assessment based on SPEI index (Soares et al., 2023).



2.3 Population projections

Population projections for this study are sourced from Eurostat (European Statistical Office; DG ESTAT). The Eurostat data covers regional demographic trends across 31 countries, including the 27 European Union (EU) Member States and the four European Free Trade Association (EFTA) countries, referred to as EU+. The population projections used in this study are derived from the Eurostat Population Projections 2019-based dataset (EUROPOP2019;1 Lanzieri, 2020) for Portugal and Spain. These projections are aggregated at the regional level and are based on population and vital events data up to 2018, following the NUTS 2016 classification system, specifically NUTS III. The projection time horizon extends until 2,100, with intervals of 5 years starting from 2020. The study focuses specifically on 73 NUTS III, which correspond to continental Portugal and Spain, as well as the Balearic Islands (Supplementary Figure S1).

It is important to note that the methodology employed in the Eurostat population projections assumes a gradual reduction in socioeconomic disparities among the EU+ countries over a long period of time. Consequently, major demographic indicators are expected to converge across countries, although complete convergence is not assumed. Instead, the assumption is that countries will move together and become increasingly similar in demographic aspects due to the expected convergence of socioeconomic drivers. For more information on the data and methodology, please refer to the Eurostat website.2

However, historical population values for Iberia in NUTS III are only available from 2014 onwards in the Eurostat dataset. Therefore, values of population for the year 2019 were used for the historical period (Figure 1A). For the end of the century, the population value from the year 2080 (middle of the period) is used (Figure 1B).



2.4 SPEI: calculation, categories, and drought duration and severity

To attain the set goal, our investigation focused on assessing drought through the computation of the SPEI (Vicente-Serrano et al., 2010). SPEI was computed for the IP at a spatial resolution of 0.11° from 1971 to 2,100 monthly, using the RCP4.5 and RCP8.5 scenarios as projected by EURO-CORDEX (Jacob et al., 2014; Kjellström et al., 2018; Table 1). The reference period for assessing climate change was 1971–2000 (Kjellström et al., 2018; Soares et al., 2023). All indices were computed by considering the full period, from 1971 to 2005 merged with 2006–2100 from each RCP scenario. Accumulation periods of 3 and 12 months were addressed as representative of short-term and long-term droughts, respectively. This temporal multi-scalar approach provides a valuable advantage as it allows for a diverse characterization of the phenomenon, considering the varying response times of different ecosystems to drought conditions. In line with the methodology proposed by Beguería et al. (2014), reference evapotranspiration was determined for each grid-point using the Hargreaves equation (Hargreaves and Samani, 1985).

Mathematically, the computation of SPEI for the different accumulation periods involves fitting a probability density function to a series of differences between precipitation and evapotranspiration (climatic water balance) (Vicente-Serrano et al., 2010). Log-logistic distribution functions were employed, and the parameters of the distributions were estimated using the L-moment method (Wilks, 2011), and a rectangular kernel function was applied to aggregate data from preceding months.

In this study, drought severity is categorized into three levels: moderate, severe, and extreme. These categories follow a predefined classification based on thresholds. The categorization used in this study aligns with the classification defined by Agnew (2000). A moderate drought is identified when the index value falls between −0.84 and −1.28. A severe drought is characterized by index values ranging from −1.28 to −1.64. Finally, an extreme drought is determined when the index value falls below −1.64. These specific thresholds provide a standardized framework for assessing and comparing drought severity based on SPEI. By utilizing these predefined thresholds, we can effectively quantify and classify drought events into distinct severity levels, enabling a comprehensive analysis of population exposure to different levels of drought intensity.

To assess drought duration in this study, the number of months experiencing moderate, severe, and extreme drought is computed for each 30-year period (historical and end of the century) using the SPEI under RCP4.5 and RCP8.5 scenarios. This computation is performed for the grid-points of the 13 RCMs included in the analysis. Next, the spatial average of drought duration is calculated for the NUTS III regions, representing subnational geographic statistical units. This allows for a regional-scale analysis of drought occurrence. The weighted multi-model ensemble approach (Lima et al., 2023a) is then applied to estimate the number of months in moderate, severe, and extreme drought for each NUTS III region.

To further investigate the drought patterns, the anomaly of the number of months in each drought category is computed. This anomaly calculation involves comparing the drought durations obtained from the end of the century projected weighted multi-model ensemble with the historical baseline period. Specifically, the difference in the number of months in each category of drought is calculated, providing insight into the changes and variations in drought occurrence over time for each NUTS III region.

In the main body of the paper, the results concerning SPEI-12 are presented, while results for SPEI-3 are showed in Supplementary material. This was done for the sake of simplicity as the results are aligned.



2.5 Warm months: definition and calculation

In the quest to detect changes in climate extremes, a range of bio-climatic indices have been developed, ensuring statistical robustness, wide applicability across various climates, and a high signal-to-noise ratio (Zhang et al., 2011). Among these indices, the NHD emerges as a prominent measure, which has been proven useful in several studies addressing hot extremes and/or their impacts (e.g., Mueller and Seneviratne, 2012; Ribeiro et al., 2020a, 2020b; Russo et al., 2019). NHD is defined as the count of days at each grid point where the maximum temperature exceeds the 90th percentile threshold (Fischer et al., 2007; Zhang et al., 2011). This index provides valuable insights into the frequency of extreme heat events and their potential variations over time, making it a crucial tool for studying climate change impacts and trends.

Here, a similar approach to the previous subsection is followed: the NHD are counted for each month over the 30-year period (historical and end of the century) under RCP4.5 and RCP8.5 scenarios. This is performed for the grid-points of each one of the 13 RCMs. Then, a warm month is considered if the NHD is larger than the 90th percentile of the NHD in the historical period (this is performed on a grid-point basis). Finally, the anomaly of warm months is computed by comparing the end of the century projected multi-model ensemble (RCP4.5 and RCP8.5) with the historical period. Then, the spatial average of the number of warm months is estimated for the NUTS III regions. This allows for a regional-scale analysis of extreme heat occurrences.



2.6 Changes in population exposure to HDEs

Addressing population exposure to HDEs is a crucial aspect for understanding the potential impacts of such events on human populations. In this study, population exposure is defined as the product of the number of HDE occurrences, and the number of people exposed, following the approach outlined in previous studies (Chen and Sun, 2021; Jones et al., 2015; Zhang et al., 2022).

To account for interannual variability and provide a more robust assessment, a 30-year mean of HDE occurrences and population data is performed to estimate population exposure, as recommended by Liu et al. (2020) and Ullah et al. (2022). This approach helps capturing long-term trends and reduce the influence of year-to-year fluctuations. The computation of population exposure to HDEs is represented by the Equation 1:
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where [image: image] represents the 30-year average population exposure, i corresponds to the calculation year within the selected period, [image: image] indicates the number of months affected by HDE during that particular year, and [image: image] represents the population in the central year of the calculation period. The exposure is measured in person-month per year.

Population exposure to HDE is computed for each 30-year period of historical and future projections of HDE and population. To quantify the change in exposure, Equation 2 is employed:

[image: image]

where δE denotes the change in population exposure to HDE, while [image: image] and [image: image] represent the population exposures at the end of the century and historical periods, respectively. The change in exposure is presented as a percentage, indicating the magnitude of the difference between future and historical population exposure to HDEs.

To disentangle the influences of climate change and population dynamics on exposure to HDE, the approach proposed by Jones et al. (2015) is adopted in this study. This attribution analysis method has been widely applied in studying the contributions of various factors to changes in exposure to extreme events, such as heat (Ullah et al., 2022), compound hot and dry (Zhang et al., 2022), or precipitation (Chen and Sun, 2021) extremes.

The exposure change (ΔE) is decomposed and attributed to the effects of population change (RC_pop: captures the changes in exposure resulting solely from variations in population size), climate change (RC_clim: isolates the impact of changes in HDE occurrences driven by climate change), and their interactions (RC_int: captures the combined influence of population dynamics and climate change) (Equation 3). By quantifying these individual contributions, a comprehensive understanding of the relative importance of each factor can be gained. For example, in the case of heat-related mortality, RC_pop represents how an increasing or decreasing population size directly influences the number of people exposed to extreme heat. RC_clim reflects how the intensification of HDEs due to climate change raises the risk of heat-related mortality, regardless of population changes. Finally, RC_int captures the combined effect, such as when a growing population coincides with increasing HDEs, leading to an amplified impact on heat-related health outcomes. The attribution of changes in exposure to drought (ΔE) is quantified by examining the contributions of climate change and population dynamics using the following equation:
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where [image: image] represents the occurrence of HDEs during the historical period, [image: image] represents the population during the same period, and [image: image] and [image: image] represent the changes in HDE occurrence and population in the future period compared to the reference period.

To assess the relative importance of each term, their contributions can be quantified by calculating the percentage change they contribute to the overall change in exposure, as follows by Equation 4:

[image: image]

where [image: image] is the relative contribution of population, climate, and the interaction between population and climate (noted as [image: image]) to the exposure change [image: image]. This analysis enables a comprehensive understanding of the relative significance of each factor and their combined effects on population exposure.




3 Projected changes in HDE occurrences


3.1 Droughts

The occurrence of months with SPEI-12 (i.e., long-term drought) falling within thresholds associated with moderate, severe, and extreme drought during the historical period is presented in Figure 3A. Results reveal that over a span of 360 months (30 years), certain regions in coastal northern and northwestern IP experienced a maximum of nearly 30 months in a state of moderate drought. Conversely, some inner regions exhibited between 5 and 10 months in moderate drought. In terms of severe drought, northern regions and certain eastern coastal areas reached a maximum of 10 to 14 months. Extreme droughts were rare events and typically occurred less than 5 months over the 30-year period in most of IP. Similar spatial patterns were observed for droughts measured with SPEI-3 (i.e., short-term drought), albeit with more months affected by each type of drought (Supplementary Figure S2).
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FIGURE 3
 Moderate (top), severe (center), and extreme (bottom) droughts based on SPEI-12: (A) number of months in the historical period, (B) anomaly of the number of months in the end of the century compared with the historical period under RCP4.5, and (C) anomaly of the number of months in the end of the century compared with the historical period under RCP8.5.


Projected changes in the number of drought-affected months by the end of the century under RCP4.5 and RCP8.5 scenarios indicate substantial increases in the three types of droughts (Figures 3B,C). Regions located in inner IP are projected to experience a 10-fold increase in the number of months in moderate drought under RCP4.5 and a 20-fold increase under RCP8.5. Similarly, for severe droughts, inner regions in southeastern Iberia are projected to transition from 4 months of severe drought in the historical period to approximately 50 months under RCP4.5 and more than 110 months under RCP8.5. As for extreme droughts, central-western Spain, which experienced nearly 0 months of extreme drought during the historical period, is projected to face 30–50 months under RCP4.5 and 60–70 months under RCP8.5.



3.2 Number of warm months

The number of warm months for the historical period point to a slight spatial variation, ranging from 33 months in some regions in southwestern Iberia to high as 40 months over northwestern Iberia (Figure 4A). Most regions exhibit about 36 warm months, which corresponds to 10% of the months in 30 years.
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FIGURE 4
 Number of warm months in (A) the historical period, (B) anomaly of the number of months in the end of the century compared with the historical period under RCP4.5, and (C) anomaly of the number of months in the end of the century compared with the historical period under RCP8.5.


The projections for the end of the 21st century show a pronounced increase of the number of warm months over all IP, stronger for the RCP8.5 scenario (Figure 4C), higher in the inner regions than in the north and western littoral regions. For the RCP4.5 scenario (Figure 4B), the projections indicate an increase around 100 months in some of northern and western regions, where the inner IP presents a projected increase of about 150 months. In the Algarve region (south of Portugal), the increase of warm months surpasses 150 months, reaching a maximum of 165 months. Depending on the regions, the projections point to a two- or three-fold increase in the number of warm months under RCP4.5 scenario for the end of the 21st century. Looking to RCP8.5 scenario, the increase of warm months can reach more than 275 months when compared to the historical period in the inner regions of IP. Some of northern regions have increases of about 175 months and close to 200 months along the western coast of Iberia. These results indicate that, under RCP8.5, between 50 and 75% of the months in the 30 years’ time span are projected to be warm months.




4 Projected changes in population exposure to HDEs


4.1 Changes in population exposure to drought

The projected changes in exposure to drought (δE) by the end of the century, with reference to the historical period, using SPEI-12 values falling within thresholds associated with moderate, severe, and extreme drought reveal a substantial increase in population exposure to drought across all categories (Figure 5; see also Supplementary Figure S3 for results concerning SPEI-3).

[image: Figure 5]

FIGURE 5
 Moderate (top), severe (middle), and extreme (bottom) droughts based on SPEI-12: (A) change in population exposure to drought in the end of the century compared with the historical period under RCP4.5, and (B) change in population exposure to drought in the end of the century compared with the historical period under RCP8.5.


Under RCP8.5 (Figure 5B), all regions of IP are projected to experience a substantial positive change in exposure to severe and extreme droughts, with a substantial increase of over 2000%. Moderate droughts also exhibit an increase of over 2000% in most regions, except for the northern and eastern coastal areas, where the rise is slightly lower but still large. For RCP4.5 (Figure 5A), exposure to extreme droughts is projected to increase by more than 2000% in most regions, with only a few scattered coastal regions in the south, east, and north showing relatively smaller increases. Particularly noteworthy is the western coast of Portugal, which is projected to experience an increase of more than 2000% in exposure to extreme droughts. In the case of moderate droughts under RCP4.5, the percentage increases are comparatively smaller but still substantial, exceeding 200% and, in some cases, reaching more than 1,000% (e.g., Madrid, southern Portugal, and southern Spain). The population’s exposure to severe drought is anticipated to increase by over 2,000% by the end of the century when compared to historical levels, particularly in a large portion of the inner central-western region of IP. Overall, these findings indicate a concerning trend of heightened drought exposure by the end of the century, with some regions experiencing drastic increases.



4.2 Changes in population exposure to warm months

Projected changes in population exposure to warm months by the end of the century compared to the historical period point to an increase in population exposure to the number of warm months (Figure 6).
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FIGURE 6
 (A) Change in population exposure to warm months in the end of the century compared with the historical period under RCP4.5, and (B) change in population exposure to hot months in the end of the century compared with the historical period under RCP8.5.


For RCP4.5 (Figure 6A), the exposure is expected to increase more than 500% along the eastern and southern regions of IP (particularly in the coastal regions), Madrid and Lisbon regions. The remaining regions will experience increases around 250%. For RCP8.5 (Figure 6B), the spatial pattern of changes is like that of RCP4.5, although projected changes in exposure are higher. Except in the northwestern regions, the change in exposure is projected to increase more than 500%. In the eastern and southern regions and Lisbon area, the projections indicate increases in change of exposure between 500 and 1,000%. However, the change of exposure in Madrid region and Baleares surpasses 1,000%.



4.3 Relative contributions to exposure change to drought: climate, population, and their interaction

The relative contributions of climate change, population change, and their interaction into the exposure change to severe drought using SPEI-12 are illustrated in Figure 7. The analysis considers both the overall impact on IP as well as individual countries: Portugal and Spain, under RCP4.5 and RCP8.5 (Figures 7A,B). Details for each of the 72 NUTS III regions under RCP4.5 and RCP8.5 are also available (Figures 7C,D).
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FIGURE 7
 Relative contribution of climate change (RC_clim), population change (RC_pop), and their interaction (RC_int) to population exposure change ([image: image]E) to severe droughts based on SPEI-12: for Portugal, Spain, and the Iberian Peninsula as a whole (A) under RCP4.5 and (B) under RCP8.5, and for each NUTS III region (C) under RCP4.5 and (D) under RCP8.5.


The results reveal that, over a 12-month timescale, climate change has a significantly greater impact on exposure change compared to population change. This observation holds true when analysing SPEI-3 as well (Supplementary Figure S4), although in that case, population change demonstrates a slightly stronger influence, especially in Portugal. One crucial finding is that climate change makes a substantial positive contribution to exposure change, while population change exhibits a slightly negative contribution. This pattern is particularly pronounced in Portugal, where almost all regions are expected to experience a decrease in population (except for Lisbon and Algarve). Regarding the interactive term, which represents the combined effect of climate and population changes, its relative contribution is predominantly negative across all regions of IP, except for those regions where both climate change and population change lead to positive contributions to exposure change. Notably, there is a distinction between Portugal and Spain: Spain shows a very small contribution from the interactive term due to a more balanced population change. Regions like Madrid, eastern coastal regions, and a few regions in the south and north coasts of Spain are expected to see an increase in population. Similar results are observed when analysing SPEI-3 data (Supplementary Figure S4). These findings provide valuable insights into the factors influencing exposure to severe drought in IP.



4.4 Relative contributions to exposure change to warm months: climate, population, and their interaction

Under both scenarios (RCP4.5 and RCP8.5), climate change has a greater impact on the increase of population exposure change to warm months (Figures 8A,B). The contribution of climate change is positive whilst the population change contributes negatively to most regions. This pattern is more pronounced in Portugal than in Spain due to a more balanced change in population in the latter. This can be seen in the results for the NUTS III for each country and scenario (Figures 8C,D). For Portugal, climate change contributes positively, and the population counts negatively in all regions, except for Lisbon and Algarve, where a slightly increase in population is expected. Also, the interaction between climate and population has a negative contribution. Looking to Spain, in regions like Madrid, Barcelona, Baleares and some in southeastern IP, the climate change and the population and its interaction contributes all positively to the increase of population exposure change to warm months.
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FIGURE 8
 Relative contribution of climate change (RC_clim), population change (RC_pop), and their interaction (RC_int) to population exposure change (ΔE) to hot months: for Portugal, Spain, and the Iberian Peninsula as a whole (A) under RCP4.5 and (B) under RCP8.5, and for each NUTS III region (C) under RCP4.5 and (D) under RCP8.5.





5 Discussing results, limitations, and future directions

Climate change poses an important problem to society that is already felt nowadays (Bento et al., 2022; IPCC, 2023a; Páscoa et al., 2017, 2021), and the globally projected warming conditions are expected to significantly impact the natural environment and human health (IPCC, 2023b). The warming trends are expected to be stronger, with more frequent, intense, and geographically extensive droughts and heatwaves. Critical for these projections are the projected increase of global population along the 21st century (Vollset et al., 2020; World Population Prospects 2022: Summary of Results, 2022). Although this trend may not be observed over the IP (EUROPOP2019), the warming and drying trends are expected (Cardoso et al., 2023; Soares et al., 2023).

Numerous studies conducted across the IP have consistently underscored noteworthy changes in climatic conditions (Bento et al., 2021; Cardoso et al., 2016, 2019, 2023; Nogueira et al., 2019; Soares et al., 2017a,b). These studies collectively anticipate a trajectory marked by higher temperatures and increased aridity as we progress towards the conclusion of the 21st century (Cramer et al., 2018; Giorgi, 2006; Tuel and Eltahir, 2020). In line with the outlook of regional warming and decreased precipitation, changes in the frequency, duration, and spatial dispersion of extreme climatic events, most notably droughts and heatwaves, are expected (Cardoso et al., 2023; Lima et al., 2023a,b; Soares et al., 2023). Moreover, these projections indicate a substantial reduction in soil moisture content, which, in turn, has the potential to catalyse the exacerbation of heatwaves and drought occurrences (Soares and Lima, 2022). The projections point to more severe, prolonged, and geographically widespread drought events across the IP throughout the 21st century that is particularly striking when considering emission scenarios like RCP4.5 or RCP8.5 (Soares et al., 2023), which agrees with results presented here. Indeed, the number of months that are expected to be in moderate, severe, and extreme drought show alarming increases from the historical period, reaching anomalies of about 100 months (in 30 years, this accounts for almost one third of the entire period) in moderate and severe drought under RCP8.5, which represents a 10-fold increase relative to the historical period.

Like droughts, there has been a discernible recent increase in the frequency of heatwaves and the number of warm days and nights in select regions of Europe accompanied by a noticeable decline in the occurrence of cold days (Giorgi and Lionello, 2008; IPCC, 2023a; Trenberth, 2011). Furthermore, extreme high temperatures are projected to escalate at a swifter pace than the overall mean temperature (Weisheimer and Palmer, 2005; Schoetter et al., 2015; IPCC, 2023a). For example, heatwaves, characterized by consecutive days of extreme temperatures, are poised to become increasingly prevalent, severe, and prolonged, with their geographical footprint expanding, as concentrations of greenhouse gases continue to rise in accordance with future climate scenarios (Cardoso et al., 2023; Dosio et al., 2018; Fischer et al., 2012; Fischer and Schär, 2009; Molina et al., 2020; Russo et al., 2014; King and Karoly, 2017). Results in the current study point to a critical number of warm months in the future, with some regions in the central and southern IP reaching more than 250 months in these conditions (of a total of 360 months, i.e., about 70% of the climatological period). This agrees with Lima et al. (2023b), which points to an increase of warm spells (using the Warm Spell Duration Index, WSDI) to near 180 days per year in the end of the century in eastern Portugal (western IP except coastal regions), i.e., around half of every year in warm spell, which leads to several months to be considered as warm.

This increase in drought and warm months under both RCP4.5 and RCP8.5 scenarios has profound implications across multiple sectors. Prolonged droughts and extreme heat pose significant risks to water resources, potentially reducing availability for agriculture and drinking water, exacerbating soil degradation, and threatening crop yields with other hazards, such as plagues (Yue and Lee, 2020) or the steep increase of meteorological fire danger (Bento et al., 2023; Santos et al., 2023), and consequent potential increase of ignitions that result in large wildfires (DaCamara et al., 2024). Such hazards can then menace agricultural yields, such as winter wheat or barley (Bento et al., 2021; Ceglar et al., 2021; Ribeiro et al., 2020a, 2020b), resulting in severe food shortage (Bevacqua et al., 2021). Moreover, the increased incidence of HDEs carries detrimental implications for human well-being, encompassing health issues like heat stroke and dehydration, which can lead to high mortality rates, particularly among the elderly population (Mukherjee et al., 2021; Thiery et al., 2021). Assessing population exposure to these events presents itself as a key study to shape adaptation strategies to face the consequences of climate change.

The decreasing population trend in IP (EUROPOP2019) may indicate that less people in general will be affected by hot and dry extreme events in the future. However, the question whether population exposure to these events will decrease due to overall population decline, or will increase due to more frequent, intense, and geographically extensive droughts and heatwaves, deserves our attention.

Indeed, EUROSTAT projections for 2080 point to a decrease in population in most of IP (Península Ibérica em Números 2021 – The Iberian Peninsula 2021, 2021), with some regions expected to lose near half of today’s population (e.g., Alentejo in southwestern IP). For example, Portugal’s National Statistical Office (Instituto Nacional de Estatística – INE)3 attributes this projected reduction to a decrease in the number of births, driven by a decline in the population of women of childbearing age due to previously low fertility levels. The aging index in Portugal is anticipated to almost double, rising from 159 to 300 elderly individuals per 100 young people by 2080. This shift is a result of both a decrease in the young population and an increase in the elderly population. Conversely, densely populated regions that encompass large cities (e.g., Lisbon, Madrid, Barcelona) or coastal regions that focus on tourism (e.g., Algarve, Málaga, Almería) are expected to become even more populated, with increases that can reach more than 30% in Madrid and Barcelona.

Population exposure to long-term droughts and warm months shows a substantial increase in most regions of IP. However, the intensity of exposure is rather different depending on the scenario that is selected. For example, exposure change to moderate droughts considering RCP4.5 is relatively small, nevertheless with increases of the order of 100 to 400%. However, it is important to note that under RCP4.5 the population becomes more exposed with the increase in severity of the drought. Indeed, exposure change to extreme droughts takes values greater than 4,000% in most IP (except regions located in the northern and eastern coast, and few regions on the western and southern coast). As expected, under RCP8.5 population exposure to drought is even larger. These results agree with those from (Zhang et al., 2022), which states that exposure to HDEs is expected to increase with the largest magnitudes in the Sahara but followed by the Mediterranean region (that encompasses the IP). The authors also present values of exposure change in the order of the 1,000% for the globe, with the caveat of using GCMs with lower resolution than the RCMs used here. Additionally, the present study relies on a weighted multi-variable multi-model ensemble based on 13 RCMs, examines two CMIP5 RCPs and includes shorter and longer timescales (3-months and 12-months) for droughts.

The relative contribution of climate and population change, and their interaction is further analysed. Results show that climate change is the predominant factor in population exposure to future droughts and warm months accounting for about 75% for droughts and about 70% for warm months in Portugal, and about 95% for both HDEs in Spain. The decline of population in Portugal and the migration to Lisbon and Algarve (both located in the coast) point to a slight negative contribution of population change and consequently the interaction factor. This is more pronounced when considering warm months (and short-term droughts) than long-term droughts. On the other hand, Spain presents more regions with an increase of population and thus the negative contribution of population change is more diluted. These results agree with the results presented by Zhang et al. (2022) for a larger Mediterranean region. Other studies pursued similar approaches in different regions of the world. For example, Jones et al. (2015) took advantage of an ensemble of CMIP3 RCMs to study projected population exposure to heat extremes in the U.S.A., with results pointing to climate change as the greater contributor, but with population having a strong positive signal. Still for the U.S.A., Batibeniz et al. (2020) projects twofold population exposure to climate extremes by 2050. However, it is important to note that population is expected to grow in this region [United States Census Bureau: 2023 National Population Projections Tables: Main Series; 2023 National Population Projections Tables: Main Series (census.gov)]. Chen and Sun (2021) took a similar approach to study global population exposure to precipitation extremes in the future, using GCMs from CMIP6, and concluded that for higher emission scenarios climate change is the main mechanism for exposure in the Mediterranean region.

While this study focuses on population exposure to hot and dry events (HDEs), these climatic extremes are likely to have significant impacts on agricultural systems and livestock in the Iberian Peninsula. Prolonged droughts and extreme heat can reduce crop yields, disrupt planting and harvesting schedules, and exacerbate soil degradation. Similarly, heat stress in livestock may lead to reduced productivity, increased mortality, and higher vulnerability to diseases. These cascading effects underscore the need for integrated adaptation strategies that address both human and ecosystem vulnerabilities to HDEs in the region.

This work presents a high-resolution multi-model multi-variable ensemble developed to better represent climate change scenarios in the IP (Lima et al., 2023a), allowing for a regional characterization of population exposure to droughts and warm months, which represents an upgrade relative to the global model’s perspective from other studies (e.g., Chen and Sun, 2021; Zhang et al., 2022). However, this work presents its limitations. For example, the use of CMIP5 RCMs, which do not consider socioeconomic pathways, is a limitation that needs to be addressed as soon as CMIP6 RCMs are available. The upcoming EURO-CORDEX simulations with the new CMIP6 scenarios will provide a further understanding of the climate and its development. Several works have already started analysing global drought with CMIP6 ESGCMs (Earth System and Global Climate Models) (Essa et al., 2023; Xu et al., 2023), but for regional assessment the coarse resolution of CMIP6 ESGCMs is a limitation. Using deep learning methods for downscaling CMIP6 ESGCMs to RCM resolution represents an innovative approach that holds the potential to provide an initial approximation of the results. For instance, Soares et al. (2023) demonstrates promising outcomes in downscaled projections for near-surface temperature and precipitation over IP through the application of deep learning. These findings present a potential new tool for supplying regional climate information derived from CMIP6, anticipating the subsequent phase of EURO-CORDEX. This novel approach could be further investigated in a future study, particularly in its application to regional drought characterization. Furthermore, advancing research to focus on population exposure to compound HDEs, rather than single events, represents a promising direction for future studies. The methodology employed in this study is not only robust for assessing exposure in the Iberian Peninsula but also transferable to other regions. By incorporating region-specific population and climate data, the framework can provide valuable insights into population exposure and help inform targeted adaptation strategies elsewhere. This flexibility makes it a useful tool for climate risk assessment at broader geographic scales.



6 Final remarks

Population exposure to droughts and prolonged warm periods is projected to increase significantly by the end of the 21st century across the Iberian Peninsula, based on CMIP5 scenarios RCP4.5 and RCP8.5. Our findings reveal that climate change is the primary driver of this trend, while population changes play a smaller role. Without immediate action to achieve net-zero emissions, current trajectories suggest a future aligned with conditions between these emission pathways. To mitigate these risks, adaptation strategies must be urgently prioritized, especially in countries like Portugal and Spain, whose emissions have a negligible impact on the global climate but will face severe consequences of climate change. Key adaptive measures include enhancing water resource management for agriculture and drinking water, promoting climate-resilient crop types, strengthening healthcare systems to address heat-related illnesses, and implementing robust fire management strategies to mitigate the threat of megafires. Further research on the vulnerability of these critical sectors, coupled with the development and modelling of targeted adaptation strategies, is essential. Such efforts will provide valuable guidance for policymakers, authorities, and society to better prepare for and respond to the increasing frequency and severity of hot and dry events in the region.
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