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Abstract

:

The Mediterranean region is one of the most responsive areas to climate change and was identified as a major “hot-spot” based on global climate change analyses. This study provides insight into local climate changes in the Mediterranean region under the scope of the InTheMED project, which is part of the PRIMA programme. Precipitation and temperature were analyzed in an historical period and until the end of this century for five pilot sites, located between the two shores of the Mediterranean region. We used an ensemble of 17 Regional Climate Models, developed in the framework of the EURO-CORDEX initiative, under two Representative Concentration Pathways (RCP4.5 and RCP8.5). Over the historical period, the temperature presents upward trends, which are statistically significant for some sites, while precipitation does not show significant tendencies. These trends will be maintained in the future as predicted by the climate models projections: all models indicate a progressive and robust warming in all study areas and moderate change in total annual precipitation, but some seasonal variations are identified. Future changes in droughts events over the Mediterranean region were studied considering the maximum duration of the heat waves, their peak temperature, and the number of consecutive dry days. All pilot sites are expected to increase the maximum duration of heat waves and their peak temperature. Furthermore, the maximum number of consecutive dry days is expected to increase for most of the study areas.
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1. Introduction


Global climate warming is unequivocal [1] and human influence, due to the increase in concentrations of greenhouse gases (GHGs), is now clear [2]. There are regions that are more sensitive to climate change [3], where the impacts can be exceptionally evident. According to future climate model projections, one of these areas is the Mediterranean region (MED) [3,4], which has been identified as a major climate change hot-spot [5].



Caloiero et al. [6] analyzed the long-term precipitation trend in Europe and in the Mediterranean basin using a globally gridded precipitation dataset covering the period 1901–2009. On an annual scale, the authors found a prevalent negative precipitation trend for the study area; a positive trend was observed for central-north Europe. The negative trend is mainly observed for the MED with high variability at local scale. Making use of different climate models, under different scenarios and with different spatial resolutions, it is agreed that the mean temperature will increase by the end of this century over the MED, especially in summer [1,4,7,8]. Precipitation is expected to decrease throughout the area with few exceptions [9]. Giorgi and Lionello [4] using the projections of general circulation models (GCMs) and regional climate models (RCMs), under different emission scenarios (B1, A1B, A2 for the GCMs and A2 and B2 for the RCMs), pointed out that at the end of the 21st century (2071–2100) precipitation is expected to decrease (compared to 1961–1990) over the MED by up to 25–30%. The only exception is the northern part of Europe, which, especially in winter, shows a slight increase. Warming climate is expected in all seasons with maximum values in summer up to 4–5 °C. Mariotti et al. [8], according to the GCM projections of the Coupled Model Intercomparison Project-Phase 5 (CMIP5), showed a significant warming in all seasons and areas of the MED under the RCP4.5 scenario, with a maximum in summer of about 3 °C, comparing 2071–2098 to 1980–2005. In the same period, a decrease in precipitation is expected on an annual scale but with seasonal differences between the different sub-regions of the MED. The temperature signal, mainly forced by GHGs, prevails over the internal variability at decadal scale already around 2000, while for the changes in precipitation they will emerge from the decadal variability around 2050; the chance of dry decades will be likely increase. The CMIP5 simulations were also analyzed by Lionello and Scarascia [10] to identify changes in precipitation and temperature over the MED under the RCP8.5 scenario. The authors linked the changes in the MED to the global annual mean surface temperature, reporting a decrease in precipitation of 4% for each degree of increase in the global temperature and a warming rate about 20% faster than global warming (with seasonal differences), which confirm that the MED is a climate change hot-spot. Zittis et al. [11] used a multi-model, multi-scenario and multi-domain analysis to identify the future climate in the MED. In particular, the authors used the RCM projections of the Coordinate Regional Downscaling Experiment—CORDEX (https://cordex.org) (accessed on 8 August 2022), over different domains (which include the MED), under the RCP2.6, RCP4.5 and RCP8.5 scenarios. By the end of the 21st century and compared to 1986–2005, a warming of the MED of 1–5 °C is expected, with summer values that can reach 7 °C. A decrease in precipitation between 10% and 40% is also likely. Differences are expected between the northern and southern parts of the MED, where the southern regions will experience combined higher warming and drier periods. The interannual temperature variability is expected to increase, especially for the RCP8.5, indicating a possible increase in heat extremes. In this regard, Zittis et al. [12] used a single RCM (under the A2, A1B, and B2 scenarios) to analyze future heat wave changes in the eastern Mediterranean. By the end of this century, the frequency, persistency, and severity of the heat extremes are expected to increase dramatically, with negative impacts on human health and the environment. Moreover, according to the First Mediterranean Assessment Report [13], heat waves and extremes will intensify over the MED at the end of the century and the expected increase in interannual variability of the hydrological cycle is likely to lead to a longer dry spell, more clear in the southern sub-regions. An ensemble of RCMs from the EURO-CORDEX initiative was used by Molina et al. [14] to investigate future heat waves over the MED. According to the RCP4.5 and RCP8.5 scenarios, the authors report an increase in both intensity and length of heat waves in the late 21st century.



Climate models are essential tools for assessing the impacts of climate change, but their spatial resolutions remain an issue on complex domains such as the MED [10]. In fact, the MED is characterized by a complex orography, by the presence of several coastlines and by the Mediterranean Sea itself that make not only general- but also regional- and even local-processes influence the climate and its change [15]. RCMs do a better job in reproducing the climate and the MED circulation dynamics with respect to GCMs, but local inhomogeneities cannot yet be adequately represented. Furthermore, climate models are characterized by systematic model errors (bias) that should be corrected before using these projections for local impact and vulnerability assessment studies [16]. Therefore, a downscaling/bias correction of the climate model projections based on observed data is necessary to preserve local heterogeneities [17]. Many methods are available in the literature to post-process climate model data with the aim of eliminating the bias (see for example [18,19,20,21]). Among these techniques, the distribution transfer method (also referred to as statistical downscaling, distribution mapping, quantile-quantile mapping) is widely accepted in the literature [19,22]. When this method is applied at station scale, it can be seen as a combined downscaling/bias correction method [17,21].



The spatial and temporal heterogeneity of the climate in the MED underlines the need for local scale studies to better understand the local impacts of projected changes [23] and to implement effective adaptation strategies, considering that most decisions will be developed at local, regional, or national level [24].



The objective of this work is to analyze the past and future local climate over five pilot sites in the MED. The pilot sites are in Portugal, Spain, Tunisia, Greece and Turkey, areas investigated within the scope of the InTheMED project (https://inthemedprima.com) (accessed on 8 August 2022), part of the PRIMA programme supported by the HORIZON 2020 research and innovation program of the European Union. InTheMED aims to develop innovative tools and methodologies for sustainable groundwater management in the MED. In this paper, we focus on climate in five study areas with the aim to identify potential changes in those drivers (precipitation and temperature) that can influence the aquifers under investigation. For each pilot site, based on precipitation and temperature records, we first investigated the presence of local trends in the observed time series. Then, the observed data were used to statistically downscale/bias correct an ensemble of 17 GCM-RCM combinations provided by the EURO-CORDEX initiative [25]. Two Representative Concentration Pathways (RCPs) or scenarios [1] were used: the RCP4.5 and the RCP8.5. Projections of greenhouse gas emissions depend on socio-economic development and climate policy. RCPs describe different pathways of GHG emissions and atmospheric concentrations, air pollutant and land-use, which by 2100 will result in an increasing in total radiative forcing, relative to pre-industrial levels. The RCP4.5 is an intermediate scenario for which is projected a radiative forcing in the year 2100 of 4.5 W/m2; the peak of emissions is around 2040 and then they decline. The RCP8.5 is the most severe scenario with GHG emissions that continue rising throughout the century; the radiative forcing reached by 2100 is 8.5 W/m2. The post-processed data were used to analyze the local future changes in precipitation and temperature at short- (2021–2040), medium- (2041–2060), and long-term (2076–2095). Changes in the number of consecutive dry days and in the maximum duration and peak temperature of heat waves were also investigated. Compared to previous studies on a global and regional scale, this work aims to provide a better understanding of the local scale climate changes over the considered study areas by accounting for observed data at station scale.



The paper is structured as following: Section 2 reports information on the pilot sites, available data and methods of analysis. The results on historical trends, the climate model projections and the changes in consecutive dry days and heat waves characteristics are shown in Section 3. Results are discussed in Section 4 and a summary and conclusions are reported in Section 5.




2. Materials and Methods


2.1. Pilot Sites and Historical Data


Five study areas, in the MED, are considered as application examples of the concepts and methodologies developed in the InTheMED project. They are located in Portugal (Guadiana Basin), Spain (Requena-Utiel), Tunisia (Grombalia), Greece (Tympaki), and Turkey (Konya). The main characteristics of the pilot sites, depicted in Figure 1, are summarized in Table 1. In the following, we will refer to the pilot sites with the abbreviations reported in Table 1.



To analyze the past climate and perform the bias correction (BC) of the climate models it was necessary to collect precipitation and temperature data at gauging stations over or in the proximity of the study areas. For the BC, we choose the period 1976–2005 (control period), during which the GCM-RCM combinations have been run to simulate the historical climate. For this period, daily records have been collected for each pilot site; the data differ in number and type of gauging stations, amount, and source of information. The temperature data refer to the mean values. Table 2 summarizes the main information on the available data; they have been mainly provided by the competent national services.



Among the available stations, only those that present time series with an amount of data higher than 70% were selected. For the PS-SPA and PS-TUN areas, temperature data at gauging stations in the control period were only sporadically available. Then, after a survey of the international web archives, we downloaded the data from the WATCH Forcing Data dataset (WFD; [26]). For each temperature station, among the time series of the four closest WATCH cells, we selected the one with the best correlation with the (few) observed data available. The gaps in the records for each station were filled according to a linear relationship with the best correlated neighboring gauge, following the guidelines provided by the Food and Agriculture Organization (FAO) of the United Nations [27] and using all available observations. In the absence of contemporary daily information, the missing data were replaced with random values extracted from a normal (for temperature) and log-normal (for precipitation) distributions, with mean and standard deviation of the recorded data. To preserve seasonality, this method was applied on monthly scale (i.e., each month of the available sample has its own mean and standard deviation). In case of precipitation, the probability of no-rain was preserved.




2.2. Climate Model Data


In this study, we considered the climate projections of the EURO-CORDEX initiative (https://www.euro-cordex.net/) (accessed on 8 August 2022). To account for the uncertainty of the climate model projections, we analyzed an ensemble of 17 GCM-RCM combinations with a grid resolution of about 12.5 km (EUR-11 grid). Table 3 reports the GCM-RCM combinations used in this work. Among the available variables, we made use of precipitation and mean temperature data on a daily scale.



The EURO-CORDEX models reproduce the historical climate from 1950/1970 until 2005. Then, they simulate the future climate conditions under different Representative Concentration Pathways (RCPs) or scenarios. In this work, we analyzed the RCP4.5 and the RCP8.5.



The models provide results on a regular grid; a downscaling procedure based on an interpolation method was then performed to obtain the climate variables at each gauging station locations. In particular, we used an inverse squared distance method by processing the values of the climate models in the nine cells closest to the location of the gauge; for details, see [17].



Climate model projections present systematic deviations from the observed data in the historical simulation. The climate model outputs must then be bias corrected (BC) to obtain more reliable projections, especially when used for hydrological impact studies [16]. In the present work, the BC was performed with the distribution mapping method [17,19,28,29], which ensures that cumulative distribution functions of the climate model data, at monthly scale, agree with the ones of the observed data in the control period. In applying the method, the Gaussian distribution function has been adopted to fit the temperature data. The Gamma distribution function has been used to model the wet-day rainfall. For precipitation, before the application of the distribution mapping method, the number of rainy days in the climate models have been adjusted identifying an RCM-specific threshold. For each RCM, the threshold grantees that the number of rainy days in the model is equal to the observed one in the control period. Then, all the projected precipitation below the threshold were set equal to zero. The transfer functions and the thresholds evaluated in the historical period, for each month, have been applied to modify the projected temperature and precipitation until the end of the simulated period.



In the presentation of the results, the historical values have been compared with the estimates evaluated over twenty-year periods so defined: reference period (1986–2005), short-term (2021–2040), medium-term (2041–2060), and long-term (2076–2095).




2.3. Data Analysis Methods


In this work, we studied the past climate and its potential future changes over the MED. For the historical data, the total annual precipitation and the annual mean temperature were analyzed in the reference period 1986–2005. The historical trends in precipitation and temperature, on an annual scale, have been evaluated in the period 1976–2005. At this aim, we used the rank-based non-parametric Mann–Kendall test (MK) [30,31]. The null hypothesis for MK is that there is no monotonic trend in the analyzed time series; this is tested against the alternative hypothesis that there is a trend in the data. Since MK assumes that the data are independent, a serial correlation in the time series can weaken the robustness of the test. For this reason, we checked for autocorrelation in the data before applying MK. For this purpose, we used the Ljung–Box statistical test (LB) [32] which verifies whether there is a serial correlation in a time series. In LB, the null-hypothesis is that the data are independently distributed, while the alternative hypothesis is that they are not independently distributed, that is a serial correlation exists. The hypotheses were tested jointly for the first two lags. To eliminate the influence of serial correlation on MK, different approaches can be used [33]; they can be based on the modification of the variance of MK or they can consist in the application of a pretreatment to the data [34]. In this work, we considered both approaches: the modified MK as proposed by Hamed and Rao (MMK-HR) [35] and the trend-free-pre-whitening approach (MMK-TFPW) as proposed by Yue et al. [36]. In MMK-HR, a theoretical or an approximate relationship is used to modify the MK variance in order to take into account autocorrelation in the data, whereas in MMK-TFPW a pre-whitening procedure is applied to the time series after removing the trend. MK was applied to all the time series considered, while MMK-HR and MMK-TFPW only to those that exhibit autocorrelation. The null hypothesis for all tests has been checked at a significance level of 5%. To quantify the tendency, a linear trend gradient was evaluated with the Theil–Sen method [37], which defines the slope as the median of the slopes computed for all possible pairs of the data considered. The method is nonparametric and it is robust respect to outliers when compared to parametric least-square linear regressions.



In addition to trend analysis, the Pettitt test [38] was used to check the stationarity of the precipitation and temperature data and to identify change points in time series. The test is rank-based and nonparametric with the null-hypothesis that no change point exists in the series and the alternative hypothesis of non-stationarity, which means that a change point can be identified. In this case, the null-hypothesis was also tested at 5% significance level. In addition to detecting the year in which the change occurs, the variation of the means of the observed variables between the two sub-series is also evaluated.



A seasonal analysis was also performed to analyze precipitation and temperature data for the reference period, and then the results have been compared with those of the climate model projections for twenty-year intervals at short-, medium- and long-term. Since we work with an ensemble of climate models, it is of interest to indicate the robustness of the change which represents the level of agreement across the 17 RCMs used. In our work, the changes in climate projections are considered robust if more than 66% of the models agree in the direction of the variation [25]. In addition, we evaluated some climate features that are referenced in the literature as having the greatest impact on anthropogenic activities in the social, agricultural and industrial fields [39,40]: the duration of the heat waves and their peak temperature, and the annual maximum number of consecutive dry days (CDDs). Heat waves define an unusual persistence of hot conditions over a specific region. However, there is no universal definition of heat waves [41]. Usually, they are defined as a set of consecutive days with temperature exceeding a specific threshold, though there is no agreement on either threshold or minimum duration. In this study, we set a temperature threshold for each pilot site equal to the 95% percentile of the June–July–August (JJA) temperature over the reference period [39]. Therefore, a heat wave occurs when this threshold is exceeded, and its duration represents the number of consecutive days exceeding the threshold. Then, for each year, we considered the maximum duration of the heat waves and the peak temperature reached within this period. The maximum number of CDDs has been defined on an annual scale, since a long period of absence of rain can have a strong impact both in summer (agriculture and social context) and in winter (due to the lack of snow or replenishment of water storages). For each twenty-year period, the results are reported in terms of median values.





3. Results


3.1. Historical Data


Table 4 reports the values of the annual mean temperature and total annual precipitation in the reference period 1986–2005 for each pilot site; the areal values were computed from the gauging station data using the Thiessen polygon method. The data highlight variations from one site to another. The warmest area is PS-TUN with an average annual mean temperature of 18.8 °C; the coldest site is PS-TUR with 11.4 °C. The temperature variability in the reference period (Min/Max) is the highest for PS-TUR (9.9/13.1 °C) and the smallest for PS-TUN (18.0/19.4 °C). Looking at the annual average precipitation, PS-TUR is also the driest pilot site (355 mm) and PS-POR is the wettest zone (545 mm). The minimum precipitation variability is observed for PS-TUR (264/458 mm) while the maximum for PS-TUN (291/1092 mm).



The historical trends of the annual mean temperature and annual precipitation were analyzed in the period 1976–2005. Before detecting the trend, the time series were tested for autocorrelation using the Ljung–Box test (LB). The Mann–Kendall test (MK) was then used for all the time series to identify any trend in the data. In addition, the modified MK as proposed by Hamed and Rao (MMK-HR) and the trend-free-pre-whitening approach (MMK-TFPW) were adopted in case of serial correlation for comparison. The Pettitt test was used to identify change points in time series. The significance level for all tests was set at 5%. The trends were quantified through the Theil–Sen estimator (TS). Table 5 reports the results for each pilot site and for temperature and precipitation. The temperature time series exhibit autocorrelation for all sites but PS-TUR; an upward trend is identified by TS for all study areas. The highest gradient is observed for PS-TUR (+0.5 °C/decade); the other MED regions investigated are warming at a rate of +0.2–+0.3 °C/decade. According to MK, the temperature trend is always significant, except for PS-GRE. The trend loses significance for PS-POR when using MMK-HR and MMK-TFPW and the tendency is not significant for PS-SPA when considering MMK-TFPW. All sites but PS-POR show a significant change point. The year of change is 1997 for PS-GRE with a step in the mean (Δ) between the two sub-series of +0.8 °C and 1986 with Δ = +0.7 °C for PS-POR; the date of change is 1993 for PS-TUN and PS-TUR with a Δ equal to +0.6 °C and +1.1 °C, respectively. Annual precipitation time series are not autocorrelated (Table 5) and the precipitation trends do not indicate remarkable variations. A downward trend is observed for PS-GRE, PS-POR, and PS-TUR, with the maximum negative for PS-POR of about −28 mm/decade; PS-SPA and PS-TUN exhibit an upward trend with a maximum gradient of +23 mm/decade for PS-TUN. For all pilot sites, the trend in total annual precipitation is not statistically significant. The Pettitt test shows stationarity in the data for all the time series investigated.




3.2. Climate Model Projections


The outputs of 17 RCM climate models, once bias corrected, have been considered to investigate the future climate over the MED under two different scenarios: RCP4.5 and RCP8.5. In this paper, although the analyses have been performed at each station location, for the sake of brevity and to give an overview of the five different regions, we report the results weighted over the entire study areas. Figure 2 and Figure 3 show the annual mean temperature and the total annual precipitation for the period 1976–2098, for each pilot site and in terms of 10-year moving average, which allows to highlight the climate change signal against natural variability. According to Figure 2, an increase in temperature is expected for the future for all pilot sites and for both scenarios. The warming of the areas is particularly evident for the RCP8.5. Regarding the precipitation, according to both scenarios, the variability between the 17 climate models is high, pointing out a large uncertainty of the climate model projections. PS-GRE and PS-POR, according to the median values, show a decrease in precipitation for the future. On the contrary, PS-SPA, PS-TUN and PS-TUR do not show significant changes.



The RCM outputs have been also analyzed for three future periods, 2021–2040 (short term, ST), 2041–2060 (medium term, MT) and 2076–2095 (long term, LT), and a reference period (1986–2005, RP) for comparison. Table 6 reports the observed and simulated (RCM ensemble median) mean temperature for the reference period on a seasonal and annual scale. The table shows also the differences between the temperature projections (RCM ensemble median) for the three future periods and those of the RP, under the two emission scenarios. In addition, Table 6 reports the robustness of the change; the change is robust if 11 out of 17 models agree in the direction of the change according to the RCM ensemble median [25]. Looking at the reference period, the RCM ensemble medians well mimic the observed data for all pilot sites, confirming the capability of the bias correction of the climate model data to lead to a good reproduction of the local thermometric regime. The analysis on the three future periods indicates a progressive warming over all the areas investigated and for both climate scenarios; the mean temperature increases in all seasons compared to the reference period and the changes are always robust. For PS-GRE, on an annual scale, the temperature increases of 1.00 °C (ST) up to 2.20 °C (LT) for the RCP4.5 and of 1.22 °C (ST) up to 4.29 °C (LT) for the RCP8.5; the maximum is expected during the summer season with a long-term increase of 4.73 °C. For PS-POR, on an annual scale, the increase is of 0.81 °C (ST) up to 1.75 °C (LT) for the RCP4.5 and of 1.00 °C (ST) up to 3.64 °C (LT) for the RCP8.5; the maximum is found in the autumn season with an increase of 4.22 °C at long-term. For PS-SPA, on an annual scale, the temperature increases of 0.97 °C (ST) up to 1.97 °C (LT) for the RCP4.5 and of 1.10 °C (ST) up to 4.04 °C (LT) for the RCP8.5; the maximum is expected during the summer season with an increase of 4.99 °C at long-term. For PS-TUN, on an annual scale, the temperature increases of 0.90 °C (ST) up to 1.89 °C (LT) for the RCP4.5 and of 0.98 °C (ST) up to 3.61 °C (LT) for the RCP8.5; the maximum is in the summer season with an increase of 4.32 °C at long-term. The highest temperature increase is expected for PS-TUR: on an annual scale, the increase is of 1.18 °C (ST) up to 2.73 °C (LT) for the RCP4.5 and of 1.62 °C (ST) up to 5.19 °C (LT) for the RCP8.5. Regarding seasonal variations, the maximum is in the winter season (3.27 °C, LT) for the RCP4.5. For the RCP8.5, the maximum increase of 5.43 °C (LT) is predicted in the spring season.



Table 7 reports the observed and simulated (RCM ensemble median) precipitation in the reference period on a seasonal and annual scale. The table shows also the percentage variations between the precipitation projections (RCM ensemble median) for the three future periods and those of the RP, under the two emission scenarios; the robustness of the changes is also reported. In the reference period, the RCM ensemble medians reproduce quite well the local precipitation regime with small deviations from the observed values. In the three future periods, the analysis indicates positive and negative variation, on a seasonal and annual scale, with respect to the reference period. For PS-GRE, on an annual scale, the precipitation variation is in the range −4.1% (ST) to −15.7% (LT) for the RCP4.5 and in the range −1.8% (ST) to −23.5% (LT) for the RCP8.5, but the change is not robust for both the scenarios. The maximum increment is detected in the autumn season (+9.9%) at short-term and for the RCP4.5, the highest decrease is expected in the winter season (−30.7%) at long-term and for the RCP8.5; both the changes are robust. The summer precipitation has been set equal to zero as the observed and estimated precipitations are always less than 1 mm. For PS-POR, the precipitation variation is almost always negative; at annual scale, the estimate is not robust: the maximum precipitation decrease is expected at long term for the RCP8.5, with a change of −22.9%. The highest decrease is in the summer season (−61.3%) at long-term for the RCP8.5; the maximum increment is detected in the winter season (+13.6%) at long-term for the RCP4.5. For PS-SPA, on an annual scale, the precipitation variation is always below 5%, except at long-term for the RCP8.5 (−18.5%, robust change). The highest precipitation decrease is expected during the summer season at long-term for the RCP8.5 (−38.1%), although this change is not robust. The highest precipitation increment is expected during the autumn season at medium-term for the RCP8.5 (+8.6%, no robust change). For PS-TUN, on an annual scale, the variations are below 6%, except for the no robust change of −16% at long-term under the RCP8.5. The highest decrease is in the summer season at long-term (−34.0% for the RCP8.5) and the maximum increment is expected in the autumn season at long-term for the RCP4.5 (+9.2%). For PS-TUR, no significant changes are expected in the future; on an annual scale, the change rates are very low. The highest decrease is found in the summer season at long-term for the RCP8.5 (−28.5%), while the maximum increment is expected in the autumn season at short-term for the RCP4.5 (+ 10.4%) and both changes are robust.



It is noteworthy that the inter-model variability of the precipitation data is high, as highlighted in Figure 3, leading to a large uncertainty about RCM precipitation projections and rarely robust changes.



3.2.1. Heat Waves: Duration and Peak Temperature


For the heat waves, we analyzed two characteristics: maximum duration and peak temperature. We evaluated the heat wave duration on an annual scale, defined as the number of consecutive days in which the mean daily temperature exceeds a threshold. The threshold has been defined at local scale as the 95% percentile of the JJA mean temperature observed in the reference period. The threshold for each pilot site is reported in Table 8. Then, for each year, we considered the maximum duration of the heat waves and the peak temperature reached within this period. Figure 4 and Table 8 report the heat wave duration for the five investigated areas in the reference period and in the short- (ST), medium- (MT) and long-term (LT), under the two RCP scenarios; the observed value is also reported for comparison. For each RCM, the median value of the annual maximum durations in the twenty-year periods has been considered. The box-whisker plots show the variability between the 17 climate models. The inter-model variability in the reference period is very small and all RCM projections well reproduce the observed values. For all pilot sites, the maximum duration of the heat waves increases over time. The durations evaluated at short- medium- and long-term are always higher than those of the reference period. For PS-GRE, PS-SPA and PS-TUR the maximum number of consecutive days with mean daily temperature above the threshold is similar: the maximum heat wave duration increases from 5 (ST) to 8–9 (LT) days under the RCP4.5 scenario and from 5–6 (ST) to 23–23.5 (LT) days for the RCP8.5. The pilot site that presents the shortest duration is PS-POR; the maximum heat wave duration is in the range 3.5 (ST) to 6.5 (LT) days for the RCP4.5 and in the range 5 (ST) to 13.5 (LT) days for the RCP8.5. The highest heat waves duration is expected for PS-TUN at long-term for the RCP8.5: the maximum number of consecutive days above the threshold, with reference to the median value, is 38 days. The inter-model variability amplifies over time; however, all climate models exhibit longer lasting heat waves in the future.



The severity of heat waves, in terms of peak temperature, is increasing over time in the MED (Figure 5, Table 8). With respect to the median values, the hottest day on the heat wave event (with maximum duration) shows a progressive temperature increase in the three future periods; the peak temperature is always higher than that of the reference period. PS-GRE, PS-TUN and PS-TUR show similar variations: compared to the reference period, the heat wave peak temperature increases of 0.7–0.9 °C (ST) up to 2 °C (LT) for the RCP4.5 and of 0.9–1.1 °C (ST) up to 4.5–4.7 °C (LT) for the RCP8.5. The minimum changes in the peak temperature are detected for PS-POR, for which the difference between the median values evaluated in the reference period and the ones estimated at long-term is 1.6 °C for the RCP4.5 and 3.5 °C for the RCP8.5. The highest changes are projected for PS-SPA: the hottest day has a temperature increase in the range 1.1 °C (ST) to 2.2 °C (LT) for the RCP4.5 and an increase of 1.4 °C (ST) up to 5.5 °C (LT) for the RCP8.5.




3.2.2. Consecutive Dry Days


The consecutive dry days (CDDs) are used to describe meteorological droughts in the investigated areas. For each year, we evaluated the maximum number of consecutive days with daily precipitation less than 1 mm. In Figure 6 and Table 9, the results are reported in terms of median values evaluated in the twenty years of the reference period, using observed and RCM data, and with regard to the three future periods, under the RCP4.5 and the RCP8.5. The box-whisker plots show the inter-model variability between the RCMs. The maximum number of CDDs evaluated in the reference period using the RCM data spans in a wide range and shows deviations from that observed in the same period. This highlights the greater uncertainty in the precipitation data of the RCMs and in their capability to correctly reproduce this climate feature. The inter-model variability remains high also for the future periods and increases over time.



The CDDs projections are different for the five pilot sites under investigation. For PS-GRE and PS-POR the maximum number of consecutive dry days for the future periods is in the range of the median value observed in the reference period, even if all climate models underestimate the maximum number of CDDs in the RP. With respect to the median values, the maximum number of CDDs exceeds the observed one only at long-term under the RCP8.5 scenario for PS-GRE, and at medium-term for the RCP8.5 and at long-term for both scenarios for PS-POR. It is noteworthy that PS-GRE and PS-POR are the areas that present the highest number of CDDs in the historical period, the medians of the observed consecutive dry days in the reference period are 151 and 86 days for PS-GRE and PS-POR, respectively. For PS-SPA, PS-TUN, and PS-TUR, the projected maximum number of CDDs is always longer than those evaluated in the reference period. The number of consecutive dry days increase over time, in particular for RCP8.5, with a high inter-model variability. According to the more severe scenario, for PS-SPA, the maximum number of CDDs is in the range from 57.5 (ST) to 64 (LT); for PS-TUN, the maximum number of CDDs is in the range from 72 (ST) to 104.5 (LT); for PS-TUR, the maximum number of CDDs is in the range from 73.5 (ST) to 93 (LT).






4. Discussion


It is worth discussing a comparison of the results of our study with the findings of other works conducted over the regions where the pilot sites of the IntheMED project are located. To this end, a review of the literature was completed aimed at identifying studies that carry out evaluations on the trend of temperature and precipitation in a period corresponding to (or closer to) our control period (1976–2005) and that report future climate analyses with a spatial scale comparable to that of our study.



In the absence of specific studies, with the desired characteristics, we referred to the Climate Change Knowledge Portal of the World Bank Group (CCKP-WBG in short) [42]. It provides a global climate analysis at national level, with details for regional areas, on both past trends and future projections of temperature and precipitation. For the future projections of the climate variables the portal reports the ensemble mean of 20 GCM models developed in the context of CMIP5 according to different RCP scenarios. Among them, the results for the RCP4.5 and RCP8.5 were considered, in accordance with our analysis.



In the following, the comparison between our results and those of other literature works is reported for each pilot site.



4.1. PS-GRE


For PS-GRE, some works are present in the literature that study past and future climate. Mamara et al. [43] analyzed the temperature trend in the historical period 1960–1976 using the observations collected at 52 stations over Greece. Positive trends are detected for those stations located in northern Greece while no significant variations have been detected in the rest of the country. For Tympaki (included in PS-GRE) a positive trend (significant) of 0.1 °C/decade is reported. These estimates were confirmed by Feidas [44] who analyzed the data collected at 20 stations over Greece up to 2013. For the station of Heraklion, which is the only station in Crete (where our study area is located), the annual temperature trend is slightly positive and not statically significant. These results are comparable with our findings at least for the sign of the trend (+0.2 °C/decade without statistical significance).



Regarding the precipitation in Crete, the CCKP-WBG reports a negative trend of −3.9 mm/decade (not significant) for the years 1971–2020 and a positive significant trend of +15.8 mm/decade for the period 1991–2020. Philandras et al. [45] analyzed the precipitation trends of several stations over the MED: they obtained for Heraklion downward trends (not significant) of −35 mm/decade for the period 1947–2010 and −40 mm/decade for 1951–2010. Similarly, our analysis gives a not significant decrease of −26 mm/decade in the period 1976–2005. These tendencies are also common in other parts of Greece. For example Kastridis et al. [46] in the period 1961–2020 found, for the eastern part of the Pindos Mountain in central continental Greece, no significant trends in precipitation. On the contrary, the mean annual temperature presented a statistically significant increase over time. The temperature remained stable until 1998; then, an abrupt increase occurred lasting until 2020. This finding is comparable with our result for PS-GRE.



The future climate projections over the island of Crete were investigated by Tsanis et al. [47], who used the outcomes of 10 GCM-RCM models developed under CMIP4 with the SRES A1B scenario until 2100. A1B provides a good mid-line scenario for carbon dioxide emissions and economic growth [46]; it is similar to the RCP6.0. The reference period for the evaluation of changes is 1970–2000. During the upcoming period 2010–2040, Tsanis et al. [47] found over Crete a reduction in precipitation of 12% and an increase in mean temperature of 1.9 °C. For the period 2040–2070, the average precipitation is expected to decrease by 20%, while average temperature is expected to increase by 3.8 °C. Although the trends agree in the sign, our results at medium-term (2041–2060), under both RCP scenarios, show a less severe decrease in precipitation (−9.3%, RCP4.5; −13.5%, RCP8.5) and lower temperature warming (+1.48 °C, RCP4.5; +2.08 °C, RCP8.5). It is noteworthy that the investigated periods are not the same and our findings are related to a specific area of Crete.



Georgoulias et al. [48] analyzed the outcomes of 11 GCM-RCM combinations from the EURO-CORDEX initiative for Greece. The authors reported the changes in climate variables for the near-future (2021–2050) and at the end-of-the-century (2071–2100) relative to the reference period 1971–2000. For Crete, in the near future, the results show a temperature increase of about 1 ÷ 1.5 °C under RCP4.5 and 1.5 ÷ 2 °C under RCP8.5. At the end of the century, the temperature is expected to increase in the range 2 ÷ 2.5 °C under RCP4.5 and 3.5 ÷ 4.5 °C under RCP 8.5. These results are fully comparable with our findings at MT and LT.



Regarding the annual precipitation, the projections in the period 2021–2050 give a decrease in the range 6 ÷ 9% under both RCP4.5 and RCP8.5. In the period 2071–2100, the precipitation is expected to decrease of 12 ÷ 15% under RCP4.5 and 21 ÷ 30% under RCP8.5. These results agree with those reported in our paper in Table 7 for PS-GRE at MT and LT.



Georgoulias et al. [48] also investigated the change in the CDD index. For the area of Crete, in the near future, with respect to the reference period, the results show an increase in CDD in the range of 4 ÷ 8 days and 6 ÷ 10 days under RCP4.5 and RCP8.5, respectively. In the period 2071–2100, the CDD are expected to increase of 8 ÷ 14 days under RCP4.5 and 18 ÷ 24 days under RCP8.5. Our results are comparable with the ones obtained by Georgoulias et al. [48] (Table 8).




4.2. PS-POR


For PS-POR, we compare our findings with those of Valverde et al. [49,50], Rodrigo and Trigo [51], and Guerriero et al. [52]. Valverde et al. [49] evaluated the tendencies of several climate parameters observed over the Guadiana river basin (where the PS-POR is located) in the period 1963–2009. Regarding the annual mean temperature, they estimated a positive trend of +0.3 °C/decade. This result is confirmed by the CCKP-WBG, which gives an upward trend of +0.3 °C/decade in the period 1971–2020. Both studies are in agreement with our results (Table 5).



Regarding annual precipitation, Valverde et al. [49] found a significant downward trend of −34 mm/decade, which is comparable with the trend estimated in our paper (−28 mm/decade, Table 5). The CCKP-WBG reports a negative trend (not significant) of about −6.5 mm/decade. Rodrigo and Trigo [51] examined trends in daily precipitation in the Iberian Peninsula in the period 1951–2002 from 22 gauging stations. Three stations are located in the Guadiana basin. The trends in the total annual precipitation result negative, but not significant, for one of the stations and significant with downward trend of −40 mm/decade for the remaining two. Our results agree only in the sign of the trend.



For the future climate analysis, the CCKP-WBG provides the temperature anomaly for different projection periods with respect to 1986–2005. In the period 2040–2059, the anomalies are in the range 1.10 ÷ 1.61 °C and 1.36 ÷ 2.15 °C for the RCP4.5 and RCP8.5, respectively. Our results, at medium-term, are within the range of the CCKP-WBG estimates (1.37 °C, RCP4.5; 1.72 °C, RCP8.5). Valverde et al. [50] analyzed the future climate change in the Guadiana river basin with the aim to evaluate its impact on irrigated agriculture. The outcomes of 16 IPCC models under three future emissions scenarios (A2, B1, A1B) of the CMIP3 were considered. In the period 2041–2070, with respect to the historical period 1961–1990 and considering the central tendency scenario, the annual mean temperature is expected to increase of 2.31 °C and the annual precipitation is projected to decrease of 15.20 mm. With respect to our projections at medium-term (2041–2060), the authors found a higher increase in temperature and a larger reduction in precipitation, but their investigated period is longer than our MT.



Guerriero et al. [52] analyzed rainfall projections from climate models for the Douro, the Tagus and the Guadiana basins; in particular, 15 GCMs developed under the CMIP5 were used. A gridded daily rainfall dataset for Iberia, covering the period from 1950 to 2003, was used to collect historical data and for downscaling the climate model projections. With reference to the period 2041–2070, a decrease in the annual precipitation is expected between 12.5% and 24%, depending on the downscaling methodology. Our results, for the period 2041–2060, give a reduction in precipitation of about 13% and 14% for the RCP4.5 and RCP8.5, respectively. They are in the range of the estimates of Guerriero et al. [52].




4.3. PS-SPA


For PS-SPA, we compare our results with those provided by the CCKP-WBG and those obtained by Mirò et al. [53]. For the historical trend analysis, in the area of Requena-Utiel, the CCKP-WBG indicates an increase in the annual mean temperature of 0.3 °C/decade in the period 1951–2020, which agrees with our results (Table 5). Mirò et al. [53] analyzed the rainfall changes in the Jucar basin where the PS-SPA is located. The historical data were analyzed in the period 1955–2016, resulting in a downward trend in the area close to PS-SPA of about −30 mm/decade. On the contrary, our study indicates a slightly positive trend (+5 mm/decade), not significant.



For the future climate projections, the CCKP-WBG indicates a temperature increase in the period 2040–2059, with respect to the period 1986–2005, of about 1.60 °C and 2.12 °C for the RCP4.5 and RCP8.5, respectively. These results agree with those reported in Table 7 for PS-SPA at MT (+1.47 °C, RCP4.5; +1.98 °C, RCP8.5). Regarding the precipitation projections, Mirò et al. [54] performed the analysis for three future periods (2021–2040, 2051–2070, 2081–2100) considering six GCMs under the RCP4.5 and RCP8.5. The projections of each GCM were analyzed separately in order to evaluate the variability of the predictions. For the period 2051–2070, with respect to the historical period 1981–2010, the annual precipitation is expected to vary in the range +5% ÷ −40% under the RCP4.5 and in the range −10% ÷ −50% under RCP8.5. The ranges are quite large because the six GCM models provide different projections. Our estimates at medium term (−2.6%, RCP4.5, not robust; +0.2%, RCP8.5, robust) are within the range provided by Mirò et al. [54] considering the RCP4.5, but differ for the RCP8.5.




4.4. PS-TUN


For PS-TUN, we compare our analysis with those provided by the CCKP-WBG and the studies of Driouech et al. [55] and Philandras et al. [45]. Driouech et al. [55] investigated the climate evolution and change in North Africa. The historical analysis in the period 1960–2009 includes the observations collected at five gauging stations located in Tunisia. For the station of Tunis, which is the closest one to our pilot site, a positive, not significant, precipitation trend of +11 mm/decade is detected in agreement, as far as the sign, with our results (+23 mm/decade). With regard to temperature, an upward trend of 0.4 °C/decade is observed. The CCKP-WBG for the Nabeul area, which is the same as the PS-TUN, reports an annual mean temperature increase of 0.3 °C/decade in the years 1951–2020, which is the same as our results (Table 5).



About the annual precipitation, Philandras et al. [45] analyzed the trends considering several stations over the MED: they determined for Tunis an upward trend (significant) of +9.8 mm/decade for the period 1900–2010 and a downward trend (not significant) of −8.2 mm/decade for the period 1951–2010. The CCKP-WBG reports, in the period 1971–2020, a negative precipitation trend of about −10.7 mm/decade (not significant). Our analysis, for the period 1976–2005, gives an increase (not significant) of +23 mm/decade.



Regarding the future climate projections, the CCKP-WBG indicates for the area of Nabeul a temperature increase in the period 2040–2059, with respect to the period 1986–2005, of 1.56 °C and 2.15 °C for the RCP4.5 and RCP8.5, respectively. Driouech et al. [55] performed future climate analysis using the General Climate Model ARPEGEClimate under the A1B scenario by comparing the historical period 1971–2000 to the future period 2021–2050. The authors indicate that the annual mean temperature is expected to increase in the range 1.2 ÷ 1.8 °C. These results agree with those reported in Table 6 at medium term (1.30 °C, RCP4.5; 1.85 °C, RCP8.5).



With respect to precipitation, in the area close to the PS-TUN, the analysis of Driouech et al. [55] shows no remarkable change in the annual precipitation, similar to our results at medium term for both scenarios.




4.5. PS-TUR


For PS-TUR, we compare our analysis with the information given by the CCKP-WBG and the results obtained by Duygu et al. [56]. CCKP-WBG indicates, in the area of Konya, where PS-TUR is located, and for the period 1970–2020, an annual temperature increase of 0.2 °C/decade, which is in discrete agreement with our result (0.3 °C/decade, Table 5). Moreover, concerning the annual precipitation, CCKP-WBG shows a downward trend of −9.2 mm/decade over the period 1971–2020, which agrees in terms of trend sign with that estimated in our study (−16 mm/decade, not significant).



For the future climate analysis, the CCKP-WBG reports for the area closest to PS-TUR, a temperature increase of 1.70 °C and 2.48 °C for the RCP4.5 and RCP8.5, respectively, in the period 2040–2059 compared to 1986–2005. Duygu et al. [56] analyzed the future precipitation and temperature variations in order to assess the potential effects of global climate change on Konya Basin and better develop drought management plans. They used the outcomes of three GCMs developed under the CMIP5 program using the RCP4.5 and RCP8.5 scenarios. The results indicate that, until 2050, the total annual precipitation is expected to decrease in the range 6 ÷ 15% and the mean temperature to increase in the range 1 ÷ 2.5 °C. Our results at medium-term (2041–2060) are in good agreement (1.86 °C, RCP4.5; 2.78 °C, RCP8.5) with these studies for the temperature, while the precipitation analysis provides different projections (−3.1%, RCP4.5; −2.7%, RCP8.5).



According to the literature review reported above, we found significant differences between the approaches adopted, such as the selection of historical or future periods, of climate models and scenarios used and of methodologies. This makes the comparison between the various studies not always straightforward. However, according to our results and the analyzed literature, a temperature increase is already underway for all pilot sites and will continue for the future, albeit with different characteristics on a local scale. Precipitation changes differ more between both the various studies and the analyzed areas, highlighting a higher variability and uncertainty of the results. Generalizing, we noticed a better agreement between our results and those reported in the literature if we refer to historical trends or climate projections of the temperature and more discordant results with reference to the precipitation. We recall that, to preserve the heterogeneity of the MED, local studies that exploit the observed data to identify tendencies but also to adjust the future climate projections are needed. This is particularly important when the data are used for impact assessment studies.





5. Summary and Conclusions


In this study, we analyzed past and future changes in precipitation and temperature at five pilot sites in the Mediterranean region. The historical trend analysis performed for the period 1976–2005 shows a positive temperature gradient for all the areas considered, statistically significant for some sites. The highest warming rate is observed for PS-TUR; the annual mean temperature has increased at a rate of 0.5 °C/decade. The precipitation observed in the same period indicates a negative gradient for PS-GRE, PS-POR and PS-TUR and positive for PS-SPA and PS-TUN, but the tendencies are never significant.



The progressive increase in temperature in the MED, already detectable in the historical period, is confirmed by the projections of the climate models until the end of this century. We used an ensemble of 17 GCM-RCM simulations from the EURO-CORDEX initiative to evaluate the future climate in the five study areas. Two different scenarios have been considered: the moderate emission scenario RCP4.5 and the highest forcing scenario RCP8.5. The precipitation and temperature variations have been analyzed in three future periods at short- (2021–2040), -medium (1941–2060), and long (2076–2095) term in comparison with a reference historical period (1986–2005). For all pilot sites, the whole RCM ensemble agrees in the gradual increase of the mean temperature; changes are always robust. The highest warming is projected for PS-TUR; compared to the reference period, the annual mean temperature at the end of the century is expected to be about 2.7 °C higher considering the RCP4.5 scenario and more than 5 °C according to the RCP8.5 scenario. The most remarkable increases are projected during the winter and spring seasons; this may lead to an alteration in the fraction of precipitation that falls in the form of snow affecting the hydrological balance of the area. For PS-GRE and PS-SPA, the annual mean temperature is expected to increase by approximately 2 °C for the RCP4.5 and 4 °C for the RCP8.5. The highest changes are projected during summer reaching increases of about 5 °C for the most severe scenario. For PS-POR and PS-TUN, the variations are about 2 °C for the RCP4.5 and 3.5 °C for the RCP8.5. The maximum temperature increase detected in PS-TUR, which is the coldest region among the investigated pilot sites, and the minimum increase in PS-TUN, which is the hottest region, suggest a reduction in the climate heterogeneity that could lead to the loss of biodiversity [57].



Precipitation projections are more uncertain; the variations, with respect to the reference period are rarely robust. The inter-model variability is high, increases over time, and often exceeds the future projected changes. However, systematic changes are expected for some seasons. For PS-GRE, robust decreases of the winter precipitation for almost all future periods and both scenarios are expected (−7 ÷ −31%), as well as a robust increase in autumn at short-term for the RCP4.5 (+10%) and the RCP8.5 (+5%). For PS-POR, robust precipitation decreases are projected in summer (−16 ÷ −61%) and autumn (−17 ÷ −35%) for all periods and scenarios. For PS-SPA, robust decreases in spring (−2 ÷ −24%) and autumn precipitation (−3 ÷ −10%) are estimated for almost all periods and scenarios, as well as a robust increase of the summer precipitation at short-term for the RCP4.5 (+7.5%). For PS-TUN, robust and significant decreases are expected in spring (−12 ÷ −29%) and winter precipitation (−0.3 ÷ −11%). For PS-TUR, robust summer precipitation decreases (−13 ÷ −29%) and autumn precipitation increases (+3 ÷ +10%) are estimated.



For the assessment of drought events in the pilot sites, we evaluated the change of some significant features: the maximum duration and peak temperature of heat waves and the maximum number of consecutive dry days. The length and severity of heat waves are expected to gradually increase over the century for all pilot sites, especially under the RCP8.5. The inter-model variability is quite large. However, all RCMs predict longer durations and higher peaks than those observed in the reference period. Potential variations in the maximum number of CDDs differ between the investigated areas and among the RCMs, denoting a greater uncertainty in the precipitation projections. For PS-GRE and PS-POR, no significant changes are detected with respect to the reference period; but the observed data show that the summer season is already extremely dry presenting a maximum number of CDDs (median value of the reference period) equal to 151 for PS-GRE and 86 for PS-POR. For the other pilot sites, almost all RCMs project a progressive increase in the maximum number of CDDs. The highest variation is expected for PS-TUR: the maximum number of consecutive days (median of the RCMs) is 58 in the reference period and reaches, at the end of the century, the value of 75 under the RCP4.5 scenario and 93 for the RCP8.5.



Changes in the heat wave characteristics and consecutive dry days indicate that more extreme droughts are expected in the MED for the future. This will lead to many environmental, social and economic impacts. Increasing droughts cause damages to the agriculture and tourism sectors, loss of biodiversity, forest and range-fires, and human health problems with increased risks of morbidity and mortality. All these aspects emphasize the importance of developing common sustainable mitigation and adaptation strategies.



Furthermore, the different projections over the five pilot sites highlight the importance to perform local analysis to better characterize climate variability and to provide local and regional policy makers with the tools to develop optimal mitigation and adaptation plans.



Future works will investigate the impacts of changing temperature and precipitation variables on water resources, with particular attention on groundwater within the scope of the InTheMED project. Warming of the entire MED has negative impacts on the quantity and quality of groundwater. Water scarcity can lead to groundwater overexploitations, which can also cause a progressive salinization of the fresh water in the coastal aquifers. Different approaches will be investigated to relate the temperature and precipitation changes to the groundwater resource availability, making use of complete numerical models or surrogate models (see e.g., [58]) that describe the propagation processes from meteorological to groundwater droughts.
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Figure 1. Location of the five pilot sites. 
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Figure 2. Annual mean temperature in terms of 10-year moving average projected by the 17 RCMs for all pilot sites in the period 1976–2098. The two scenarios RCP4.5 and RCP8.5 are reported. The range of the y-axis in all subplots is the same to easily compare results. 
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Figure 3. Annual precipitation in terms of 10-year moving average projected by the 17 RCMs for all pilot sites in the period 1976–2098. The two scenarios RCP4.5 and RCP8.5 are reported. The range of the y-axis in all subplots is the same to easily compare results. 
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Figure 4. Maximum duration of heat waves in the reference period and at short-(ST), medium-(MT) and long-term (LT), under the RCP4.5 and RCP8.5 scenarios. The solid line represents the observation. The median values of each period are reported, the box-whisker plots represent the variability between the 17 RCMs. The range of the y-axis in all subplots is the same to easily compare results. 
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Figure 5. Peak temperature of heat waves in the reference period and at short-(ST), medium-(MT) and long-term (LT), under the RCP4.5 and RCP8.5 scenarios. The solid line represents the observation. The median values of each period are reported, the box-whisker plots represent the variability between the 17 RCMs. The range of the y-axis in all subplots is the same to easily compare results. 
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[image: Water 14 02499 g005]







[image: Water 14 02499 g006 550] 





Figure 6. Maximum number of consecutive dry days in the reference period and at short-(ST), medium-(MT) and long-term (LT), under the RCP4.5 and RCP8.5 scenarios. The solid line represents the observation. The median values of each period are reported, the box-whisker plots represent the variability between the 17 RCMs. The range of the y-axis in all subplots is the same to easily compare results. 
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Table 1. Main characteristics of the pilot sites investigated in the project InTheMED.
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	Nation
	Greece
	Spain
	Portugal
	Tunisia
	Turkey



	Pilot site name
	Tympaki
	Requena-Utiel
	Guadiana Basin
	Grombalia
	Konya



	Abbreviation
	PS-GRE
	PS-SPA
	PS-POR
	PS-TUN
	PS-TUR



	Size (km2)
	58
	1285
	11,594
	391
	50,000



	Population
	25,000
	30,000
	445,000
	201,000
	3,000,000



	Location
	Coastal
	Inland
	Inland with outlet to the sea
	Coastal
	Inland



	Latitude extension
	35.03, 35.13
	39.27, 39.74
	37.15, 39.35
	36.47, 36.78
	36.80, 39.55



	Longitude extension
	24.70, 24.86
	−1.53, −0.78
	−8.20, −6.90
	10.40, 10.64
	31.05, 35.05



	Elevation range (m a.s.l.)
	0, 470
	365, 1235
	0, 985
	0, 130
	900, 3260
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Table 2. Information on precipitation (P) and temperature (T) data collected.
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	PS-GRE
	PS-SPA
	PS-POR
	PS-TUN
	PS-TUR





	N° of precipitation gauge
	2
	8
	60
	6
	18



	N° of temperature gauge
	1
	1
	4
	1
	18



	Source of precipitation/temperature data
	National Service
	National Service (P, T); WFD (T)
	National Service
	National Service (P, T); WFD (T)
	National Service
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Table 3. GCM-RCM models from EURO-CORDEX initiative used in this work. The ditto mark “ indicates repetition of the above text.
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GCM

	

	
RCM

	




	

	
Institute

	
Model

	
Institute

	
Model






	
1

	
CNRM-CERFACS

	
CNRM-CM5

	
CLMcom

	
CCLM4-8-17




	
2

	
“

	
“

	
SMHI

	
RCA4




	
3

	
“

	
“

	
KNMI

	
RACMO22E




	
4

	
ICHEC

	
EC-EARTH

	
KNMI

	
RACMO22E




	
5

	
“

	
“

	
SMHI

	
RCA4




	
6

	
“

	
“

	
CLMcom

	
CCLM4-8-17




	
7

	
“

	
“

	
DMI

	
HIRHAM5




	
8

	
IPSL

	
IPSL-CM5A-MR

	
IPSL

	
WRF381P




	
9

	
“

	
“

	
SMHI

	
RCA4




	
10

	
“

	
“

	
IPSL-INERIS

	
WRF331F




	
11

	
MOHC

	
HadGEM2-ES

	
DMI

	
HIRHAM5




	
12

	
“

	
“

	
CLMcom

	
CCLM4-8-17




	
13

	
“

	
“

	
KNMI

	
RACMO22E




	
14

	
“

	
“

	
SMHI

	
RCA4




	
15

	
MPI-M

	
MPI-ESM-LR

	
CLMcom

	
CCLM4-8-17




	
16

	
“

	
“

	
SMHI

	
RCA4




	
17

	
NCC

	
NorESM1-M

	
DMI

	
HIRHAM5
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Table 4. Annual mean temperature and total annual precipitation for the five pilot sites. The table reports the average, minimum (Min) and maximum (Max) values in the reference period 1986–2005.
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Mean Temperature (°C)

	
Precipitation (mm)




	

	
Average

	
Min

	
Max

	
Average

	
Min

	
Max






	
PS-GRE

	
16.2

	
15.4

	
17.4

	
474

	
268

	
763




	
PS-POR

	
16.1

	
15.1

	
17.4

	
545

	
322

	
1018




	
PS-SPA

	
13.8

	
12.2

	
15.0

	
434

	
281

	
642




	
PS-TUN

	
18.8

	
18.0

	
19.4

	
507

	
291

	
1092




	
PS-TUR

	
11.4

	
9.9

	
13.1

	
355

	
264

	
458
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Table 5. Historical time series analysis in the period 1976–2005. Ljung–Box test (LB) for autocorrelation: Y, data present serial correlation; N, no serial correlation detected. Sen slope evaluated according to the Theil-Sen method. Mann-Kendal test (MK), MK as modified by Hamed and Rao (MMK-HR) and MK using the trend-free-pre-whitening approach (MMK-TFPW): Y, trend is significant; N trend is not significant. Pettitt test (PT): Y, a change point is detected; N, no break in the data. The significance for all tests is at the 5% level. Year of change and step in the mean between the two sub-series (Δ).
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Mann-Kendall Test

	

	

	
Pettitt Test

	

	




	

	
LB

	
Sen Slope (°C/Decade or mm/Decade)

	
MK

	
MMK-HR

	
MMK-TFPW

	
PT

	
Year

	
Δ (°C or mm)






	
Temperature




	
PS-GRE

	
Y

	
+0.2

	
N

	
N

	
N

	
Y

	
1997

	
+0.8




	
PS-POR

	
Y

	
+0.3

	
Y

	
N

	
N

	
Y

	
1986

	
+0.7




	
PS-SPA

	
Y

	
+0.4

	
Y

	
Y

	
N

	
N

	
-

	
-




	
PS-TUN

	
Y

	
+0.3

	
Y

	
Y

	
Y

	
Y

	
1993

	
+0.6




	
PS-TUR

	
N

	
+0.5

	
Y

	
-

	
-

	
Y

	
1993

	
+1.1




	
Precipitation




	
PS-GRE

	
N

	
−26

	
N

	
-

	
-

	
N

	
-

	
-




	
PS-POR

	
N

	
−28

	
N

	
-

	
-

	
N

	
-

	
-




	
PS-SPA

	
N

	
+5

	
N

	
-

	
-

	
N

	
-

	
-




	
PS-TUN

	
N

	
+23

	
N

	
-

	
-

	
N

	
-

	
-




	
PS-TUR

	
N

	
−16

	
N

	
-

	
-

	
N

	
-

	
-
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Table 6. Seasonal and annual mean temperature (°C) over the five pilot sites: observed values (Obs.) and RCM median values for the reference period (RP, 1986–2005). Temperature change (°C) between the RCM medians at the short- (ST, 2021–2040), medium- (MT, 2041–2060) and long-term (LT, 2076–2095) and those evaluated in the reference period, for the RCP4.5 and RCP8.5 scenarios. The symbol * indicates a robust change. The color scale (from white to red) highlights the differences.
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Obs.

	
RCM

	

	
RCP4.5

	

	

	
RCP8.5

	




	

	

	
RP

	
RP

	
ST

	
MT

	
LT

	
ST

	
MT

	
LT






	
PS-GRE

	
Spring

	
15.48

	
15.58

	
+0.97 *

	
+1.63 *

	
+2.26 *

	
+1.24 *

	
+2.32 *

	
+4.69 *




	
Summer

	
25.20

	
25.13

	
+1.15 *

	
+1.81 *

	
+2.53 *

	
+1.38 *

	
+2.21 *

	
+4.73 *




	
Autumn

	
19.10

	
19.11

	
+0.82 *

	
+1.52 *

	
+2.35 *

	
+1.25 *

	
+2.16 *

	
+4.21 *




	
Winter

	
10.86

	
11.04

	
+0.97 *

	
+1.33 *

	
+1.95 *

	
+0.98 *

	
+1.76 *

	
+3.77 *




	
Year

	
17.66

	
17.72

	
+1.00 *

	
+1.48 *

	
+2.20 *

	
+1.22 *

	
+2.08 *

	
+4.29 *




	
PS-POR

	
Spring

	
14.86

	
14.56

	
+0.88 *

	
+1.31 *

	
+1.63 *

	
+0.82 *

	
+1.68 *

	
+3.45 *




	
Summer

	
23.87

	
23.66

	
+0.84 *

	
+1.70 *

	
+1.87 *

	
+1.09 *

	
+1.83 *

	
+4.09 *




	
Autumn

	
17.30

	
17.45

	
+1.09 *

	
+1.75 *

	
+2.20 *

	
+1.35 *

	
+2.21 *

	
+4.22 *




	
Winter

	
9.65

	
9.83

	
+0.79 *

	
+0.92 *

	
+1.41 *

	
+0.80 *

	
+1.43 *

	
+2.64 *




	
Year

	
16.42

	
16.37

	
+0.81 *

	
+1.37 *

	
+1.75 *

	
+1.00 *

	
+1.72 *

	
+3.64 *




	
PS-SPA

	
Spring

	
12.09

	
11.83

	
+0.84 *

	
+1.46 *

	
+1.75 *

	
+0.94 *

	
+1.88 *

	
+3.56 *




	
Summer

	
22.44

	
22.26

	
+1.32 *

	
+1.94 *

	
+2.55 *

	
+1.34 *

	
+2.43 *

	
+4.99 *




	
Autumn

	
14.09

	
14.27

	
+1.25 *

	
+1.80 *

	
+2.42 *

	
+1.34 *

	
+2.26 *

	
+4.40 *




	
Winter

	
6.43

	
6.67

	
+0.97 *

	
+1.10 *

	
+1.7 *

	
+0.95 *

	
+1.62 *

	
+3.33 *




	
Year

	
13.76

	
13.76

	
+0.97 *

	
+1.47 *

	
+1.97 *

	
+1.10 *

	
+1.98 *

	
+4.04 *




	
PS-TUN

	
Spring

	
16.56

	
16.40

	
+0.78 *

	
+1.09 *

	
+1.69 *

	
+0.88 *

	
+1.62 *

	
+3.23 *




	
Summer

	
25.76

	
25.52

	
+1.29 *

	
+1.67 *

	
+2.27 *

	
+1.34 *

	
+2.2 *

	
+4.32 *




	
Autumn

	
20.41

	
20.34

	
+0.98 *

	
+1.40 *

	
+2.04 *

	
+1.01 *

	
+1.92 *

	
+3.80 *




	
Winter

	
12.38

	
12.61

	
+0.76 *

	
+0.97 *

	
+1.44 *

	
+0.64 *

	
+1.45 *

	
+3.01 *




	
Year

	
18.78

	
18.72

	
+0.90 *

	
+1.30 *

	
+1.89 *

	
+0.98 *

	
+1.85 *

	
+3.61 *




	
PS-TUR

	
Spring

	
10.26

	
10.41

	
+1.11 *

	
+1.74 *

	
+2.68 *

	
+1.27 *

	
+2.64 *

	
+5.43 *




	
Summer

	
21.66

	
21.45

	
+1.23 *

	
+2.02 *

	
+2.53 *

	
+1.49 *

	
+2.53 *

	
+4.92 *




	
Autumn

	
12.12

	
12.24

	
+0.94 *

	
+1.75 *

	
+2.35 *

	
+1.52 *

	
+2.39 *

	
+4.62 *




	
Winter

	
0.56

	
0.95

	
+1.51 *

	
+2.15 *

	
+3.27 *

	
+1.58 *

	
+2.61 *

	
+5.35 *




	
Year

	
11.15

	
11.26

	
+1.18 *

	
+1.86 *

	
+2.73 *

	
+1.62 *

	
+2.78 *

	
+5.19 *
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Table 7. Seasonal and annual precipitation (mm) over the five pilot sites: observed value (Obs.) and RCM median values for the reference period (RP, 1986–2005). Precipitation change (%) between the RCM medians at the short- (ST, 2021–2040), medium- (MT, 2041–2060) and long-term (LT, 2076–2095) and those evaluated in the reference period, for the RCP4.5 and RCP8.5 scenarios. The symbol * indicates a robust change. The color scale highlights positive (blue) and negative (gold) change rates.
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Obs.

	
RCM

	

	
RCP4.5

	

	

	
RCP8.5

	




	

	

	
RP

	
RP

	
ST

	
MT

	
LT

	
ST

	
MT

	
LT






	
PS-GRE

	
Spring

	
76

	
81

	
+4.7

	
−4.4

	
−12.7

	
+2.0

	
−9.2

	
−29.8




	
Summer

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Autumn

	
130

	
126

	
+9.9 *

	
+1.5 *

	
−14.0

	
+4.8 *

	
−8.8

	
−23.5




	
Winter

	
267

	
300

	
−7.8 *

	
−7.1 *

	
−11.2 *

	
+1.8

	
−7.8 *

	
−30.7 *




	
Year

	
474

	
513

	
−4.1

	
−9.3

	
−15.7

	
−1.8

	
−13.5

	
−23.5




	
PS-POR

	
Spring

	
136

	
135

	
−4.0 *

	
−17.1 *

	
−19.1 *

	
+4.7

	
−22.9 *

	
−33.2 *




	
Summer

	
20

	
23

	
−15.6 *

	
−42.8 *

	
−29.3 *

	
−29.7 *

	
−27.4 *

	
−61.3 *




	
Autumn

	
182

	
183

	
−17.3 *

	
−19.0 *

	
−21.3 *

	
−19.0 *

	
−23.4 *

	
−34.6 *




	
Winter

	
206

	
210

	
+3.5

	
−0.7

	
+13.6

	
−2.7

	
−2.0

	
−6.2




	
Year

	
545

	
546

	
−2.6

	
−12.9

	
−9.5

	
−8.8

	
−14.3

	
−22.9




	
PS-SPA

	
Spring

	
116

	
116

	
−6.3 *

	
−5.1 *

	
−14.9 *

	
−2.2 *

	
−3.4 *

	
−24.2 *




	
Summer

	
61

	
64

	
+7.5 *

	
−6.1

	
−14.0

	
+0.7 *

	
−7.3

	
−38.1




	
Autumn

	
151

	
144

	
−10.1 *

	
−9.1 *

	
−6.0 *

	
−2.5 *

	
+8.6

	
−5.1 *




	
Winter

	
107

	
104

	
+0.8

	
+1.3

	
+3.3

	
+2.9

	
+1.7

	
−1.3




	
Year

	
434

	
429

	
−3.1 *

	
−2.6 *

	
−3.9 *

	
+1.4

	
+0.2

	
−18.5 *




	
PS-TUN

	
Spring

	
95

	
107

	
−19.4 *

	
−20.9 *

	
−21.3 *

	
−11.7 *

	
−19.7 *

	
−28.8 *




	
Summer

	
32

	
25

	
+3.8

	
−15.0

	
−17.9

	
−5.3

	
−9.4

	
−34.0




	
Autumn

	
175

	
187

	
−9.2

	
−2.6

	
+9.2

	
−2.0

	
−0.3

	
−10.1




	
Winter

	
205

	
195

	
−3.0 *

	
−0.3 *

	
−2.4 *

	
−4.0 *

	
−7.2 *

	
−10.5 *




	
Year

	
507

	
500

	
−0.2

	
−0.4

	
−0.9

	
+0.7

	
−5.8

	
−16.0




	
PS-TUR

	
Spring

	
120

	
122

	
+1.6

	
+6.8

	
+5.4

	
+3.6

	
−2.8

	
−8.2




	
Summer

	
39

	
39

	
−17.2 *

	
−27.0 *

	
−12.7 *

	
−19.9 *

	
−20.7 *

	
−28.5 *




	
Autumn

	
80

	
78

	
+10.4 *

	
+10.2 *

	
+4.4 *

	
+6.6 *

	
+2.5 *

	
−2.7




	
Winter

	
116

	
126

	
+2.9

	
+9.6

	
+4.5

	
+3.7

	
+4.8

	
+6.0




	
Year

	
355

	
366

	
+1.8

	
+3.1

	
+2.1

	
+2.1

	
−2.7

	
−2.0











[image: Table] 





Table 8. Temperature thresholds used to define heat waves and their duration and peak temperature in the reference period (observed, Obs., and from climate models, RCM) and at short- (ST), medium- (MT) and long-term (LT), under the RCP4.5 and RCP8.5 scenarios. The median values of each period and of the 17 RCM are reported.
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Duration (Days)

	
Peak Temperature (°C)




	

	

	
Obs.

	
RCM

	
RCP4.5

	
RCP8.5

	
Obs.

	
RCM

	
RCP4.5

	
RCP8.5




	

	
Thr. (°C)

	
RP

	
RP

	
ST

	
MT

	
LT

	
ST

	
MT

	
LT

	
RP

	
RP

	
ST

	
MT

	
LT

	
ST

	
MT

	
LT






	
PS-GRE

	
29.2

	
2

	
2.5

	
5

	
6

	
9

	
5

	
6.5

	
23

	
31.1

	
30.9

	
31.6

	
32.4

	
32.9

	
31.8

	
32.9

	
35.4




	
PS-POR

	
29.0

	
2

	
2

	
3.5

	
5

	
6.5

	
5

	
6

	
13.5

	
29.8

	
30.2

	
30.9

	
31.4

	
31.8

	
31.0

	
31.9

	
33.7




	
PS-SPA

	
26.8

	
2

	
2.5

	
5

	
7.5

	
9

	
6

	
10

	
23.5

	
27.7

	
28.2

	
29.3

	
29.9

	
30.4

	
29.6

	
30.5

	
33.7




	
PS-TUN

	
29.2

	
2.5

	
2

	
4.5

	
5.5

	
7.5

	
5

	
8

	
38

	
30.6

	
30.5

	
31.3

	
31.7

	
32.6

	
31.7

	
32.6

	
35.1




	
PS-TUR

	
26.3

	
2

	
2

	
5

	
7

	
8

	
6

	
8

	
23.5

	
27.4

	
27.7

	
28.6

	
29.1

	
29.7

	
28.8

	
29.8

	
32.4
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Table 9. Maximum number of consecutive dry days in the reference period (observed, Obs., and from climate models, RCM) and at short- (ST), medium- (MT) and long-term (LT) under the RCP4.5 and RCP8.5 scenarios. The median values of each period and of the 17 RCMs are reported.
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Obs.

	
RCM

	
RCP4.5

	
RCP8.5




	

	
RP

	
RP

	
ST

	
MT

	
LT

	
ST

	
MT

	
LT






	
PS-GRE

	
151

	
137.5

	
142

	
142

	
148.5

	
141.5

	
143.5

	
156.5




	
PS-POR

	
86

	
72

	
82.5

	
87

	
86

	
82

	
91

	
107




	
PS-SPA

	
43.5

	
49.5

	
54

	
59

	
52.5

	
57.5

	
57.5

	
64




	
PS-TUN

	
59

	
71

	
74

	
77.5

	
79.5

	
72

	
77.5

	
104.5




	
PS-TUR

	
51

	
58

	
71.5

	
72.5

	
75

	
73.5

	
74

	
93
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