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Due to the anthropogenic increase in greenhouse gas and aerosol forcing, the Mediterranean has been labeled a “climate change hot spot.” Previous studies have shown that climate change has dire consequences on socioeconomic situations in the Mediterranean region. Ten high-resolution global coupled climate models and two climate emissions scenarios are analyzed from the Bias Correction Constructed Analogs with Quantile mapping reordering dataset, which is downscaled CMIP6 data. Daily precipitation and air-temperature data from both the wet and dry season is used to calculate droughts and heatwaves in the Mediterranean region, including the Middle East and North Africa countries. As expected, larger impacts are observed in the high emissions scenario and during the dry season for both droughts and heatwaves. Comparing the wet season to the dry season droughts, there is a northward shift in the positive signal as most of the values are seen over the Mediterranean Sea in the wet season and over the northern Mediterranean and Europe in the dry season. For the heatwaves, the dry season shows a response stronger than the one observed by the wet season by nearly two times, and there is a strong signal located over the Mediterranean Sea during the dry season that is not seen during the wet season.
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1 Introduction

The Mediterranean region has been labeled a “climate change hot spot” as a result of the anthropogenic increase in greenhouse gas concentrations and aerosol forcing (Giorgi, 2006; Giorgi and Lionello, 2008; Lionello et al., 2012; Lionello and Scarascia, 2018; Tuel and Eltahir, 2020; Cos et al., 2022). There has been a substantial warming observed in the Mediterranean over the last few decades, and this is expected to continue into the future with a warming larger than the global mean (Lionello and Scarascia, 2018) and the greatest drying among 26 regions globally (Giorgi, 2006). This warming will be greater in summer than in winter, but will still occur year-round, with reduced precipitation and an increase in drought in the region (Giorgi and Lionello, 2008; Déqué et al., 2012; Lionello et al., 2012; Ulbrich et al., 2012, 2013). This will have dire consequences on a region where climate change has a great impact on socioeconomic situations and relies heavily on rainfall (Barros et al., 2014; Gleick, 2014; Cramer et al., 2018; Cos et al., 2022).

Agriculture in the Mediterranean is responsible for consuming most of the water supply in the region with most of the land areas depleting between 60 and 80% of the supply (Hoerling et al., 2012), especially in the southern and eastern countries, also known as the Middle East and North Africa (MENA) region. With the drought observed over the past few decades and the increased risk of drought into the future, this is of great concern as it poses a threat to the future of food security in the region (Nelson et al., 2010). The large demand of water in a water scarce region has led to a shift from the traditional Mediterranean diet, considered one of the healthiest in the world and required a large amount of water to sustain, thus leading to increased risks of obesity, diabetes, and other serious health concerns (Koehring and Dougall, 2017). In addition to food security, increased drought and climate change in the region are expected to have a negative impact on urbanization, tourism, infrastructure, the economy, and in certain cases, conflict, as seen in Syria with the effects of climate change influencing the recent civil war (Gleick, 2014; Kelley et al., 2015; Tramblay et al., 2020; Tuel and Eltahir, 2020).

Geographically in the Mediterranean, the north is known to be temperate and damp, and the south is known to be hot and arid (Lionello et al., 2006; Hoerling et al., 2012; Cramer et al., 2018; Batibeniz et al., 2020). The region experiences its rainy season in the winter months and its dry season in the summer months, with the winter rainfall being more than three times the summer rainfall, when it is nearly zero. The rainy season occurs from October until the spring, after the summer Azores high pressure cell collapses, leading to more cold fronts and low-pressure systems. These low-pressure systems and cyclonic activity are determined by the Polar Front Jet Stream and the European trough, influenced by land-sea temperature contrast, which favors cyclogenesis in the region (Barlow et al., 2016; Batibeniz et al., 2020; Kelebek et al., 2021; Lionello et al., 2014; Lionello and Scarascia, 2018; Kim and Raible, 2020; Russo et al., 2015; Zittis et al., 2022). With an increase in greenhouse concentrations however, these cyclones and storm tracks are experiencing a poleward shift through the poleward expansion of the Hadley cell (Yin, 2005; Previdi and Liepert, 2007; Lu et al., 2007), leading to an increase in drought conditions. In addition to the increased drying, this region is experiencing increased sea surface temperatures and an increase in heatwaves as a result of anthropogenic climate change (Molina et al., 2020; Pastor et al., 2020; Pisano et al., 2020).

This paper aims to provide an interpretation on the impact climate change will have on the Mediterranean region and on the largest coastal cities that will be most impacted by anthropogenic climate change into the future. Using 10 high-resolution climate models and two climate emissions scenarios, precipitation and air-temperature data is analyzed in the Mediterranean, including in the MENA countries, a region typically omitted from previous Mediterranean climate studies. The focus of this project is on the changes in droughts and heatwaves for the entire Mediterranean region as a whole, as well as the individual coastal cities to see the urban coastal impacts attributed to changes in the climate. Additionally, the examination of coastal cities throughout the Mediterranean allows for interpretation of climate change impacts for countries that do not necessarily contribute the most to climate change emissions but may feel the impacts the most (Lange, 2020). This is the first time the BCCAQ dataset will be used to study the Mediterranean region as a whole including a close look at the largest coastal cities with regards to droughts and heatwaves.



2 Materials and methods

The data used in this study comes from the Bias Correction Constructed Analogs with Quantile mapping reordering (BCCAQ) dataset (Gebrechorkos et al., 2023). This dataset takes output from the Global Climate Models (GCMs) used in the Coupled Model Intercomparison Project Phase 6 (CMIP6; Eyring et al., 2016) and downscales them to a higher resolution by using different downscaling techniques to accurately replicate extreme events and daily climate variables (Werner and Cannon, 2016; Sobie and Murdock, 2017). The spatial resolution of the data increases from 1° to 0.25° attempting to remove a lot of the uncertainty and biases that came with the coarse resolution. The coarse resolution of these GCMs is what often limited their usability, especially on the local scale, therefore the downscaled data of BCCAQ can be used to improve on local and regional climate scales.

Daily precipitation and air-temperature data are used in this study from 10 CMIP6 models (one ensemble member for each model) in the BCCAQ dataset (Table 1). These variables have been previously validated against the Multi-Source Weighted-Ensemble Precipitation (MSWEP) and Multi Source Weather (MSWX) observational data sources (Beck et al., 2017, 2019, 2022; Gebrechorkos et al., 2023). Data is selected from the Mediterranean region only (0–40°E, 30–45°N) for the time-period, 1981–2,100. The data is split into a historical (1981–2014) and future time-period (2015–2,100), with two future climate change projections used from the Shared Socioeconomic Pathway (SSP) scenarios found in the sixth IPCC assessment report (Kikstra et al., 2022). SSP2-4.5 keeps CO2 emissions relatively low and is used as a lower bound of global warming and SSP5-8.5 is the extreme case with high CO2 emissions and is reliant on fossil fuels (O'Neill et al., 2016).


TABLE 1 List of the 10 CMIP6 models used in this study from the BCCAQ dataset.


	CMIP6 global climate model
	Institute and country

 

 	ACCESS-CM2 	Australian Community Climate and Earth System Simulator, Australia


 	BCC-CSM2-MR 	Beijing Climate Center Climate System Model, China


 	CESM2 	Community Earth System Model, USA


 	CMCC-CM2-SR5 	Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy


 	GFDL-ESM4 	NOAA Geophysical Fluid Dynamics Laboratory, USA


 	IPSL-CM6A-LR 	Institut Pierre Simon Laplace, France


 	MIROC6 	Atmosphere and Ocean Research Institute, University of Tokyo, Japan


 	MIROC-ES2L 	Atmosphere and Ocean Research Institute, University of Tokyo, Japan


 	MPI-ESM1-2-LR 	Max Planck Institute for Meteorology, Germany


 	MRI-ESM2-0 	Meteorological Research Institute, Japan




 

Because of the large contrast between the seasons, the data is split into a winter season from October to March (ONDJFM) and a summer season (AMJJAS) from April to September, to be analyzed separately. Both droughts and heatwaves are calculated using precipitation and air-temperature data. Droughts are calculated by looking at the total amount of precipitation for the day at each grid point in the model. If the grid point has less than 0.1 mm/day of precipitation (Saaroni et al., 2015; Yang et al., 2025), that grid point on that day is considered to be in a drought. From this, the percentage of days that are in a drought for the time-period considered is determined (named “% of days in drought” in this paper). Additionally, if there are seven consecutive days in a drought, that is considered a consecutive drought until there is a day with more than 0.1 mm/day of precipitation. From this, the average length of days in a consecutive drought (“average length of drought”) and the average number of consecutive droughts that are at least 7 days for the time-period considered is calculated (“average number of droughts”). The same is done for heatwaves using the air-temperature data but for days where the air-temperature is greater than one standard deviation in place of the 0.1 mm/day precipitation threshold (“% of days in heatwave,” “average length of heatwave,” and “average number of heatwaves”). Heatwaves previously have been shown difficult to define and that there is no complete or perfect definition, especially in the Mediterranean (Molina et al., 2020; Ouzeau et al., 2016; Perkins, 2015; Zhang et al., 2011). This is completed for each of the 10 CMIP6 models and the multi-model mean is shown.

Lastly, to determine the impact on the urban coast communities, the coastal cities with the largest population from each Mediterranean country are selected (Figure 1) and split into three regions geographically, Europe (red), Middle East (blue), and North Africa (green). The populations of each of these cities are shown in Figure 2A (Brinkhoff, 2025) and compared to their respective country’s CO2 emissions in Figure 2B (Ritchie et al., 2023). This is to highlight that global warming will have a large impact on these coastal communities, despite not being a large contributor to global CO2 emissions and climate change.

[image: Map highlighting coastal cities with large populations in the Mediterranean region. Cities are marked in different colors: Barcelona, Marseille, Naples, Split, Sarajevo, Podgorica, Tirana, Athens, Izmir, Limassol in red; Algiers, Tunis, Tripoli, Alexandria in green; Latakia, Beirut, Tel Aviv, Gaza in blue.]

FIGURE 1
 Map of the largest coastal cities from each of the Mediterranean countries selected. Cities from Europe are in red, from the Middle East are in blue, and from North Africa are in green.


[image: Bar charts comparing city populations and global CO2 emissions for Mediterranean cities. Chart A shows Alexandria with the largest population, followed by Tel-Aviv and Izmir. Chart B shows France as the highest emitter of CO2, followed by Italy and Spain. Cities and countries are color-coded for clarity.]

FIGURE 2
 Population of each of the coastal cities selected (A) and the CO2 emissions that each Mediterranean country emits (B).




3 Results


3.1 Mediterranean composite maps

The multi-model mean difference between the last 10 years of data (2090–2,100) and first 10 years of data (1981–1991) are shown in the next four figures (Figures 3–6) for droughts and heatwaves during the wet winter (ONDJFM) and dry summer (AMJJAS) seasons for both SSP2-4.5 and SSP5-8.5.

[image: Comparison maps illustrate drought metrics in the Mediterranean region under climate scenarios SSP2-4.5 and SSP5-8.5 between 2090-2100 and 1981-1991. Panels (A) and (B) show the percentage of drought days, with more intense droughts under SSP5-8.5. Panels (C) and (D) display average drought length, again more severe under SSP5-8.5. Panels (E) and (F) present the average number of droughts, indicating increases under both scenarios. Each panel uses a color gradient from blue to red, denoting decreases to increases in drought conditions.]

FIGURE 3
 The difference in precipitation for the multi-model mean for ONDFJM from the last 10 years of data (2090–2,100) and first 10 years of data (1981–1991). Percent of days in a drought (A,B), average length of consecutive drought (C,D), and average number of droughts (E,F). The results from SSP2-4.5 are shown in the first column (A,C,E) and results from SSP5-8.5 are shown in the second column (B,D,F).


[image: Maps showing projected changes in drought conditions for the Mediterranean region under scenarios SSP2-4.5 and SSP5-8.5. Panels (A) and (B) show the percentage of days in drought. Panels (C) and (D) display the average length of droughts in days. Panels (E) and (F) illustrate the average number of droughts. Colors range from blue indicating decreases to red indicating increases. Data compares the period 2090-2100 to 1981-1991.]

FIGURE 4
 The difference in precipitation for the multi-model mean for AMJJAS from the last 10 years of data (2090–2,100) and first 10 years of data (1981–1991). Percent of days in a drought (A,B), average length of consecutive drought (C,D), and average number of droughts (E,F). The results from SSP2-4.5 are shown in the first column (A,C,E) and results from SSP5-8.5 are shown in the second column (B,D,F).


[image: Climate maps showing heatwave projections for the Mediterranean under scenarios SSP2-4.5 and SSP5-8.5. Panels A and B depict the percentage of days in heatwave conditions, with SSP5-8.5 indicating higher intensity. Panels C and D illustrate average heatwave duration in days, while panels E and F show the average number of heatwaves, with SSP5-8.5 projecting higher numbers. Color intensity corresponds to the severity of heatwave conditions, with darker shades indicating higher values. The projections compare the periods 2090-2100 and 1981-1991.]

FIGURE 5
 The difference in air-temperature for the multi-model mean for ONDFJM from the last 10 years of data (2090–2,100) and first 10 years of data (1981–1991). Percent of days in a heatwave (A,B), average length of consecutive heatwave (C,D), and average number of heatwaves (E,F). The results from SSP2-4.5 are shown in the first column (A,C,E) and results from SSP5-8.5 are shown in the second column (B,D,F).


[image: Maps comparing climate projections, showing changes in heatwave days, length, and number in the Mediterranean region. Panels A and B depict percentage changes in days with heatwaves for scenarios SSP2-4.5 and SSP5-8.5, respectively. Panels C and D illustrate average heatwave length changes in days for the same scenarios. Panels E and F show changes in the average number of heatwaves. Red indicates increases, while blue shows decreases.]

FIGURE 6
 The difference in air-temperature for the multi-model mean for AMJJAS from the last 10 years of data (2090–2,100) and first 10 years of data (1981–1991). Percent of days in a heatwave (A,B), average length of consecutive heatwave (C,D), and average number of heatwaves (E,F). The results from SSP2-4.5 are shown in the first column (A,C,E) and results from SSP5-8.5 are shown in the second column (B,D,F).



3.1.1 Droughts


3.1.1.1 Wet season (ONDJFM)

The next two figures show the drought results for the wet season, ONDJFM (Figure 3), and the dry season, AMJJAS (Figure 4), over the Mediterranean. During ONDJFM for SSP2-4.5 (Figure 3A), there is an increase in the percentage of days in a drought in most of the Mediterranean region, with the exception of the northern latitudes where there is a decrease found. The overall scale shows roughly a 5% or less change in all areas, with the greatest change found over the eastern Mediterranean. For SSP5-8.5 (Figure 3B), a similar pattern is found but on a much larger scale overall, with some areas showing an increase of greater than 10% of days in drought comparing the last 10 years and first 10 years of the dataset. This signal is especially evident over the Mediterranean Sea. Additionally, some areas where there was previously a decrease found in northern Europe are found to have an increase in SSP5-8.5.

The average length of consecutive drought during ONDJFM shows an overall decrease over the Mediterranean for SSP2-4.5 (Figure 3C). At the end of the century, most of the region experiences droughts that are shorter on average by roughly 4 days compared to the first 10 years. The exception to this being western North Africa over Algeria, a signal that is seen in SSP5-8.5 as well (Figure 3D). Here there is a clear pattern that shows an increase in the length of drought over the North Africa region with some areas experiencing droughts longer by at least 8 days. The rest of the region shows negligible change, similar to what was seen in SSP2-4.5 (Figure 3C).

Lastly, the average number of these consecutive droughts is examined for ONDJFM, and for SSP2-4.5 (Figure 3E), the largest increase in frequency of drought is found over the eastern Mediterranean and the Middle East, and the largest decrease is found over the same North Africa area in Algeria seen previously. For SSP5-8.5 (Figure 3F), however, there is a significant increase in signal found over the Mediterranean Sea and the surrounding coastal areas, similar to what was seen with the percentage of days in a drought (Figure 3B). In these areas, there is an increase of at least two droughts per season that last at least 7 days during the wet season of ONDJFM. Additionally, there is a strong decrease in frequency of drought seen Algeria coinciding with the increase in the length of drought seen previously in SSP5-8.5 (Figure 3D).



3.1.1.2 Dry season (AMJJAS)

For the dry season, AMJJAS (Figure 4), the signal is much more amplified as expected as the region experiences much less rainfall during this period on average. Additionally, the pattern of change for SPS2-4.5 and SSP5-8.5 are similar, with SSP5-8.5 showing a stronger signal. For the percentage of days in a drought during SSP2-4.5 (Figure 4A), there is an overall increase throughout the Mediterranean region from the first 10 years to the last 10 years. The largest change is seen over the northern Mediterranean in Europe, a signal seen in SSP5-8.5 (Figure 4B) on a much larger scale. The large change observed over the northern Mediterranean suggests that the external forcing experienced in SSP2-4.5 and SSP5-8.5 will have drastic effects on the European summer. For the MENA region however, there is insignificant change, likely as this region is typically in a drought during AMJJAS regardless of external forcing.

Similar to what was seen for the percentage of days in drought, there is a predominately positive signal in the Mediterranean for the average length of consecutive drought for SSP2-4.5 (Figure 4C) and SSP5-8.5 (Figure 4D). For both forcing scenarios, the largest increase in length of drought is observed over the southeastern Mediterranean, where there is an increase of more than 8 days to the average length of drought. In SSP5-8.5 (Figure 4D), the signal is stronger than what was observed for SSP2-4.5 (Figure 4C) with the entire Mediterranean region, including Europe experiencing longer droughts during AMJJAS.

The average number of droughts for AMJJAS shows a similar pattern once more for SSP2-4.5 (Figure 4E) and SSP5-8.5 (Figure 4F), with SSP5-8.5 having a stronger signal. Overall, the Mediterranean region experiences more average number of droughts per dry season (AMJJAS) in the north over Europe and less in the south over the MENA region. Over most areas in the northern Mediterranean, there is an increase of more than two droughts during the last 10 years of the century. This signal is confined mostly to the areas with land as a negative effect is observed over the Mediterranean.

Comparing the wet season (ONDJFM; Figure 3) and dry season (AMJJAS; Figure 4) for the drought variables, the signal differs greatly in intensity and in location. As mentioned previously, the dry season shows a much stronger change in drought from the last 10 years to the first 10 years. Additionally, there is a northward shift in the positive signal from the wet season to the dry season. During the wet season, ONDJFM, most of the positive values are seen over the Mediterranean Sea and in the dry season, AMJJAS, the positive values are seen over the northern Mediterranean above Europe.




3.1.2 Heatwaves


3.1.2.1 Wet season (ONDJFM)

The following two figures show the heatwave results for the wet season, ONDJFM (Figure 5), and dry season, AMJJAS (Figure 6), over the Mediterranean. Differing from the previous results shown for the droughts in the Mediterranean, the heatwave results for the wet season show only positive change from the in the last 10 years compared to the first 10 years for both forcing scenarios. For SSP2-4.5 (Figure 5A), there is an increase in the percentage of days in a heatwave throughout the entire Mediterranean with the signal over the Mediterranean Sea being the largest, nearly double what is observed over land. A similar pattern is seen in SSP5-8.5 (Figure 5B), but on a greater scale, especially in the MENA region, indicating that the high emissions from SSP5-8.5 will have a large effect on the future of the region.

Surprisingly for SSP2-4.5 (Figure 5C), however, there is very little change observed from the last 10 years and the first 10 years for the average length of consecutive heatwaves. The heatwaves on average tend to last about 10 days longer at the tail end of the century. This is small when comparing the results to what is observed in SSP5-8.5 (Figure 5D). Here, there is an increase in length of the heatwaves across all the Mediterranean especially along the coast of Northern Africa with some areas increasing by nearly 50 days.

Similar to there not being a large increase in length of the heatwaves in SSP2-4.5 (Figure 5C), there is also only a slight increase in frequency of heatwaves lasting at least 7 days experienced in ONDJFM (Figure 5E). Throughout the Mediterranean, there is an increase of less than one heatwave per season on average observed with the greatest increase observed over the Eastern European region. For SSP5-8.5 (Figure 5F), however, the signal doubles compared to SSP2-4.5, with there being less than two heatwaves on average per season. The greatest increase in the number of heatwaves observed occurs over the Aegean Sea, and Turkey and Greece. The smallest change is observed along the North African coast, coinciding with the large increase in the length of heatwave observed previously (Figure 5D). With the length of the heatwaves increasing by nearly 2 months on average, this gives less room for more heatwaves to occur in the six-month period of ONDJFM.



3.1.2.2 Dry season (AMJJAS)

Once again, as expected, the signal for the dry season (AMJJAS; Figure 6) is a much more amplified one of the wet season (ONDJFM; Figure 5). Both forcing scenarios result in more extreme temperatures, and therefore more days experiencing heatwave conditions. There is an increase observed between SSP2-4.5 (Figure 6A) and SSP5-8.5 (Figure 6B), as the percentage of days in a heatwave is nearly doubled. Both scenarios show the region experiencing more heatwave days over the Mediterranean Sea than over land at the end of the century, with there being between 50 and 80% increase in days with heatwave conditions.

For the average length of heatwave, both SSP2-4.5 (Figure 6C) and SSP5-8.5 (Figure 6D), show strong changes over the entire region and especially over the Mediterranean Sea. For SSP2-4.5 (Figure 6C), the greatest change is observed over the Mediterranean Sea with an increase of over 50 days for the average length of heatwave observed whereas the regions over land experience an increase of roughly 30 days or less on average. This signal is much stronger in SSP5-8.5 (Figure 6D) with the entire Mediterranean region, both over sea and land, experiencing an increase in the average length of heatwave by over 60 days. This means that by the last 10 years of the century for the dry season (AMJJAS), the Mediterranean is experiencing periods of 30 consecutive days or more where the air temperature is greater than one standard deviation and a constant warming observed.

Lastly, for the average number of heatwaves observed in the season, a unique pattern is found for both SSP2-4.5 (Figure 6E) and SSP5-8.5 (Figure 6F), where there is a negative change found over much of the entire region with the exception of the Eastern Mediterranean Sea and parts of Egypt and Libya. In SSP2-4.5 (Figure 6E), there is a decrease of roughly one heatwave of at least 7 days observed during the dry season. And a slightly stronger signal is observed for SSP5-8.5 (Figure 6F), with nearly two heatwaves less per season. As mentioned previously, the decrease in number of heatwaves observed could be due to the significant increase observed in the length of heatwaves per season (Figures 6C,D). One feature that is interesting to note is there is a stronger increase in the eastern Mediterranean Sea in SSP2-4.5 (Figure 6E) that disappears in SSP5-8.5 (Figure 6F).

Again, comparing the wet season (ONDJFM; Figure 5) and the dry season (AMJJAS; Figure 6) heatwave variables, the largest difference between the two is the intensity and location. The dry season (Figure 6) shows a much stronger change of nearly 2–3 times that seen during the wet season (Figure 5) due to the extreme heat from both forcing scenarios. Additionally, the dry season shows a very strong signal located over the Mediterranean Sea that is not observed during the wet season. And unlike the previous drought maps (Figures 3, 4), there is no negative change from the last 10 years and the first 10 years, except for the number of heatwaves observed in the dry season (Figures 6E,F), where there is a negative change observed over land. Additionally, there is a negligible difference observed over the land areas as seen previously contrasting the northern Mediterranean/Europe and the southern Mediterranean/MENA region.





3.2 Impact on coastal cities

The next four figures (Figures 7–10) show the multi-model mean percentage change between the last 10 years (2090–2,100) and first 10 years (1981–1991) for each Mediterranean city selected for droughts and heatwaves during the wet winter (ONDJFM) and dry summer (AMJJAS) season for both SSP2-4.5 and SSP5-8.5.

[image: Nine bar charts compare drought statistics for various cities between the first decade (1981-1991) and last decade (2090-2100) under scenarios SSP245 and SSP585. Charts (A), (B), and (C) assess drought percentages; (D), (E), and (F) show average drought lengths; (G), (H), and (I) display average drought numbers. Each chart uses different colors to represent data for city rankings, percentages, and changes under specified conditions.]

FIGURE 7
 The changes in precipitation for ONDJFM for each of the coastal cities for (A–C) drought percentage, (D–F) average drought length, and (G–I) average number of droughts. The first column (A,D,G) shows the results for the first 10 years, the second column (B,E,H) shows the percentage change from the first column to the last 10 years of SSP2-4.5, and the last column (C,F,I) show the percentage from the first column to the last 10 years of SSP5-8.5. The European cities are shown in red, the Middle Eastern cities are shown in blue, and the North African cities are shown in green.


[image: Nine bar charts display drought data for various cities from 1981-1991 and 2090-2100. Charts A, D, G show initial drought percentages, lengths, and numbers. Charts B, E, H show projections under SSP245. Charts C, F, I show projections under SSP585. Each row compares different metrics, illustrating changes over time and scenarios.]

FIGURE 8
 The changes in precipitation for AMJJAS for each of the coastal cities for (A–C) drought percentage, (D–F) average drought length, and (G–I) average number of droughts. The first column (A,D,G) shows the results for the first 10 years, the second column (B,E,H) shows the percentage change from the first column to the last 10 years of SSP2-4.5, and the last column (C,F,I) show the percentage from the first column to the last 10 years of SSP5-8.5. The European cities are shown in red, the Middle Eastern cities are shown in blue, and the North African cities are shown in green.


[image: Nine bar charts comparing heatwave data for select cities during the first ten years (1981-1991) and last ten years (2090-2100). Panels (A), (D), and (G) show initial data on heatwave percentage, average heatwave length, and average heatwave number, respectively. Panels (B), (E), and (H) illustrate percentage change under SSP245 scenario. Panels (C), (F), and (I) display percentage change under SSP585 scenario. Each chart ranks cities horizontally, with bars indicating specific metrics.]

FIGURE 9
 The changes in air-temperature for ONDJFM for each of the coastal cities for (A–C) heatwave percentage, (D–F) average heatwave length, and (G–I) average number of heatwaves. The first column (A,D,G) shows the results for the first 10 years, the second column (B,E,H) shows the percentage change from the first column to the last 10 years of SSP2-4.5, and the last column (C,F,I) show the percentage from the first column to the last 10 years of SSP5-8.5. The European cities are shown in red, the Middle Eastern cities are shown in blue, and the North African cities are shown in green.


[image: Nine bar charts show data on heatwave percentages, average heatwave length, and number of heatwaves for various cities in two future scenarios (SSP245 and SSP585) compared to past data. Panels (A), (B), and (C) display heatwave percentage changes. Panels (D), (E), and (F) show changes in average heatwave length. Panels (G), (H), and (I) illustrate changes in the average number of heatwaves. Each chart presents data for cities like Tunis, Alexandria, and Barcelona, with colors indicating different comparison periods.]

FIGURE 10
 The changes in air-temperature for AMJJAS for each of the coastal cities for (A–C) heatwave percentage, (D–F) average heatwave length, and (G–I) average number of heatwaves. The first column (A,D,G) shows the results for the first 10 years, the second column (B,E,H) shows the percentage change from the first column to the last 10 years of SSP2-4.5, and the last column (C,F,I) show the percentage from the first column to the last 10 years of SSP5-8.5. The European cities are shown in red, the Middle Eastern cities are shown in blue, and the North African cities are shown in green.



3.2.1 Droughts


3.2.1.1 Wet season (ONDJFM)

The following two figures show the drought results for the wet season (ONDJFM; Figure 7) and dry season (AMJJAS; Figure 8) for the 18 coastal cities selected throughout the Mediterranean for Europe (red), the Middle East (blue), and North Africa (green). Beginning with the first 10 years of the historical data (1981–1991) the top three cities that experience the highest percentage of days in a drought are in Europe (Athens, Marseille, and Barcelona), with 65% of the days of the wet season experiencing less than 0.1 mm/day of rainfall (Figure 7A). The bottom three cities (Sarajevo, Beirut, and Podgorica) experience slightly less than 50% of days that have drought conditions. For SSP2-4.5 (Figure 7B), the cities that increase the most in percentage of days in a drought are located near one another in the Middle East (Beirut, Gaza, and Tel-Aviv), with a 3–4% increase in days in a drought. The top six cities undergoing an increase in drought at the end of the century are all located in the Middle East or North Africa region, whereas the bottom four cities that show a decrease in days in a drought are all located in Europe (Split, Izmir, Podgorica, and Sarajevo). Similar results are observed for SSP5-8.5 (Figure 7C) but on a stronger scale with the top cities being roughly the same (from the MENA) and Beirut experiencing the largest increase in percentage of days in a drought with a near 6% increase. The European cities once again experience the least change in percentage of days in a drought.

For the average length of consecutive drought (Figure 7D), Tel-Aviv and Gaza are the two cities with the longest average drought length during the wet season at 12 days long, however, the shortest drought length is just roughly 3 days shorter at 9 days in Sarajevo. For SSP2-4.5 (Figure 7E), 13 out of the 18 cities experience a decrease in the average length of drought at the end of the century with the largest change in percentage found in Gaza and Tel-Aviv with a 6% decrease. A similar result is shown for SSP5-8.5 (Figure 7F) with 11 out of the 18 cities showing a decrease in the average length of the drought, but with Tripoli showing a 3% increase, up from 1% shown in SSP2-4.5.

Lastly, the average number of droughts per wet season (ONDJFM) is shown with the first 10 years of the historical data (Figure 7G) similar to what was shown for the percentage of days in a drought (Figure 7A) in terms of city order. The top four cities are from Europe (Athens, Marseille, Barcelona, and Limassol) with 4–6 droughts of at least seven consecutive days occurring in the ONDJFM season and Beirut experiencing the least with only two. For SSP2-4.5 (Figure 7H), the cities undergoing the largest increase (10%) in the number of droughts per season are from the MENA, including Gaza and Tel-Aviv that underwent the biggest decrease in length of drought (Figure 7E). The cities experiencing the biggest decrease (10%) in the number of droughts per wet season (ONDJFM) over the last 10 years are all located in Europe (Izmir, Podgorica, Naples, Split, and Sarajevo). Again, a similar result is shown for SSP5-8.5 (Figure 7I) but on a larger scale (15%) with the MENA cities showing the largest increase and the European cities showing the largest decrease.



3.2.1.2 Dry season (AMJJAS)

For the dry season (AMJJAS; Figure 8), a much different result is shown expectedly as it is normal for many of the cities, especially those in the MENA, to experience drought conditions on a daily basis. The percentage of days in drought during the first 10 years of the historical time-period (Figure 8A) ranges from 45 to 95% with the cities located in the eastern Mediterranean experiencing the most drought compared to the western Mediterranean. Gaza, Alexandria, and Tel-Aviv have the highest percentage of days in a drought at 95% and Sarajevo has the lowest at 45%. Over the last 10 years of the century for SSP2-4.5 (Figure 8B), every city experiences an increase in percentage of days in a drought except for Marseille, which experiences an insignificant negative change (nearly 0%). Naples experiences the largest change at 4%. SSP5-8.5 (Figure 8C), every city has an increase in percentage of days in drought with Naples once again having the highest at 7% and seven of the top eight cities being in Europe.

For the average length of consecutive drought (Figure 8D), the top four cities are located in the MENA in the eastern Mediterranean and have an average drought length of 25–30 consecutive days with less than 0.1 mm/day of rainfall. The bottom seven cities are all European cities that have an average drought length of roughly 10 days. Three of the top four cities from first 10 years of the historical data also experience the greatest increase in the average length of drought with a 60–90% increase found in Gaza, Tel-Aviv, and Alexandria while the rest of the cities experience less than 20% change. For SSP5-8.5 (Figure 8F), a similar result is seen as most of the cities considered are expected to have an increase in the number of dry days. Beirut, which had the longest length of drought for the first 10 years (over 30 days), is the only city to show a decrease in length of drought by the last 10 years for both SSP2-4.5 and SSP5-8.5.

The average number of droughts per dry season (AMJJAS) ranges between 2 and 7 droughts of at least seven consecutive days with Marseille having the most and Gaza having the least for the first 10 years of the historical data (Figure 8G). For SSP2-4.5 (Figure 8H), the MENA cities show the largest increase in number of droughts per season with Alexandria having a 10% increase. The cities showing the smallest change in number of droughts are found in Europe with Marseille having a 5% decrease. For SSP5-8.5 (Figure 8I), however, it is the European cities that show the greatest increase in number of droughts per dry season with Sarajevo showing a 10% increase. For both SSP2-4.5 (Figure 8H) and SSP5-8.5 (Figure 8I), slightly more than half of the cities (10) show a positive change and slightly less than half (8) show a negative change.

Comparing the wet season (ONDJFM, Figure 7) to the dry season (AMJJAS, Figure 8), there are a few things to note. The first is that during the wet season there is both positive and negative change observed for the drought variables from the first 10 years to the last 10 years, whereas for the dry season, overall, there is mostly a strong positive change observed due to the effect of increased forcing. Additionally, there is a bit of a flipped response observed between the two seasons with the MENA cities and the European cities switching places as the seasons change, as the MENA cities experiencing the largest increase in drought during the wet season and the European cities experiencing the largest increase in drought during the dry season.




3.2.2 Heatwaves


3.2.2.1 Wet season (ONDJFM)

The next two figures show the heatwave results for the wet season (ONDJFM; Figure 9) and the dry season (ONDJFM; Figure 10) for the 18 Mediterranean cities selected. The percentage of days in a heatwave for the first 10 years of the historical data (Figure 9A) show that the overall, European cities have the highest percentage of days in a heatwave, however all 18 cities range from 3–8% showing there is not much of a difference between them. For the last 10 years of both SSP2-4.5 (Figure 9B) and SSP5-8.5 (Figure 9C), the change in the percentage of days in a heatwave for ONDJFM is inverse of what was seen in the first 10 years with the biggest change seen among the MENA cities overall (100–450% increase) with Alexandria seeing an increase in over 350% and the European cities experiencing the smallest change between (100–200%). There is no negative change in percentage of days in a heatwave from the first 10 years to the last 10 years as well.

For the average length of heatwave in the Mediterranean for ONDJFM (Figure 9D), all the MENA cities have the longest heatwave length, between 15 and 30 days long and the European cities have the shortest (with the exception of Limassol) with heatwaves lasting between 10–15 days. Over the last 10 years, there is not much difference between SSP2-4.5 (Figure 9E) and SSP5-8.5 (Figure 9F) as all 18 cities range between roughly 14–45%. The order of the cities, however, differs between the two with Limassol showing the largest change (~35%) and Split showing the smallest change (15%) in SSP2-4.5 (Figure 9E), and Tirana (45%) and Latakia (13%) for SSP5-8.5 (Figure 9F). For both SSP2.4–5 and SSP5-8.5, the North African cities can be found in the lower half of the 18 cities overall.

For the average number of heatwaves in ONDJFM (Figure 9G), a similar pattern to what was seen for the average length of heatwaves (Figure 9D) is observed. The cities experiencing the highest number of heatwaves are located in the MENA with the exception of the top city, Limassol, and the cities experiencing the least are in Europe. For the wet season in the Mediterranean, there is not a large range among the 18 cities, as all range from 0.25–1.50 heatwaves over the first 10 years, with again, the most in Limassol and the least in Sarajevo. For SSP2-4.5 (Figure 9E) and SSP5-8.5 (Figure 9F), the order of the cities is essentially inversed from the first 10 years with Sarajevo experiencing the largest change (over 60%) and Limassol undergoing the smallest change (−15%). Inverse from the first 10 years, most of the European cities show the largest change and most of the MENA cities show the smallest change. For the average number of heatwaves, there is a negative change observed in three cities in SSP2-4.5 and nine cities (half of the 18 considered) in SSP5-8.5, indicating that over the last 10 years some of the Mediterranean cities (mostly in the MENA region) can expect a decrease in the number of heat waves over the wet season (ONDJFM).



3.2.2.2 Dry season (AMJJAS)

The dry season (AMJJAS) for heatwaves (Figure 10) shows no clear pattern for the first 10 years of the historical data with the European and MENA cities in no particular order. The percentage of days in a heatwave (Figure 10A) range between 1 and 4%, with Tunis and Latakia having the highest and lowest percentage of days in a heatwave. Like what was observed for the wet season, there is little difference between SSP2-4.5 (Figure 10B) and SSP5-8.5 (Figure 10C) with a similar order of cities (both Latakia and Tunis having the largest and smallest change, opposite to the first 10 years) and a similar scale of change (250–2000%).

The average heatwave length for the dry season for the first 10 years of the historical data (Figure 10D) differentiates significantly between the 18 cities with a range found between 10 and 50 days. For the most part, the European cities are experiencing the longest heatwave with Naples and Izmir experiencing the longest at roughly 50 days, and Tripoli the shortest at roughly 10 days long. For the last 10 years of both SSP2-4.5 (Figure 10E) and SSP5-8.5, an increase between 50 and 250% is found with the largest and smallest changes found in Tel-Aviv and Naples. In both scenarios, the cities that experience the largest change in length of heatwave from the first 10 years to the last 10 years in SSP2-4.5 and SSP5-8.5 are found in the MENA region and the cities that experience the smallest change in the length of heatwave are found in Europe.

The number of heatwaves found in the dry season (< 4 heatwaves; Figure 10G), is roughly double than what was found for the wet season (2 heatwaves; Figure 9G). Similarly to what was shown previously with the length of heatwaves (Figure 9D), the European cities have more heatwaves than the MENA cities over this time-period (with Sarajevo having the most and Tripoli having the least). And once more, the cities experiencing the greatest change for SSP2-4.5 (Figure 10H) and SSP5-8.5 (Figure 10I) are inversely correlated to what was shown for the first 10 years (Figure 10G) with the MENA cities experiencing the greatest change (Tripoli, the most) and the European cities the smallest (Barcelona, the least). Differing from the wet season, however, is the scale of change observed during the dry season where a change between −20–200% is found for SSP2-4.5 (Figure 10H) and a change of between −20-120% is found for SSP5-8.5 (Figure 10I). Over half of the cities experience a negative change in the number of heatwaves, with 10 cities in SSP2-4.5 and 13 in SSP5-8.5, with the majority of them being cities in Europe, suggesting that the European cities can expect a decrease in the number of heatwaves per season going into the future and the MENA cities can expect an increase in number of heatwaves coinciding with an increase in the length of heatwaves as well.

Comparing the wet season (ONDJFM; Figure 9) to the dry season (AMJJAS; Figure 10), the wet season tends to lack a significant pattern for the order of the cities whereas the dry season clearly shows the European cities with the largest values and the MENA cities experiencing the largest change for each variable. Additionally, the dry season has a significantly larger scale for both the first 10 years as well as the change from the last 10 years, especially for the heatwave percentage where it increases by nearly a magnitude. The cities experiencing the most and least number of changes between the two seasons differs as well, highlighting the importance of the seasonality.





3.3 Regional changes

Lastly, the multi-model mean regional changes over time for the droughts and heatwaves are shown in the next four figures (Figures 11–14) for the wet season (ONDJFM) and dry season (AMJJAS) for just SSP5-8.5, to highlight the extreme changes expected over the century. The multi-city means are shown for Europe (red), the Middle East (blue), and North Africa (green). The range of the model trend is shown in the box and whisker plot for the corresponding region with the minimum, first quartile, median (orange line), mean (white dot), third quartile, and maximum trend among the 10 models.

[image: Line and box plots showing drought statistics for Europe, the Middle East, and North Africa from 1980 to 2100. Panel A displays the drought percentage, Panel B shows average drought length in days, and Panel C shows the average number of droughts. Panels D, E, and F present box plots summarizing data for each region: Europe (red), Middle East (blue), and North Africa (green). Each line plot depicts fluctuations over time with relevant legends.]

FIGURE 11
 The regional change of precipitation for ONDJFM for (A) drought percentage, (B) average drought length, and (C) average number of droughts for the entire time period of SSP5-8.5. The average of the European cities is shown in red, the Middle Eastern cities in blue, and the North African cities in green. (D–F) The range of trends for the models are shown for the minimum, first quartile, median (orange line), mean (white dot), third quartile, and maximum trend values.


[image: Line graphs and box plots display drought metrics for Europe, the Middle East, and North Africa from 1980 to 2100. Panel A shows drought percentage trends; Europe’s decreases slightly, while the Middle East and North Africa fluctuate. Panel B illustrates average drought length, with increases in the Middle East. Panel C presents average drought numbers, with variability across regions. Box plots (Panels D, E, F) summarize data. Europe typically shows lower drought statistics.]

FIGURE 12
 The regional change of precipitation for AMJJAS for (A) drought percentage, (B) average drought length, and (C) average number of droughts for the entire time period of SSP5-8.5. The average of the European cities is shown in red, the Middle Eastern cities in blue, and the North African cities in green. (D–F) The range of trends for the models are shown for the minimum, first quartile, median (orange line), mean (white dot), third quartile, and maximum trend values.


[image: Line graphs and box plots showing heatwave trends across Europe, the Middle East, and North Africa from 1980 to 2100. Graph A illustrates an increase in heatwave percentage. Graph B shows the rise in average heatwave length in days. Graph C displays the average number of heatwaves, also increasing. Box plots D, E, and F present statistical summaries for each region by 2100, highlighting variations in heatwave percentage, length, and number. Europe is red, the Middle East is blue, and North Africa is green.]

FIGURE 13
 The regional change of air-temperature for ONDJFM for (A) heatwave percentage, (B) average heatwave length, and (C) average number of heatwaves for the entire time period of SSP5-8.5. The average of the European cities is shown in red, the Middle Eastern cities in blue, and the North African cities in green. (D–F) The range of trends for the models are shown for the minimum, first quartile, median (orange line), mean (white dot), third quartile, and maximum trend values.


[image: Line and box plot graphs depicting heatwave data from 1980 to 2100 for Europe, the Middle East, and North Africa under the AMJJAS SSP585 BCCAQ model. Panels (A), (B), and (C) show increasing trends for heatwave percentage, length, and number, respectively, with Europe generally having higher values. Panels (D), (E), and (F) are box plots summarizing the ranges. Blue, red, and green lines represent Europe, the Middle East, and North Africa.]

FIGURE 14
 The regional change of air-temperature for AMJJAS for (A) heatwave percentage, (B) average heatwave length, and (C) average number of heatwaves for the entire time period of SSP5-8.5. The average of the European cities is shown in red, the Middle Eastern cities in blue, and the North African cities in green. (D–F) The range of trends for the models are shown for the minimum, first quartile, median (orange line), mean (white dot), third quartile, and maximum trend values.



3.3.1 Droughts

The percentage of days in a drought for the wet season (ONDJFM; Figure 11A) does not vary substantially across the three regions as they all follow similar patterns. However, by the mid-century, there is a slight increase observed until the tail-end of the century. The three regions begin with roughly 55% of the days experiencing drought conditions and increase to end with roughly 60% of the days in drought conditions. The multi-model mean of the trend (Figure 11B) is found to be positive for each region with North Africa (green) having the largest value, followed by the Middle East (blue), and lastly Europe (red). The region with the largest range in trend across all the models is the Middle East and the region with the smallest is Europe although similar to the range for North Africa. For the average length of consecutive drought (Figure 11C), however, there is no clear change in pattern observed nor is there much of a difference between the three regions for the wet season as the average length of drought is about 11 days throughout the entire time-period. The multi-model mean of the trend (Figure 11D) is found to have positive and negative values with North Africa once again having the largest value, followed by Europe and then the Middle East. Similar to before, the Middle East once again has the largest range in model trend values, whereas Europe has the smallest. All three regions have mean trends close to zero as there is a lot of noise in the timeseries showing the change in length of drought over time. Lastly, for the average number of droughts (Figure 11E), a slight increase is once again observed from the mid-century to the end of the century, similar to what was seen for the percentage of days in a drought (Figure 11A). The number of droughts per wet season increases just slightly from about 3.5 to 4 droughts. Again, similar to what was shown previously with the model trends, North Africa has the largest multi-model mean (Figure 11F), followed by the Middle East, and then the Europe, but as mentioned previously, the values are close to zero due to the noise from the timeseries. And once more, the Middle East has the largest range of trends across the three and Europe the smallest. There are both positive and negative trend values found showing the large model uncertainty, especially with respect the Middle Eastern cities.

The drought results for the dry season (Figure 12), however, changes drastically compared to the wet season (Figure 11). The percentage of days in a drought for AMJJAS (Figure 12A) show the MENA region following a similar stable timeseries centered near 85%, whereas the European region shows a slight increase in the mid-century as the percentage of days in a drought increases from 70 to 75%, suggesting that the external forcing will have a larger impact on the European region than the MENA region during the dry season. The trend for the models (Figure 12B) also differentiates from the wet season to the dry season as Europe has the largest trend, followed by North Africa, and then the Middle East. Europe also has the largest range of values, and the Middle East has the smallest, inverse of what was seen previously. As for the average length of drought (Figure 12C), again the MENA has a longer drought length than the European region by nearly double (30 days compared to 15). But this time, it is the MENA region that shows a slight increase at the end of the century for the average length of drought. The Middle East shows the strongest multi-model mean trend as well as the largest range in trend values across all the models (Figure 12D). And Europe shows both the smallest trend and smallest range in values in the models. For the average number of droughts in the dry season (Figure 12E), Europe once again shows a slight increase at the end of the century with a small increase from 4.5 droughts to 5 over the entire time-period. And rather than the MENA region converging on a similar pattern and scale as previously shown, North Africa and Europe region do while the Middle East shows the lowest number of droughts over the entire time-period. The range of the trends (Figure 12F) for the average number of droughts shows Europe having the largest multi-model mean trend value, followed by the Middle East and then North Africa. All three regions have a similar range in trend values across all the models.



3.3.2 Heatwaves

For the percentage of days in heatwave during ONDJFM (Figure 13A), all the regions follow similar values as they steadily increase over the entire time-period from roughly 5 to 60% by the end of the century, with a strong increase in the trend starting around year 2060. All three regions show similar values for the multi-model mean trend values (Figure 13B), with all having a large range in values as well across the models, although North Africa has the smallest range among the three regions. It is interesting to note, that despite the large range in trend, the range from the first quartile to the third quartile is very small. For the average length of the heatwave (Figure 13C), all three regions follow similar patterns and steadily double in value from the beginning of the time-period to the end of the century. North Africa and the Middle East begin at roughly 20-day long heatwaves and end at nearly 40 days, whereas Europe beginning at 12 days, ends the century near 20-day long heatwaves. This means that the regions are experiencing at least 20 consecutive days where the temperature is greater than one standard deviation. The similar pattern for North Africa and the Middle East is shown again with regards to the multi-model mean trend (Figure 13D) as they both have similar values and a similar range of values across the models. The trend for Europe is much smaller however, as is the range of values. Lastly, for the number of heatwaves that last at least 7 days in the wet season (Figure 13E), all three regions follow a similar pattern to what was seen for the average length of heatwave (Figure 13C), with North Africa and the Middle East having similar values to each other and Europe having slightly less values. The values across all three regions are small as they are less than two heatwaves for the entire time-period. The values of the trends (Figure 13F) show the inverse for what was seen for the average length of heatwave (Figure 13D) with Europe having the largest multi-model mean value and the largest range of values, and North Africa having the smallest mean and range of values.

The results for the dry season (AMJJAS, Figure 14) differ from the wet season with the exception of the percentage of days in a heatwave. For the percentage of days in a heatwave for the dry season (Figure 14A), the results are similar for what was seen for the wet season with all three regions increasing from roughly 5–80%, with a sharp increase found slightly after 2060. The multi-model mean trends (Figure 14B) across all three regions are similar as well, but Europe has a large range in the trends across the models that is not seen in North Africa or the Middle East. The average length of the heatwaves during the AMJJAS season (Figure 14C) shows Europe having the largest values (roughly 30 days) at the beginning of the time-period and the Middle East and North Africa having smaller values (less than 20 days). All three regions steadily increase with time and end with values close to 70 days. As for the trends (Figure 14D), the Middle East has the largest multi-model mean trend value and the largest range in values. The difference in trend values between Europe and North Africa is small. Lastly, for the number of heatwaves in the dry season (Figure 14E), Europe begins with the largest values (roughly 2 heatwaves per season) and stays steady until about year 2040 where the values then slowly decline (to roughly 1 heatwave per season). The Middle East and North Africa, however, begin with less heatwaves (less than one), slowly increase until year 2040 (reaching 2 heatwaves per season on average), and then following a similar pattern to what was seen for Europe, steadily decline over the tail-end of the century to roughly one heatwave per season. The decrease observed over the tail-end of the century is likely due to the increase in length of heatwave seen previously (Figure 14C) as the heatwaves reach values close to 70 days long, it is unlikely to have multiple heatwaves averaging 70 days in a season. The Middle East once again has the largest multi-model mean trend value (Figure 14F) as well as the largest range of values across the models. Europe has the smallest, and the only negative trend value as it is the only region that ends with less heatwaves at the end of the century than it began with at the beginning of the time-period. It also has the smallest range in trend values. North Africa, since it began with roughly one heatwave and ended with roughly one heatwave has a multi-mean trend value close to zero.





4 Discussion

Precipitation and air-temperature data from 10 CMIP6 global climate models are downscaled to a higher resolution to create the BCCAQ dataset that is used in this study to evaluate drought and heatwave conditions in the Mediterranean region. Two external forcing scenarios, SSP2-4.5 (low-emissions) and SSP5-8.5 (high-emissions), are considered to provide a range of results for the future projection in the region. The data is split into two seasons, a wet season (ONDJFM), and a dry season (AMJJAS), due to the large variability identified in previous studies as well as the difference in the physical phenomena observed in the region during these seasons. Drought and heatwave conditions are examined across the Mediterranean region as a whole as well as in 18 of the largest coastal cities in the region. The aim of this study is to provide an assessment of the impact anthropogenic climate change will have on the Mediterranean and how that will impact urban environments. Especially in countries that do not necessarily contribute a large amount to CO2 emissions but may feel the largest impacts globally because of the Mediterranean being a climate change hot spot as it warms at a rate higher than the rest of the world. The Mediterranean is expanded beyond what some previous studies have considered to include the Middle East and North Africa (MENA). This is also the first time the BCCAQ dataset will be used in the Mediterranean region to investigate droughts and heatwaves.

For the regional drought results, it is evident there is a larger impact on the region during SSP5-8.5 compared to SSP2-4.5 for both seasons, but especially for the dry season (AMJJAS) where a greater change is observed between the first 10 years (1981–1991) and the last 10 years (2090–2,100). Comparing the wet season to the dry season, there is a northward shift in the positive signal as most of the positive values are seen over the Mediterranean Sea in the wet season and over the northern Mediterranean and Europe in the dry season. For the heatwave results, SSP5-8.5 again shows a stronger response in the Mediterranean in both seasons as a result of the increased external forcing. Between the two seasons, the dry season shows a response greater than the one observed in the wet season by nearly 2–3 times. Additionally, there is a strong signal located over the Mediterranean Sea during the dry season that is not seen during the wet season. For the heatwave results, there is only positive change observed for both the percentage of days under heatwave conditions and for the length of heatwave, unlike the drought results, suggesting that into the future the entire region will be subjected to heatwave conditions. The negative values seen for the average number of heatwaves suggests that there will be less heatwaves per season due to the increase in length of heatwaves observed.

The results for droughts and heatwaves on the coastal cities again show that the emissions from SSP5-8.5 are going to have a more significant impact than SSP2-4.5. For drought conditions, the wet season shows strong variability of positive and negative change across the 18 cities, whereas overall for the dry season, there is mostly an intense positive change observed. During the wet season, the MENA cities experience the largest increase in drought going into the future and the European cities the least and the opposite is seen during the dry season with the European cities experiencing the largest change and MENA cities experiencing the smallest. For the heatwave results, there is a lack of a pattern observed during the wet season with regards to the order of the cities, whereas the dry season shows the MENA cities experiencing the largest change in the future and the European cities the smallest. Comparing the scale between the two seasons, however, the percentage change into the future for the dry season is significantly larger than what is observed for the wet season.

Lastly, the impact SSP5-8.5 has on the regional level (Europe, Middle East, and North Africa) is addressed for both drought and heatwave conditions during the wet and dry seasons. For the drought conditions during the wet season, there is little change observed between the three regions as there is strong variability seen. For the dry season, the scale is significantly larger and the MENA region converges on similar values while the European region tends to have smaller values. Across both seasons, however, there is a slight increase in drought conditions observed at the mid-century in all three regions. The heatwave conditions for the wet and dry season are similar for the percentage of change as the values across all three regions are the same and sharply increase toward the tail-end of the century. The dry season shows a slightly larger scale range. The average length of heatwave and average number of heatwaves for the wet season shows a minimal and slight increase in value from the beginning of the time-period to the end of the century. For the dry season, however, there is a large increase in the length of heatwave over time, and this coincides with a decrease in the number of heatwaves observed in a season over the second half of the century. The model uncertainty is also examined by looking at the trend in each model across all the variables and overall, there is a large range across all three regions with the Middle East showing the most substantial range in model trend.

Although this study is the first to use the BCCAQ dataset in the Mediterranean, the results found in this study agree with other studies of the Mediterranean region using CMIP6 models. Babaousmail et al. (2022) also use a bias-corrected CMIP6 dataset and find a reduction in precipitation levels and an increase in drying in the Mediterranean and Sahara region. Additionally, they find more extreme signals in SSP5-8.5 versus SSP2-4.5. Ayt Ougougdal et al. (2024) and Babaousmail et al. (2021) use CMIP6 to investigate the impact global emissions have on North Africa and similarly find a significant decrease in precipitation levels in the region. With regards to heatwaves in the Mediterranean region, most previous studies converge on a similar finding as this study does, with a significant increase in heatwaves and warming in the region. Additionally, an accelerated warming and increase in heatwaves into the future is found in the MENA and western Mediterranean region (Malik et al., 2024; Tejedor et al., 2024). These changes are consistent across the Euro-CORDEX regional climate model ensemble as well (Molina et al., 2020), emphasizing the robustness of the CMIP6 ensemble with regards to air-temperature data.

Understanding the impact anthropogenic climate change has on the future of the Mediterranean is important for many reasons as it influences socioeconomic situations in the region and because it is a region that relies heavily on rainfall for agricultural purposes. The increased risk of drought and heatwaves in the Mediterranean poses a large threat to food stability, water scarcity, and urbanization and tourism. This study provides a small assessment of the future climate situation in the region, and the results can be interpreted to understand the impact climate change will have on the area. It is important to note that because the region was assessed as a whole, rather than at each individual grid point, there is some sensitivity in the results. The first being the with criteria that defines the length of droughts and heatwaves (7 days) as changing this length would change the results obtained. Additionally, some areas rely on snowfall in addition to rainfall for water resources and this study only considers the rainfall data from the models used. Including snowfall would likely change the results, especially in the northern Mediterranean and mountainous regions. The range in the results across the models is significant as well and highlights the sensitivity both climate models and downscaled data can have when used on a regional scale. Tarín-Carrasco et al. (2025), using CMIP6 ensembles, conclude that the Mediterranean region continues to be one of the most sensitive regions globally, despite the substantial improvements to CMIP6 and these uncertainties must be taken into account going forward.
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