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Abstract

:

This work projected future extreme climate indices’ changes over Central Asia (The Coordinated Regional Climate Downscaling Experiment—CORDEX Region 8). Changes were calculated for 2071–2100 relative to 1971–2000. Climate simulations were obtained by downscaling the RegCM4.3.5 to 50 km resolution under RCP4.5 and 8.5 with HadGEM2-ES and MPI-ESM-MR. The results indicate that the Central Asian domain will experience warmer and more extreme temperatures with increasing radiative forcing. The annual lowest value of minimum daily temperature was simulated to increase remarkably, up to 8 degrees, especially in high latitudes, with a more than 12 degree increase projected over Siberia. A strong growth in the percentage of warm nights and an increase in the days of warm spells for the whole region, with a decrease in cold spell duration, are anticipated. Model results show an expected reduction of up to 30% in precipitation totals over the domain, except for the increased precipitation over Siberia, the Himalayas, and Tibetan Plateau. Extreme precipitation events are projected to have an increase of 20% over the whole domain, with an 80% increase over high topographical areas.
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1. Introduction


Central Asia ranges from the Caspian Sea to China and Russia to Afghanistan. It is among the regions susceptible to climate change because of its dry and continental climate characteristics. It has a diverse topography, including large deserts, high mountains, and vast grassy steppes, indicating significant differences in climate variability and change [1] (Figure 1). Even though the Central Asian region has a high glacial and snow water capacity due to the high mountains surrounding it, it has scarce water resources.



Studies based on observations from the last 60 years have shown a substantial increase in annual surface temperature over Central Asia [2]. According to observational datasets, the temperature rose by 0.16 °C per decade between 1901 and 2003 [3], 0.39 °C per decade between 1979 and 2011 [4], and 0.28 °C per decade from 1950 to 2016 [5]. A significant warming rate has happened in the more recent period, with spring being the most prominent [4]. The Global Precipitation Climatology Centre (GPCC) full data reanalysis version 7 (GPCC V7) shows a 0.66 mm increase per decade in annual precipitation in Central Asia between 1901 and 2013 [6]. Even though winter precipitation increased significantly to 1.1 mm per decade, no significant trends were found in the region from 1960 to 2013 based on the same dataset [7]. On the contrary, during 1960–2013, precipitation increased by 1.3–4.8 mm per decade in the high topographical region of Central Asia [4,7,8,9,10]. Even though studies on Central Asia are inadequate, the number of works on projections of future climate change using climate models has been increasing for the last decade [11,12,13,14,15,16,17,18,19,20]. A study based on the regional climate model (RCM)—The Weather Research and Forecasting (WRF)—results over Central Asia show that under RCP4.5, annual mean temperatures will increase from 1.63 to 2.01 °C for 2031–2050 compared to 1986–2005 [20].



Warming over Central Asia is simulated to be more than the global temperature increase [21]. Warming of boreal summer will increase by 2.5 °C relative to 1951–1980 in a 2 °C hotter world, whereas the increase is expected to be 6.5 °C in a 4 °C increase, according to the multi-model mean of GCMs. Drier conditions are anticipated over regions in the southwest part of Central Asia, whereas wet conditions will occur in the northeast. In a 4-degree warmer world, a 20% decrease in annual precipitation is obtained from a multi-model ensemble for Turkmenistan and some regions of Tajikistan and Uzbekistan. In contrast, more substantial decreases were projected for summer.



The study [17] based on a statistical downscaling technique, reported that the temperature will rise 0.37 °C per decade between 2021 and 2060 compared to between 1965 and 2004 under RCP4.5, while a 4.63 mm increase in precipitation is projected per decade. According to their results, change in rainfall has a strong spatiotemporal characteristic, with a decrease occurring in the central and southern parts of the region for summer. Based on the outputs of the five best out of 28 CMIP5 models, relatively more substantial increase rates in annual precipitation of over 3 and 6 mm per decade are projected over northern Central Asia and the northeast part of the Tibetan Plateau under RCP2.6, RCP4.5, and RCP8.5 scenarios, respectively [14]. According to a study analysing changes in drought features using six global climate models from CMIP6, over Central Asia, precipitation and potential evapotranspiration are anticipated to increase [19]. The duration, intensity, severity, and frequency of drought events are projected to be higher by more than 55%, 8%, 74%, and 125%, respectively, under all scenarios.



Heatwaves and droughts, damaging the natural environment and substantially impacting human society, are highly likely to occur in Central Asia [6,16,18,22,23]. The temperature-based extreme climate indices, including the number of summer days and the daily maximum and minimum temperatures, are anticipated to rise. In contrast, regarding regional climate model simulations, the number of frost days decreases over Central Asia [18]. Results show that under RCP8.5, days with precipitation totals above 10 mm, the intensity of precipitation on wet days, and the number of consecutive dry days (CDD) are anticipated to increase considerably. The study by Liu et al. 2020, investigating the precipitation extremes using five CMIP5 GCMs shows that with 1.5 °C global warming, heavy precipitation and the mean annual total precipitation (PRCPTOT) are expected to increase by 27% and 8%, respectively. CDD will be decreased by 1.1 days compared to the reference period of 1986–2005. On the contrary, the standardized precipitation evapotranspiration index (SPEI), which measures the monthly (or weekly) difference between precipitation and potential evapotranspiration indicates that more than 60% of Central Asia will experience significant drought conditions. An increase in PRCPTOT, R95P, and CDD will be expected to be 4%, 25%, and 0.8 days, respectively, in the 2 °C warmer world. Multi-model ensemble of the latest generation GCMs shows that an increase in extreme precipitation indices will be about as linear as global temperature change, excluding the CDD [22]. The mean of annual and maximum 1-day precipitation will increase by 12.0 and 14%, respectively, with a 3 °C global temperature change, compared to 1981–2010. Despite an increasing number of studies on the projection of future climate conditions in Central Asia, an inadequate number of studies have been done, especially on climate extremes using high-resolution regional climate model outputs.



In this work, outputs of the RegCM4.3.5 forced by two models under the RCP4.5 and RCP8.5 were used to examine the future change in extreme climate indices in Central Asia for 2071–2100. Section 2 describes climate models and extreme climate indices used in this work. Section 3 presented the results of change patterns in indices throughout the century. In the last section, results are discussed, and conclusions developed.




2. Materials and Methods


In this work, assessing the changes in extreme indices was carried out to provide information to the impacted community. With this aim, the HadGEM2-ES and MPI-ESM-MR were downscaled to 50 km for Central Asia using the RegCM4.3.5 [24]. Validation of the model and parameterizations used for the Central Asia domain were explained in detail by [12]. Future projections throughout the century were simulated compared to the 1971–2000 period under RCP4.5 and RCP8.5. Twelve of the 27 extreme climate indices developed by the Expert Team on Climate Change Detection and Indices (ETCCDI) were used [25,26,27]. Additionally, these indices were compared with the observation-based dataset. The gridded HadEX3 data set was used to evaluate the model’s performance [28]. HadEX3 indices were computed from station-based data and interpolated into a global grid. HadEX3 contains 29 indices on a 1.25° × 1.875° grid. This study used three HadEX3 indices to compare the results by interpolating them into 50 km resolution.



Indices used in this work are classified as follows: absolute, threshold, percentile-based, and duration. Absolute temperature indices of the maximum of maximum temperature (TXx) and the minimum of minimum temperatures (TNn) refer to the annual daily maximum and minimum temperatures, respectively. Those indices generally show the extreme temperature range in a given period [25,29]. Frost days (FD) and tropical nights (TR) are called threshold indices since they are used to calculate the number of days a threshold temperature is surpassed. FD calculates the number of days when TN is less than 0 °C, whereas TR calculates the number of days when TN is greater than 20 °C. They are frequently used in impact studies on human health [30] and agriculture [31]. The heavy precipitation day index (R10mm) is also a threshold index, determining the number of days when the precipitation total is above 10 mm. Percentile-based indices calculate the number of days as a percentage that surpass the thresholds computed from percentiles of the base period. Percentile-based indices used in this study are cold nights (TN10p) and warm nights (TN90p), presenting the percentage of days where TN is less than the 10th and TN is greater than the 90th percentile of the based period, respectively. The extremely wet days (R95p) index calculated the annual precipitation amount when the daily precipitation total surpassed the 95th percentile of precipitation for 1971–2000. Warm spell (WSDI) and cold spell duration (CSDI) indices, called duration indices, calculate the number of days when TX is greater than the 90th percentile, and TN is less than the 10th percentile of the base period for at least six consecutive days, respectively. CDD is also defined by the duration of the lengthiest period of dry days that occured sequentially in a year. The total wet-day precipitation index (PRCPTOT), which does not fit into these categories, was defined as the annual precipitation totals on wet days where the precipitation amount is greater than 1 mm.




3. Results


3.1. Model Performance Evaluation


Results were compared with the observational dataset to evaluate the regional climate model’s performance in representing past extreme conditions. TXx and TNn were calculated and averaged for 1971–2000 using RegCM results driven by HadGEM2-ES and MPI-ESM-MR and compared with the HadEX3 indices (Figure 2). Model results give more detailed pictures of the indices than observations because of the observational dataset’s relatively coarse resolution. Nevertheless, model results generally simulated the observed spatial pattern of TXx and TNn indices. Colder highest (Figure 2c,e) and colder lowest (Figure 2d,f) temperatures over the Tibetan plateau were simulated for both model results compared to observed temperatures. These results also align with the biases in mean climatology over the Tibetan plateau [12]. This might be related to the location of meteorological stations constructed in this region’s valleys.



Figure 3 represents the PRCPTOT values in mm/day of model results and observation for 1971–2000. Model results driven by HadGEM2-ES reproduced observed precipitation values well over the northern part of the domain, including Siberia. MPI-ESM-MR-driven regional model results overestimated observed precipitation values, especially over Eastern Europe and Western Russia. Both models simulated precipitation well over Kazakhstan, Uzbekistan, Turkmenistan, and Iran. Even though the spatial pattern of the observed precipitation totals over the Himalayas and Tibetan plateau is well simulated by the regional model driven by both global models, model results overestimated precipitation over high topographical regions, including the Caucasian mountains (Figure 3b,c).



Uncertainties in the model results were also investigated by undertaking statistical comparisons of model results and the HadEX3 dataset presented in Table 1. Statistical comparisons were performed for three indices by calculating bias, root mean square error (RMSE), and correlation. According to the results, both results of the regional model driven by different GCMs indicate cold bias in TXx and TNn, which might be related to the high topographical cold bias also seen in the map. Bias is less in HadGEM2-ES-driven results in TXn whereas it is high in TNn. RMSE results give similar values for both model outputs. On the other hand, the model results are highly correlated with the HadEX3 dataset, especially for TNn. HadGEM2-ES-driven model results have better performance in simulating total precipitation compared to MPI-ESM-MR-driven model results by means of bias and RMSE. Both have similar correlation coefficients. Even though performing a comparison on extreme indices may not be a robust measurement of uncertainty since the extreme temperatures might be happening on different days of the year, model performance can be considered reasonable.




3.2. Temperature Indices


Simulated changes in TNn and TXx by model outputs under RCP4.5 and RCP8.5 are presented in Figure 4. The spatial patterns of change are given for 2071–2100 compared to 1971–2000. Results of models and scenarios show that an increase in both indices is expected over Central Asia. The changes are more marked under the RCP8.5 scenario, as expected. The most significant increase, exceeding 12 °C, is anticipated in the annual minimum of TN in RCP8.5 for HadGEM2-driven outputs of RCM over the northern part of the region (Figure 4g). According to other scenarios and model outputs, the increase in TNn is more significant at higher latitudes, most likely due to the disappearing snow cover with increasing temperature. For the southern part of the domain, warming is simulated to be up to 4 °C in RCP4.5 (Figure 4a,c) and more than 8 °C in RCP8.5, for the HadGEM2-ES, especially over Turkey, Kazakhstan, Turkmenistan, and Uzbekistan (Figure 4g). On the contrary, the spatial change in TXx is more uniformly projected. Warming is getting stronger with increasing radiative forcing. Under the RCP4.5 scenario, warming in the annual maximum of TX is expected to be 4 °C over almost all parts of Central Asia based on both model outputs. For RCP8.5 scenario outputs, HadGEM2-ES gives more severe results with a warming of about 6 °C for the entire region.



Figure 5 and Figure 6 represent the temporal evolution of the projected change in the spatial mean of TXx and TNn, respectively, compared to 1971–2000. Results are given as the 5-year running mean of the change. Change in TXx has a smoother increasing trend compared to TNn for model results and scenario outputs. Results start to differ around 2030 (Figure 5). HadGEM2-ES-driven results have a more severe change in the highest temperature of the year compared to MPI-ESM-MR-driven results, as seen in the spatial maps. Both models’ results under RCP8.5 have similar increasing trends with different magnitudes, most likely because of the concentration pathway. The highest increase of 7.61 °C in TXx is anticipated by the HadGEM2-ES-driven regional model under RCP8.5, which is 5.71 °C for the MPI-ESM-MR-driven results under RCP8.5 for the end of the century.



The projected change in the year’s lowest temperature is higher for both model and scenario results than the year’s highest temperature throughout the century (Figure 6). The highest increase of 9.25 °C in TNn is anticipated by HadGEM2-ES-driven results under RCP8.5 for the end of the century. It is expected to be 6.91 °C for MPI-ESM-MR-driven results under RCP8.5. The change in TNn fluctuates more than TXx, even in the reference period. HadGEM2-ES-driven results under RCP4.5 have a higher increase than the results of MPI-ESM-MR under RCP8.5 till 2047 and have a similar increasing trend until 2065.



In Figure 7, spatial changes in FD are displayed for 2071–2100 relative to 1971–2000 for both models and under two scenarios. The number of frost days decreases by around 30 days in the northern part of the domain under the RCP4.5 scenario. The most substantial decrease is anticipated in RCP8.5, with a decrease of at least 80 days in eastern Turkey, the Iranian Plateau, Afghanistan, and the Tibetan Plateau. Kazakhstan and Siberia are projected to experience 50 days of decline in frost days under RCP8.5 obtained with HadGEM2-ES (Figure 7d). MPI-ESM-MR results show a slighter decrease of around 35 days over the same region in RCP8.5 (Figure 7b).



The number of tropical nights when TN exceeds the 20 °C threshold increases more in the southern part of Central Asia, comprising Iran, Turkmenistan, and Uzbekistan. There is no remarkable change in North Asia and the Tibetan plateau (Figure 8). Changes in TR for the extra-tropical regions in Central Asia are important since night-time temperatures are presently way below the threshold. The increase is projected to be more assertive in HadGEM2-ES results under RCP8.5. At least 80 days of increase in TR in southern Central Asia indicates that almost all summer nights will have a temperature greater than 20 °C. With a severe increase in TXx, heat stress in summer will be seen over the abovementioned regions under the worst-case scenarios.



According to the results, CSDI and WSDI are expected to decrease and increase, respectively, in both scenarios (Figure 9 and Figure 10). These results are coherent with the rise in temperature for 2071–2100. A decrease in CSDI is projected to have a similar pattern, where the most remarkable change is with reductions of about 9 days over Turkmenistan and Uzbekistan under RCP8.5. Both models and scenarios show 4 days of decrease in CSDI over Mongolia and the central part of China. The MPI-ESM-MR model-driven results project a higher reduction in CSDI over Siberia under RCP8.5 than HadGEM2-ES-driven results. The increase in WSDI is expected to be more than 40 days, according to the RCP4.5 scenario results, over all parts of the domain. Under RCP8.5, an increase in WSDI is more prominent with up to 120 days over the northern part of the domain, whereas an increase is around 250 days over the southern part of the domain regarding the results of the HadGEM2-ES. It indicates that a large number of the days of the year are expected to have maximum temperature values larger than the 90th percentile of the period 1971–2000 (Figure 10d).



Results of percentile-based climate indices are presented in exceedance percentages instead of changes compared to the base period (Figure 11 and Figure 12). These indices are computed as exceedance rates (units: %) relative to 1971–2000, during which their mean value is about 10%. The annual frequency of cold nights (TN10p) is projected to decrease over all parts of the domain, and is consistent in all models and scenarios (Figure 11). HadGEM2-ES model results under RCP8.5 show the most substantial decrease in cold nights by between 1 and 0%, indicating that no cold nights will be observed anymore in Central Asia as defined for the base period (Figure 10d). RCP4.5 simulation of RCM forced by MPI-ESM-MR shows a decrease from 10% to between 4% and 3% for the central part of the domain and between 1.5% and 0.5% for the northern part of the domain (Figure 11a).



For warm nights (TN90p), at least 30% of nights are estimated to have a daily minimum temperature greater than the 90th percentile of the base period over all parts of the region (Figure 12). HadGEM2-ES driven model results under RCP8.5 show a 50% to 90% rise expected in the entire region for the end of the century from 10% in 1971–2000. More than 90% of the nights for the southern part of the domain will have a night-time temperature above the 90th percentile of the reference period. The northern latitudes are also affected by the increase in warm nights from 10% to more than 40% for both models under RCP8.5 (Figure 12b,d).




3.3. Precipitation Indices


Figure 13 represents the change in PRCPTOT for 2071–2100 relative to 1971–2000 as a percentage. A reduction and a slight increase in total precipitation is anticipated for almost all parts of the domain for both model projections under both scenarios except for high topographical regions and high latitudes. Under the RCP4.5 scenario, a 30% decrease is expected for southern Turkey, Afghanistan, and the southern part of Iran, according to both model results (Figure 13a,c). On the other hand, under RCP8.5, more than a 60% rise in precipitation is anticipated over the Tibetan plateau for both models (Figure 13b,d). The HadGEM2-ES model results display a substantial increase of around 70% over the Arabian Peninsula. High increase results are probably due to strengthening the change signal, as the percentage values are calculated. The beforementioned regions already have a low precipitation amount, as seen in the spatial maps of present conditions (Figure 3b,c). There is a disagreement in model results over the Iranian Plateau as HadGEM2-ES model projects increase, whereas the MPI-ESM-MR model simulates reductions in precipitation. Along with these, severe values from HadGEM2-ES might be because of the high climate sensitivity of the model. High-latitude regions such as Siberia are anticipated to receive more precipitation in the future relative to the base period for both models under RCP8.5 (Figure 13d).



The temporal evolution of the projected change in spatially averaged PRCPTOT compared to the reference period for model results is given in Figure 14. The changes are shown as the 5-year running means. HadGEM2-ES-driven results under RCP8.5 projected different results to other model results, especially at the end of the century, seen in the spatial distribution of the changes (Figure 13d). It is anticipated that a higher than 25% spatial average increase in precipitation totals from around 2080 for HadGEM2-ES-driven results under RCP8.5. Other model and scenario results project similar changes in PRCPTOT, not higher than a 15% increase for the region. By 2076, around a 15% increase is also projected in HadGEM2-ES-driven results under RCP8.5.



The change in the percentile-based precipitation index R95p is represented in Figure 15. According to all four projection results, R95p is expected to increase slightly by 20% over the whole domain, except for an 80% increase over high topographical regions. The projected high increase over the Arabian Peninsula is consistent with the rise in PRCPTOT. Due to the low values, even minor changes in precipitation result in high percentage numbers.



Projected changes in CDD and R10mm are represented in Figure 16 and Figure 17, respectively. As expected, changes in PRCPTOT overlap with changes in CDD. Reductions in CDD are simulated over Northeast Asia, Tibetan Plateau, and high latitudes, consistent with high increases in R10mm for these regions. Those are the regions that are simulated to be wetter in future periods. An increase in CDD is projected over Turkey, where heavy precipitation days are projected to decrease for both models and scenarios. HadGEM2-ES model results show a substantial decrease in CDD over Turkmenistan and Uzbekistan under RCP8.5. In contrast, the MPI-ESM-MR model projection shows a moderate reduction over the same regions (Figure 16b,d).





4. Discussion and Conclusions


In this work, the investigation of change in extreme climate indices developed by ETCCDI was studied using RegCM4.3.5 model results driven by two GCMs over Central Asia under RCP4.5 and RCP8.5. HadGEM2-ES and MPI-ESM-MR global models were chosen to downscale RegCM4.3.5 due to the fact that they have high (HadGEM2-ES) and medium (MPI-ESM-MR) equilibrium climate sensitivity within the CMIP5 ensemble; and on the other hand their performance over most CORDEX-CORE (Coordinated Regional Climate Downscaling Experiment–Coordinated Output for Regional Evaluation) domains is reasonably good [32,33,34]. The results of TXx, TNn, and PRCPTOT were compared with the observed conditions calculated from HadEX3 datasets. The spatial changes in the indices were calculated for 2071–2100 relative to 1971–2000. The temporal evolution of the indices concerning the reference period was also investigated throughout the century. Model results reproduced the spatial pattern of the observed conditions, whereas they gave underestimated temperature and overestimated precipitation totals over the Himalayas and Tibetan Plateau. Projected change results show that HadGEM2-ES model-driven RegCM output has a more substantial temperature increase than the MPI-ESM-MR [12]. Future changes represented in this study align with the studies by [16,18], even though the analyses could be more comparable due to different time domains.



Results indicate a general intensification of extreme climate conditions with increasing radiative forcing. The RCP8.5 scenario outputs for both model results give more severe changes compared to RCP4.5 scenario outputs, especially for the temperature-based indices. The increase in precipitation extremes and more substantial warming of TNn is anticipated, particularly in northern latitudes. A high rise in temperature over northern latitudes might be related to snow cover retreats [35,36,37]. Indices calculated from the minimum temperature, such as cold nights, warm nights, tropical nights, and frost days, show warmer temperature results throughout the region. RCP8.5 scenario results show that the percentage of warm nights is anticipated to change remarkably, up to at least 50%, with a value of 90% over the southern part of the domain, meaning that most of the nights in that period will exceed the 90th percentile of the based period [32]. WSDI is also anticipated to increase by 120 days over northern latitudes and at least 200 days over the southern part of the region. This indicates that warm spells are expected to be observed for at least half of the year. A decrease is simulated in CSDI, FD, and the surpassed rate of cold nights.



Annual total precipitation is anticipated to decrease or slightly increase, except for high topographical regions and latitudes. The Tibetan plateau is expected to increase precipitation by up to 60%. Extreme rainfall is also anticipated to increase over high topographical regions, whereas a slight increase is expected on very wet days over the other parts of the domain. CDD is anticipated to decrease over high latitudes and topographical regions, consistent with the increase in PRCPTOT. Under RCP8.5, CDD is projected to rise over Turkey, while heavy precipitation days are simulated to decrease. On the contrary, Turkmenistan and Uzbekistan are projected to experience a substantial decrease in CDD, according to HadGEM2-ES-driven model results.
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Figure 1. General physical/relief map of Central Asia CORDEX Region 8. 
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Figure 2. The TXx (the first column) and TNn (the second column) indices were calculated for 1971–2000 (units: °C). The first row shows HadEX3 indices (a,b), and the second row shows results obtained from RegCM forced by HadGEM2-ES (c,d), the third row shows results obtained from RegCM forced by MPI-ESM-MR (e,f). 
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Figure 3. The PRCPTOT index was calculated from 1971 to 2000 (units: mm/year). The first row shows HadEX3 indices (a), the second row shows results obtained from RegCM forced by HadGEM2-ES (b), and the third row shows results obtained from RegCM forced by MPI-ESM-MR (c). 
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Figure 4. The changes in TNn and TXx for 2071–2100 (units: °C) compared to 1971–2000. The first row shows results obtained from RCM forced by MPI-ESM-MR under RCP4.5 (a,b) (MPI4.5), and the second row shows results obtained from RCM forced by HadGEM2-ES under RCP4.5 (c,d) (HG4.5), the third and the fourth rows show MPI8.5 (e,f) and HG8.5 (g,h), respectively. 






Figure 4. The changes in TNn and TXx for 2071–2100 (units: °C) compared to 1971–2000. The first row shows results obtained from RCM forced by MPI-ESM-MR under RCP4.5 (a,b) (MPI4.5), and the second row shows results obtained from RCM forced by HadGEM2-ES under RCP4.5 (c,d) (HG4.5), the third and the fourth rows show MPI8.5 (e,f) and HG8.5 (g,h), respectively.
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Figure 5. Temporal evolution of the change in TXx projected by RegCM4.3.5 driven by MPI-ESM-MR under RCP4.5 (light blue line) and RCP8.5 (purple line), and HadGEM2-ES under RCP4.5 (light green line) and RCP8.5 (red line) throughout the century given in deg C compared to the reference period projected by RegCM4.3.5 driven by MPI-ESM-MR (dark blue line) and HadGEM2-ES (orange line). 
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Figure 6. Temporal evolution of the change in TNn projected by RegCM4.3.5 driven by MPI-ESM-MR under RCP4.5 (light blue line) and RCP8.5 (purple line), and HadGEM2-ES under RCP4.5 (light green line) and RCP8.5 (red line) throughout the century given in degrees C compared to the reference period projected by RegCM4.3.5 driven by MPI-ESM-MR (dark blue line) and HadGEM2-ES (orange line). 
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Figure 7. The changes in FD for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show the results of the MPI-ESM-MR (a,b) and HadGEM2-ES (c,d). 






Figure 7. The changes in FD for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show the results of the MPI-ESM-MR (a,b) and HadGEM2-ES (c,d).



[image: Atmosphere 14 00939 g007]







[image: Atmosphere 14 00939 g008 550] 





Figure 8. The changes in TR for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show the results of the MPI-ESM-MR (a,b) and HadGEM2-ES (c,d). 
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Figure 9. The changes in CSDI for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 10. The changes in WSDI for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 11. The frequency of TN10p for 2071–2100 (units: %). The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 12. The frequency of TN90p for 2071–2100 (units: %). The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 13. The changes in PRCPTOT (units: %) for 2071–2100 compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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[image: Atmosphere 14 00939 g013]







[image: Atmosphere 14 00939 g014 550] 





Figure 14. Temporal evolution of the change in PRCPTOT by RegCM4.3.5 driven by MPI-ESM-MR under RCP4.5 (light blue line) and RCP8.5 (purple line), and HadGEM2-ES under RCP4.5 (light green line) and RCP8.5 (red line) throughout the century given in % compared to the reference period projected by RegCM4.3.5 driven by MPI-ESM-MR (dark blue line) and HadGEM2-ES (orange line). 
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Figure 15. The changes in R95p for 2071–2100 (units: %) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 16. The changes in CDD (units: days) for 2071–2100 compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Figure 17. The changes in R10mm for 2071–2100 (units: days) compared to 1971–2000. The first and second columns show results under RCP4.5 (a,c) and 8.5 (b,d), respectively. The first and second rows show results for MPI-ESM-MR (a,b) and HadGEM2-ES (c,d), respectively. 
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Table 1. Statistical comparison of the model results and HadEX3 dataset for TXx, TNn, and PRCPTOT indices weighted over the whole domain.
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Index

	

	
HadGEM2-ES

	
MPI-ESM-MR






	
TXx (°C)

	
Bias

	
−1.36

	
−2.11




	
RMSE

	
5.38

	
5.46




	
Correlation

	
0.66

	
0.80




	
TNn (°C)

	
Bias

	
−2.45

	
−0.58




	
RMSE

	
7.37

	
7.43




	
Correlation

	
0.90

	
0.87




	
PRCPTOT (mm/year)

	
Bias

	
10.68

	
194.41




	
RMSE

	
356.60

	
511.51




	
Correlation

	
0.54

	
0.60
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