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Abstract

:

Mountainous basins are frequently called “natural water towers” because they supply essential water to downstream regions for irrigation, industrial–municipal use, and hydropower generation. The possible implications of climate change on water supplies have gained prominence in recent years, particularly in snow-dominated mountainous basins. The Euphrates River, a snow-fed transboundary river that originates from the Eastern part of Türkiye with several large dam reservoirs downstream, was chosen within this scope. The study reveals the impact of climate change on two snow-dominated headwaters, namely Karasu and Murat, which have a basin area of 41,109 km2. The impact of climate change is assessed across runoff regimes and snow dynamics for future periods (2024–2099). Global Climate Model (GCM) data sets (CNRM-CM5, IPSL-CM5A, EC-EARTH, MPI-ESM-LR, NorESM1-M, HadGEM2-ES) were downscaled by Regional Circulation Models (RCMs), provided from CMIP5 EURO-CORDEX domain for climate projections under RCP4.5 and RCP8.5 scenarios. Future projections of runoff and snow variables are predicted by two conceptual hydrological models, HBV and HEC-HMS. The results indicate a dramatic shrink in snow cover extents (>65%) and snow duration (25%), a decrease in snow water equivalent (>50%), and a timely shift (up to a month) in peak runoff through early spring in the runoff hydrograph for the last future period (2075–2099). The overall assessment shows that operations of downstream water systems should be reconsidered for future changes.
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1. Introduction


Streamflow projections for a changing climate are crucial for improved strategic planning and management of water resources, including floods, droughts, sustainable irrigation, and hydropower, especially in highly vulnerable snow-fed regions [1,2,3,4]. Since snow accumulation and ablation are extremely sensitive to air temperature, the impact of atmospheric warming is anticipated to be significant in watersheds dominated by snow [5,6,7,8]. The fundamental effect of warming is a change in hydrological regimes from a regime dominated by snow to a regime dominated by rain [9,10]. Most regions of the Northern Hemisphere that depend on snow are expected to endure growing stress from low snow years [11], and experience changes toward earlier streamflow peaks [12,13].



Mesopotamia has long been a hotspot of agricultural activity and is frequently called the “cradle of civilizations”. This is partly because of the region’s mild climate and the fresh water provided by the Tigris and Euphrates, two significant rivers fed by snowfall. In this water-stressed region, severe droughts and a lack of water security have historically been important reasons for conflict [14,15]. The water resources of the Euphrates–Tigris basin are crucial for hydroelectric power generation, agriculture, and domestic consumption in Türkiye, Syria, Iraq, and Iran. On the other hand, the Middle East, located east of the Mediterranean basin, is one of the geographical areas most sensitive to climate change effects, according to the Intergovernmental Panel on Climate Change’s Fourth Assessment Report [16]. Moreover, research points out that the climate of the Euphrates-Tigris region has changed during recent decades (e.g., [7,17,18,19]). According to numerous global and regional climate modeling studies, the region will experience an absolute temperature increase by the end of the twenty-first century. Depending on the season and the sub-region, the expected variations in precipitation vary in direction and magnitude. Most of the adverse effects of climate change, such as water scarcity and more frequent extreme weather events, such as droughts and excessive rainfall that causes floods, are felt most acutely in the Middle East region [20]. Ref. [21] revealed that changes in precipitation could reduce runoff in Türkiye’s Eastern Anatolian Mountains by up to 25–55% under various scenario models. The snowpack in the southern Turkish highlands will shift because of rising temperatures and altered rainfall patterns. Peak meltwater flows are anticipated to move to earlier months as snowfall and snow water storage decline. Despite conflicting predictions for future droughts, it is agreed upon by numerous researchers that the Mediterranean and the Middle East will experience more extreme droughts in the future [22,23,24]. The likelihood of a rise in the frequency and severity of floods in the Euphrates–Tigris basin is another significant effect of climate change. A more intense runoff will result from changes in rainfall variability, and when combined with rising snowmelt, more frequent and more extreme floods are to be anticipated. This might increase flood-related fatalities and significantly harm critical infrastructure and ecosystems [25].



In particular, for large-scale climate change impact studies, global circulation models (GCMs) can be crucial to understanding future global climatic changes. However, due to their low spatial resolution, GCMs only offer limited information at sub-regional scales. A common strategy for obtaining fine-scale regional information is to use a regional climate model (RCM) to dynamically downscale GCM results. The RCMs have been employed more frequently in recent years to assess the effects of climate change under various emissions scenarios. However, because of the high processing costs associated with their use, obtaining an ensemble preferred in climate change studies is frequently challenging since it enables a more thorough investigation of uncertainties.



The most widely used approach is based on the daily simulation of hydrological processes driving a validated hydrological model by Global Climate Model-based climate projections. Choosing an adequate hydrological model for high-altitude places where runoff is influenced by rainfall and melting can be challenging. Due to limited data and constraints with algorithms, hydrological models performed less effectively in high-altitude regions. Therefore, applying them in these areas with adequate accuracy and incorporating climate projection components is difficult. The accuracy of climate models directly affects the hydrological model results, but the uncertainty in GCM is massive, especially due to the low accuracy of precipitation. On the other hand, in snow-dominated mountainous areas, several issues, such as an insufficient observational network and the difficulty of maintaining the current hydro-meteorological stations, have an impact on the quality and quantity of data that may be used in modeling. Many of these shortcomings make it difficult to conduct studies on the hydro-climatology of the large Euphrates and Tigris basin.



According to the literature survey, early studies for the region include the climate change outputs of CMIP3 with a relatively coarse climate data set (GCM) (e.g., [2]); RCM downscaled climate data with limited data sets (e.g., [21,26,27,28]). In addition, only a few studies include hydrological model applications on the basin scale (e.g., [26,28]).



Previous studies on hydrological response to climate change in different regions of the world with high snow potential have been conducted with rather limited climate data sets (one or two dynamically downscaled GCP models) integrated into a model (e.g., [29,30,31,32,33]). Only over the last few years studies on the hydrological impacts of climate change for various regions captured a broad ensemble of climate projections for several RCM downscaled GCM data sets (e.g., [34]) with a single hydrological model application (e.g., [34,35,36,37]) or multi hydrological model applications [38] or statistical analysis without any hydrological model application [39]. These studies utilized SWAT and its versions (GE-SWAT, ArcSWAT) as a hydrological model. Moreover, research on climate change has been conducted for specific topics such as low flow assessment [40], eco-hydrological impact assessment [41], sediment and nutrient loss assessment [42] or improvement of GCM with a new RCM for hydrological impact assessment (e.g., [43,44]).



Even though climate change analyses work with alternative and sufficient climate data sets, enabling an ensemble of climate projections with adequate resolution and representative hydrological models for various snow-fed regions of the world, as stated above, these are mainly focused on basins with complete data. To the best of our knowledge, no research has been conducted in the Euphrates basin headwaters to date to quantify the details of the water balance elements under different climate change scenarios and hydrological models on a basin scale. Therefore, this study is conducted to fill these gaps and provide detailed insights into the impact of climate change on the magnitude and timing of runoff and snowmelt signatures for the region. This work uses bias correction techniques and hydrological models to investigate the effects of several GCMs downscaled by RCMs on high-altitude, snow-fed, sparsely gauged headwater basins. This study aims to quantify the change that climate variables (precipitation and temperature) and major hydrological elements (snow cover area, snow water equivalent, snow duration, and streamflow) might experience under different climate change scenarios in the Upper Euphrates basin. We implemented two different and widely used hydrological models, HEC-HMS and HBV, for projecting runoff and snow simulations. Because snowmelt is essential to downstream water supplies, extensive evaluations of temporal changes are needed for sound ascription relating hydrological changes to climatic changes to build rapid and efficient climate adaptation strategies.




2. Materials and Methods


2.1. Study Area and Observed Data Set


Tigris–Euphrates River system in southwest Asia, consisting of the Euphrates and Tigris rivers, is one of the birthplaces of civilization in Mesopotamia, “the land between two rivers”, and it is arguably the most significant natural resource in the Middle East. The Euphrates and Tigris are the two biggest transboundary rivers in Asia. The Euphrates River rises in eastern Türkiye and feeds the southeast of Türkiye, much of northern and eastern Syria, and the Mesopotamian lowlands of Iraq. Türkiye’s largest drainage area (127,304 km2) is the Euphrates basin, which includes most of Türkiye’s dam reservoirs and accounts for 17% of the total water potential. Therefore, it is crucial to estimate the impact of climate change on the amount and timing of the runoff in the upstream Euphrates.



Two upstream snow-dominated upper catchments are selected as the pilot basins (Figure 1), Karasu Basin (15,330 km2) and Murat Basin (25,779 km2), with elevation ranges between 860 and 3565 m and 840 and 4045 m, respectively. The primary land cover types are pasture, agriculture, and bare ground. The study region is divided into several elevation zones to assess snow data and for hydrological modeling. According to monthly fractions from streamflow gauging stations in eastern Anatolia’s headwaters of the Euphrates, 60–80% of its total yearly flow occurs between March and June, with an early and late peak in April and May, respectively.



The test basins have been designated as the pilot basins for a number of national and international programs, and numerous studies on snow monitoring (in situ, satellite data), snow hydrology, and streamflow forecasting applications have been carried out and are still being conducted [45,46,47]. Even though the area is particularly significant due to its heterogeneous, complex topography and severe weather, it still needs to be a more-studied area of the world, making it challenging to determine the characteristics of snow in this mountainous area.



Meteorological data recorded at 16 stations in and around the basins (Figure 1) are used for bias correction of climate projection data and hydrological model application. Daily total precipitation and daily average temperature values are implemented as the main model forcings during the calibration and validation processes. Moreover, observed monthly total evaporation values are used for potential evaporation calculations for future projections. Temperature values are assigned to the hypsometric mean elevation, and the lapse rate is used to calculate the temperature values corresponding to elevation zones.




2.2. Global Climate Models (GCMs) Data Set


The EURO-CORDEX platform offers historical simulations and predictions of upcoming changes in temperature and precipitation [48]. This study uses the following GCM data sets (Table 1): CNRM-CM5, EC-EARTH, HadGEM2-ES, IPSL-CM5A-MR, MPI-ESM-LR, and NorESM1-M under Representative Concentration Pathway (RCP4.5 and RCP8.5) scenarios. A set of high-resolution inputs are downloaded using data generated from the Regional Climate Model (RCM) RCA4, RACMO22E, and HIRHAM5 with 11.5 km spatial resolution. The linear scaling approach is used for bias correction for the projected daily average temperature and total precipitation data sets. Stationary climate simulations are used for the reference (1970–2005) and future (2024–2099) periods. Three time periods are utilized to analyze the future projection period: (1st period: 2024–2049, 2nd period: 2050–2074, and 3rd period: 2075–2099). Climate data sets employed within the study are provided in Table 1 with available data time intervals and institution providing data sets.



Bias Correction (BC) is applied to temperature and precipitation projections of RCM downscaled GCM data sets. Despite the debatable assumptions on which the different bias correction approaches rely, bias correction methods influence the magnitude of projected river streamflow. On the other hand, concerning the study of the relative contributions of various sources of uncertainty, the relative effect of the BC approaches compared with the overall GCM-RCM modeling chain is generally minor [49]. Since the best results are achieved with the linear scaling method for bias correction, the results of this method are used in further analysis.




2.3. Evaporation Projections


Changes in rainfall patterns caused by climate and temperature changes might increase evaporation losses. On the other hand, measuring daily pan evaporation precisely and consistently over extended periods is difficult. In addition, projected evaporation values are essential together with projected precipitation and temperature data for climate change research. Therefore, evaporation projections used in hydrological modeling are calculated with explicit modeling concerning the fundamental relation between evaporation and temperature. A multi-layer perceptron (MLP) model was employed in this study to estimate projected monthly evaporation values. Observed data sets were used to configure and test the model, then projected climate data were used to predict future evaporation projections.




2.4. Hydrological Models


Two conceptual models are employed for the hydrological implementation of the rainfall/snowmelt runoff relationship. The structure and parametrization of models are explained below. At the end of the model calibration and validation step, the projected runoff, snow water equivalent, and corresponding snow cover are assessed for future climate scenarios compared to the reference period. The calibration and validation periods are selected as 1980–1999 and 2000–2011 water years, respectively. The reference period used is 1970–2005, and projected values are calculated for 2024–2099 water years.



2.4.1. HBV-Light Model


The Swedish Meteorological and Hydrological Institute (SMHI) developed HBV in 1972 as a conceptual and continuous hydrological model for forecasting reservoir input and flood warnings [50]. There are various HBV versions applied around the world. The HBV-Light version created by Seibert and Vis (2012) [51] was utilized in this study since it offers a user-friendly graphical interface and an automatic calibration opportunity. The HBV model distributes precipitation, temperature, and potential evapotranspiration inputs based on elevation and vegetation zones. The model calculates snow and soil moisture layers based on zones and runoff and routing processes for the entire basin to mimic daily flow. This version of the model provides basin daily average snow water equivalent and snow-covered area values based on zones as snow states.




2.4.2. HEC-HMS Model


HEC-HMS (Hydrologic Modeling System) model was developed by the US Army Corps of Engineers Hydrologic Engineering Center (USACE) and is designed to simulate the rainfall-runoff process of dendritic watershed systems as continuous or event-based and to be applicable in a wide range of geographic areas [52]. Appropriate methods should be carefully chosen to transform precipitation into runoff within the model. In this study, soil moisture accounting (SMA), linear reservoir, and Clark unit hydrograph methods are chosen, respectively, as loss, baseflow, and transform methods. The SMA module considers continuous situation-based soil moisture variation, which is carried out by calculating the amount of water stored in and moving through vegetation, soil surface profile, and groundwater layers. Like in HBV, model inputs are precipitation, temperature, and potential evapotranspiration. An automated model calibration procedure was adapted to the model via MATLAB and used in the calibration step of model parameters. The model computes surface runoff, groundwater flow, losses, soil moisture, and snow water equivalent over the entire basin. A transfer function calcifies snow-covered areas based on SWE values simulated for each elevation zone.





2.5. Performance Assessment


Nash–Sutcliffe Efficiency (NSE, Equation (1)), Killing–Gupta Efficiency (KGE, Equation (2)), Percent Bias (PBIAS, Equation (3)), Pearson correlation coefficient (r, Equation (4)) and deviation of runoff volumes (DRV, Equation (5)) are used to test hydrological model performances:


  N S E = 1 −    ∑      x − y     2        ∑      x −   x  −      2       ,  



(1)






   K G E = 1 −      r − 1     2   +     a − 1     2   +     b − 1     2    ,    a =     S   y       S   x     ; b =     y  −    x   ,    



(2)






  P B I A S =    ∑  ( x − y )      ∑  x     * 100 ,  



(3)






   r =   n  ∑  x y   −    ∑  x        ∑  y          n   x   2   −      ∑  x       2       n   y   2   −     y     2        ,    



(4)






  D R V =    ∑  x −  ∑  y        ∑  x     ,  



(5)




where   x   is observation,   y   is modeled value,     x  −    is average observation,     y  −    is average modeled value,     S   x     is the standard deviation of the observed data,     S   y     is the standard deviation of the modeled data,   a n d   n   is the number of data sets.



Contingency tables evaluate the consistency of the projected precipitation data in the reference period by using two main indicators, i.e., Probability of Detection (POD) (Equation (6)) and False Alarm Rate (FAR) (Equation (7)). Four different possibilities are categorized: “a” (detected by both ground and GCM), “b” (detected by GCM only), “c” (detected by ground only) and “d” (no detection in both).


  P O D =   a   a + c   ,  



(6)






  F A R =   b   a + b   .  



(7)









3. Results


The study is conducted under three main topics: analyses of GCM data sets in reference and future periods, hydrological model configurations, and future projections and assessments.



3.1. Evaluation of Global Climate Models (GCMs) Data with Gauge Data in Reference Period


The gauge readings for the reference period are used to compare the performances of the raw and bias-corrected climate data sets. Temperature is one of the crucial variables and the most sensitive one in climate science. For temperature, the consistency of raw projected values and observed values is high in the reference period. For all data sets (except for HadGEM2-ES), Pearson-R values provided on monthly average analysis in both basins are 0.93–0.96 for raw data sets and increased to 0.96–0.97 with the bias correction application (Table 2). For precipitation, the consistency of projected and observed values is rather low in the reference period for all data sets. Pearson-R values provided by monthly average analysis in both basins are 0.13–0.39 and increased to 0.31–0.49 with bias correction (except for HadGEM2-ES) (Table 2).



Figure 2 shows each basin’s POD and FAR values along with the monthly (mo) threshold precipitation amounts. Following the bias adjustment, POD values increased for both products. For the precipitation amounts higher than the 10 mm threshold, POD values are as high as 0.86 and 0.90 for Karasu and Murat basins, respectively. As expected, POD values are relatively lower for a higher precipitation threshold of 30 mm; values are 0.67 and 0.81 for the same basins, respectively. Precipitation projections provide slightly better results for Murat basin. FAR values significantly increase with extreme precipitation amounts in Karasu, which differs from those of Murat.



Except for HadGEM2-ES, all GCM findings show comparable performance. This GCM exhibited an outlier result in both Pearson analysis and accuracy assessment, and it even produced negative relationships in precipitation data sets. In addition, HadGEM2-ES temperature data sets have much lower consistency. Therefore, HadGEM2-ES is not included in further analysis.



The relatively high consistency in temperature during the reference period is satisfactory for further hydrological evaluations in these mountainous basins. The relatively lower consistency of precipitation was expected due to the rather complex behavior of precipitation.




3.2. Analysis of Future Climate Data


GCM data under RCP4.5 and RCP8.5 scenarios are used to analyze projected precipitation and temperature for the Karasu and Murat basins. The future timeline is divided into three sections, and each timeline period has 25 years of data to compare to the reference period. Figure 3 displays basin-wide relative changes in projected precipitation and temperature for five GCMs and an ensemble of them.



The basin-wide ensemble mean projected precipitation is increasing by 5–10% compared to the reference for all future periods under RCP8.5- simulations in Karasu basin. Compared to RCP8.5 models, RCP4.5 simulations resulted in a small (<5%) or no change in precipitation, according to the ensemble projection. In Murat basin, the results are more consistent in terms of RCP4.5 and 8.5 scenarios, indicating a slight increase (<5%) in 2025s and a decrease (<5%) in 2075s. For the last two periods, NorESM1-M (increase) and IPSL-CM5A-MR (decrease) show a significant change with respect to the reference period for Karasu and Murat, respectively.



In this study, all RCM downscaled GCMs scenarios show increased temperatures. The temperature rise is progressive for all GCMs scenarios over time (Figure 3). On most occasions, the most considerable basin-wide temperature rise was detected for IPSL in contrast to others in both basins; nonetheless, a significant rise was observed during the third future period. Although both RCPs demonstrate an increase in temperature in the future, RCP8.5 reaches a more tremendous increase (around 72%) than RCP4.5 (around 40%) for both basins in the third future period. The temperature anomaly is expected to be 2–3.4 °C (highest for the third future period) for RCP4.5 and 2–6.5 °C (highest for the third future period) for RCP8.5 for both basins. Concerning this region’s hydrological system, an increase in temperature will have significant implications for snow accumulation and melting. A significant increase in temperature could eventually diminish the occurrence of solid rainfall during winter and, as a result, reduce the snow cover area in the basin, causing a decrease in discharge during peak demand. Furthermore, rising temperatures cause early or rapid snowmelt runoff generation, particularly in high-altitude zones of the basin, resulting in the contraction of snow area and early peak discharge.



Since the projected evaporation values are calculated based on the projected temperature data set using MLP model (R = 0.87 for training and testing), the relative change in evaporation is also increasing through the third future period with increasing temperatures. The relative change in evaporation with respect to the reference period is between 15 and 40% (2024–2099) under RCP4.5 scenario for both basins; however, the change further rises to 20–100% (2024–2099) under RCP8.5 scenario with significant increase in the temperatures in the third future period. The highest increase in evaporation occurs in June and July when temperatures are highest. Relatively lower values are observed in the Murat basin compared to the Karasu basin.




3.3. Analysis of Future Runoff


HBV and HEC-HMS, the conceptual daily hydrological models, are calibrated and validated in Karasu and Murat basins for 1980–2011. While both model configurations perform correctly, the HEC-HMS model has slightly better results in Karasu basin in terms of KGE, PBAIS, and DRV. On the other hand, the HBV model has a better model efficiency for the Murat basin, as shown in Table 3. Hydrological model performances are classified as very good according to the performance criteria provided by [53] (Very Good for 0.75 < NSE < 1.00) for both models and basins (Table 3). Nevertheless, both models show acceptable and reliable performances and are used for impact assessment; therefore, climate projections are incorporated into both models to project runoff and snow states for future realizations.



Several water balance components can influence the discharge of a river. Two conceptual hydrological models with different model structures are used to represent these components with reduced uncertainty. Whenever projected climate data is provided to the HBV model to produce runoff projections, the mean runoff at the Karasu basin’s outlet is predicted to rise in the future under both RCP scenarios (Figure 4a). The increase in discharge is expected to be mild and moderate under RCP4.5 and 8.5, respectively, for the third future period. Under RCP4.5 and RCP8.5, the maximum rise would be 3.7% and 9.6%, respectively, in the third future period for the projected ensemble mean runoff (Figure 4a). On the other hand, the ensemble runoff projection produced by HEC-HMS shows almost no change for RCP4.5 and a slight decrease (2.5%) under RCP8.5 for the same basin for the third future period. The overall ensemble for all GCPs and models insists on an increase for the mean runoff in the third future period, on average, of 2.6% for Karasu basin.



For Murat basin, both models indicate a decrease in ensemble runoff for the third future period under both scenarios (Figure 4b). Rather significant change is indicated by HEC-HMS (−11.2%) for RCP4.5 and by HBV (−10.1%) for RCP8.5. The overall ensemble for all GCPs and models insists on a reduction in the third future period, on average, of 6.7%.



Generally, IPSL-CM5A-MR depicts a significant decrease, and NorESM1-M demonstrates a significant increase in the projected mean runoff for the third future period, which is expected concerning the projected precipitation data in Figure 3.



The projected mean ensemble hydrographs are shown together for all future periods compared to the reference period under RCP4.5 and 8.5 in Figure 5. Although the percent change in the mean runoff, especially for the near (2024–2049) future projection, is not substantial, the form of the hydrographs is transforming dramatically with reductions and time shifts in runoff peaks for the mid (2050–2074) and the long (2075–2099) future periods (Figure 5). The runoff peaks seem to decrease by 24% for Karasu and 42% for Murat under RCP8.5 for the third future period. Peak runoff shifts around 20–30 days for Karasu and 10 days for Murat under RCP8.5 for the third future period (Figure 5). In the third period, the decreased runoff will be more noticeable in the Murat basin. HEC-HMS slightly overestimates autumn runoff values in the Murat basin (Figure 5b). This gives the impression that a two-peak flow hydrograph is building in the future, which it is not, even though future estimates show a slight rise in autumn mean flows.



Figure 6 illustrates the increasing uncertainty in the projected ensembles with 25-year time intervals. The spectrum of ensembles expands in each future era until it reaches its maximum in the third future period. Moreover, the projections under the RCP8.5 scenario provide larger spread than those under the RCP4.5 scenario. Figure 6 also depicts an increase in late autumn and early winter runoff values as a result of precipitation that would replace snowfall as temperatures rise.



According to these analyses, there is no clear indication of flood risk in the headwater basins. However, the maximum envelope of ensembles in Figure 6 might be a sign of possible high flows in the future for Karasu basin. On the other hand, the accuracy of projected precipitation for relatively large amounts was slightly lower in this basin for the reference period (Figure 2). No notable trend in mean runoff values is identified as the century progresses. Nevertheless, a shifting runoff hydrograph and lower peaks may be a warning of drought, particularly during the third future period over the basins, with noticeable outcomes (Figure 5 and Figure 6).




3.4. Analysis of Future Snow Dynamics


Future snow dynamics are investigated for three main variables: future snow extent, snow water equivalent, and snow duration. The results of model simulations for snow states under climate change projections are thoroughly examined to detect the relative change in all these variables. Temperatures in the headwater catchments are predicted to rise dramatically under current climate change projections, independent of the scenario, leading to rapid melting and a decrease in snow cover. Because RCP8.5 predicts a more significant temperature increase than RCP4.5, even though all models predict a substantial loss in snow cover across all time periods for both scenarios, this loss is even more noticeable for RCP8.5. When all climatic circumstances are considered, another result of rising temperatures is a considerable rise in snowmelt intensity during spring by the end of the twenty-first century.



In all instances, without any exception, the projected snow cover shrinks in all future periods with an increasing pattern, and the worst case occurs under RCP8.5 (Figure 7, Figure 8 and Figure 9). The model results are all consistent for different GCPs. The relative change in Snow Cover Area (SCA) and Snow Water Equivalent (SWE) as an ensemble mean projection in percentage is above 50% for the third future period for both basins (Figure 7 and Figure 8). Projected scenarios exhibit remarkable warming and rapid melting in these regions, accelerating the transition from snow-dominated to rain-dominated watersheds and reducing seasonal SWE and its persistence (Figure 8 and Figure 9).



While ensemble spreads indicate a higher uncertainty for SWE compared to SCA, the reduction in mean SCA/SWE and early melting is obvious for the future period for both scenarios and basins (Figure 9). Although the relative percentage reductions in SCA and SWE are similar in both basins (Figure 7 and Figure 8), the decline in projected SCA and its faster depletion are more pronounced in the Karasu basin (Figure 9). This could imply that the decline in SWE values in the Karasu basin occurs both spatially and temporally (Figure 9a).



IPSL-CM5A-MR provides the most significant reduction in both SCA and SWE, which yields the highest temperature rises; conversely, the least reduction is provided by EC-EARTH, which yields the lowest temperature rises (Figure 3). According to IPSL-CM5A-MR, snow is almost disappearing at the end of the century.



Furthermore, analysis for the total duration of snow concerning the persistence of SWE on the ground demonstrates about a 25% decrease in the snow duration period (Table 4). In both basins, snow is seen on the ground half of the year in the reference period, while this rate decreases to approximately one-third of the year in the last 25 years of the future period.





4. Discussion


This study examines the effects of future climate change in the headwaters of the Euphrates River basin using dynamically downscaled results from various GCMs for two emission scenarios. Merging several GCMs which produce more robust findings than individual models is one technique to reduce uncertainty in climate projections [54]. Therefore, six GCMs (CNRM-CM5, IPSL-CM5A, EC-EARTH, MPI-ESM-LR, NorESM1-M, HadGEM2-ES), dynamically downscaled by RCM, based on the RCP4.5 and RCP8.5 scenarios, were used in the study. The projections are divided into three 25-year sub-periods: 2024–2049 (first period), 2050–2074 (second period), and 2075–2099 (third period), and the reference period is taken as 1970–2005.



Except for HadGEM2-ES, all GCMs yielded reasonable precipitation projections and highly accurate temperature projections over the study area for the reference period. A bias correction is applied to improve the consistency of projected climatic variables with respect to observations and in order to reduce uncertainty. In comparison to precipitation, all GCMs performed better in historical temperature simulations in the headwater basins of the Euphrates River. Our findings are consistent with those from other studies [55,56,57].



In summary, the analysis revealed that the temperature in the study area is likely to rise under both RCP4.5 and RCP8.5 scenarios. The changes in temperature in the two basins under consideration all occur in the positive direction (+2.0–+6.4C), increasing with the more pessimistic scenario and period. When precipitation variation is considered, more fluctuations occur within periods and basins. This outcome could be attributed to the great spatial variability and magnitude of precipitation processes that the models could not reflect [58]. Part of the positive changes may also be ascribed to the Black Sea effect [28], as several climate change projections indicate an increase or no change in precipitation, particularly in the eastern Black Sea region, and Karasu basin is in close vicinity to Black Sea region as shown in Figure 1. Geographically, the Murat basin is further away from the Black Sea than the Karasu basin. In addition, the hypsometric mean elevation of Murat basin is lower than that of Karasu basin, and the corresponding basin area lower than the hypsometric mean elevation is larger compared to Karasu basin. Precipitation in the Murat basin shows a slight decline that is virtually unrelated to the type of scenario. Because of higher air temperatures, the precipitation phase at lower elevation zones is more prone to a transition from snow to rain. Moreover, with the increasing temperatures, projected evaporation values will increase in future periods.



Hydrological modeling is critical for managing and planning water resources in the context of climate change. Each hydrological model has its own set of limitations in terms of input data and calibration parameters. The parameters of the hydrological model should be modified through a calibration process for the model to produce the most accurate, feasible results. Climate change implications in terms of snow and discharge were analyzed using climate projections (five GCMs) as input to the calibrated HBV and HEC-HMS models with high modeling performance (Table 3) over the two basins.



The temperature increase is greater in RCP8.5 scenarios than in RCP4.5 scenarios, resulting in a more severe decline in snow storage for all climates evaluated. Warming relates to snowpack losses and temporal alterations in snowmelt peaks. Our findings show that even under the low-emission scenario, snow cover extent is expected to decline by 65% through the end of the century. Figure 7, Figure 8 and Figure 9 depict model simulated SCA and SWE outputs for reference and future periods of the two emission scenarios (RCP4.5 and RCP8.5) in the Karasu and Murat basins for snow comparison. For ensemble means, the change in SCA and SWE values is obviously negative, implying that less snow will accumulate on the ground in amount and area than is now occurring. The graph also shows that by the third future period, the snow season will be shorter as snow will melt faster and vanish in the middle of May rather than June. Snow duration days are expected to drop by 15 to 48 days in both basins during the entire projection period. During the last future period, average SWE values are expected to decline by more than 50%.



It is obvious that climate change has a significant impact on the shape of the hydrograph and peak streamflow values. The runoff volume appears to be less affected by snow, with a maximum 10% decrease (Figure 6). This could be most likely attributed to the difference in precipitation between the periods and scenarios (Figure 3), which exhibit different patterns in each basin. The river discharge pattern will be determined by the melt runoff patterns. Moreover, peak runoff and snow melt are closely related in snow-dominated basins; thus, a temporal shift in the time to peak reflects the impact of climate change (Figure 5). At the end of the century, future melt runoff is expected to peak one month earlier in April rather than May (with 20–25-day shift), as it did in the reference period (Figure 5 and Figure 6) for the Karasu basin. The projected time of change for Murat basin is over 10 days, which moves the runoff peak from late April to early April. Earlier shifts in peak flow timing are noticed under all configurations. The rate of decrease in runoff peaks and shift in peak flow timing is more considerable under RCP 8.5 than RCP 4.5, increasing towards the end of the century.



Several studies have documented similar trends in various mountainous regions around the world, which have been attributed to a change in precipitation from snow to rain under warmer conditions in mid-elevation watersheds and reducing seasonal snow and its persistence [59,60,61]. Moreover, this massive influence on SCA might directly impact hydrological droughts, with an overall rise in droughts’ extent, severity, and length [62]. Several researches has shown that climate change substantially impacts SCA in different mountain ranges [63,64,65]. Our findings also support prior regional and local climate change impact assessment studies. Özdoğan (2011) [2] also discovered substantial declines (between 10% and 60%) in available snow water. Sen et al. (2011) [7] reported statistically significant shifts to earlier times (over five days) in streamflow timing in recent decades. According to Bozkurt and Sen (2013) [21], the striking impact of warming could be seen in the snow water equivalent of the basin highlands. Moreover, they indicate that one of the most notable consequences of the temperature increase in the basin is the 18–39-day shift to earlier days in the surface runoff timing for the main headwaters of the basin. Since they worked on the impact of climate change on the Euphrates–Tigris basin as a whole, the change in runoff conditions is different in downstream parts of the region. In [28], the authors also state that although runoff volume seems to be affected less, the shift in streamflow timing to earlier dates (1–2 weeks) is a notable indication of changing climate for the headwater basins in the Euphrates River.




5. Conclusions


Climate change is altering flow regime characteristics and, as a result, the functioning of water systems in river basins. This study aims to examine climate change impact on the headwaters of the Euphrates River basin in Türkiye using hydrological modeling incorporating projected climatic variables. The Euphrates and Tigris River basins are under exceptional pressure due to deteriorating water supply conditions caused by climate change. The system becomes significantly vulnerable due to lower snowmelt and earlier peak timing.



Since the study involves high-elevation regions, snow is essential to the hydrological cycle. Nevertheless, it is well recognized that hydrological modeling in snow-dominated basins is complex due to a shortage of observed data, especially when complex terrain and harsh meteorological conditions are considered. HBV and HEC-HMS conceptual hydrological models are customized to offer representations of upstream watersheds and calibrated using historical observations in this study. Then, the outputs of five climate models under two RCPs are incorporated into hydrological models to evaluate the behavior of the water system for reference and future periods. The uncertainty in river discharge projections due to the choice of climate models is considered by various GCMs. The results reveal that during the historical period, all considered model configurations can accurately reproduce the statistical characteristics of flow. The methodology can be applied to other snow-dominated mountainous locations with globally and publicly available datasets and the robustness of using multi-hydrologic models with multi-climate projections examined in our work.



It is concluded that temperature increases will raise the rain-to-snow ratio, expedite snowmelt processes, and alter the flow regime in these snow-dominated headwater basins. Over the end of the century, the temperature is expected to rise by 2–6 degrees Celsius, with a more than 50% reduction in SCA and SWE.



A constant decline in snow cover area indicates that the basin’s snow storage capacity will be diminished in the future compared to the reference era. Rather than a dramatic change in runoff volume, a more dramatic fluctuation in snow variables such as SCA and SWE (>50%) and a shortening of snow duration days is projected. Although mean runoff volume appears less affected, the magnitude reduction and streamflow peak timing shift to earlier dates (2 weeks–1 month) are significant indicators of climate change for the headwater basins. Overall, peak flow timing is likely to be significantly influenced by changing climate conditions throughout the century, shifting from mid-May to mid-April for the Karasu and early April for the Murat basins. Such shifts are a rapid response to changes in upstream hydrological processes, resulting in faster snowmelt and an increase in the rain-to-snow ratio. This finding is consistent with prior research demonstrating a change from a snowmelt runoff regime to a rainfall–runoff regime in the Upper Euphrates.



The Euphrates basin is receiving attention as a transboundary river; managing several water resource infrastructures is also critical for riparian countries. As a result, any study assessing the influence of hydro-meteorological conditions and snow dynamics under climate change is now much more essential for decision-makers. The findings concur with our hypothesis that global warming and changes in rain–snow patterns will significantly impact snow evolution and melt runoff patterns for the two headwater basins by the end of the century. The significant decrease in snowmelt-driven runoff predicted for the spring may diminish water availability. Less snowfall will limit the snowpack’s significance as a natural reservoir, conserving water until the warmer periods when demand is high for irrigation and other purposes, with significant consequences for water availability during the summer [59,66,67]. Such changes in upstream flow conditions may have further consequences for evapotranspiration, groundwater recharge, and runoff and an impact on the functioning of the water system downstream, which is more vulnerable to climate change.



The results provided here depict possible scenarios under two opposing climate change spectrums. Forecasting future climates is challenging, particularly in rarely documented and observed locations. This is due to the numerous elements that produce uncertainty in GCMs and climate projections, and the need to understand current socioeconomic routes and their ongoing evolution. One approach to cope with such future uncertainty is to create a set of feasible scenarios based on current knowledge about environmental conditions. This study was based on selecting two severe future scenarios, RCP4.5 and 8.5. Different climate conditions, new GCMs, and a range of potential scenarios affecting snow dynamics may prevail in the future.



The increase in temperature and varied precipitation will substantially impact the whole environment in the upper Euphrates basin; however, this study is mainly concerned with the effects of climate change on river discharge and snow conditions. Therefore, the projected simulations presented in this study are based solely on climate change and do not consider potential changes in ecology, land use, guidelines, or population, the effects of which on climate may alter the outcomes of the scenarios examined here.



On the other hand, the results may be representative of only some of the regions; studies should also be conducted in downstream areas to draw more reliable conclusions about the outcomes. Thus, more studies in other reference basins in the region are needed to gain a complete picture of climate change impact on water resources in the area.



Changes in the runoff regime can also have an impact on the timing and efficiency of water allocation strategies, which may affect the sustainability of downstream storage reservoirs by the end of the century. The reservoir operation guidelines must be revisited to produce more robust water distribution plans in the context of climate change. On the other hand, an adaptation method must be determined for the region to deal with the aforementioned climatic variations.
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Figure 1. Location of the study area. 
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Figure 2. Assessment of the RCM precipitation (a) P > 10 mm, (b) P > 30 mm. 
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Figure 3. Relative change in basin-wide precipitation and temperature. (a) Karasu basin, (b) Murat basin. 
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Figure 4. Relative change in mean runoff. (a) Karasu basin, (b) Murat basin. 
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Figure 5. Projected ensemble mean annual runoff hydrographs using HBV and HEC-HMS versus historical annual hydrograph (dashed line) in all future periods. (a) Karasu basin, (b) Murat basin. 
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Figure 6. Projected ensemble (shaded area) and expected (dashed line) annual runoff hydrographs using HBV and HEC-HMS versus historical annual hydrograph (solid line). (a) Karasu Basin, (b) Murat Basin. 
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Figure 7. Relative change in snow cover area. (a) Karasu basin, (b) Murat basin. 
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Figure 8. Relative change in snow water equivalent. (a) Karasu basin, (b) Murat basin. 
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Figure 9. Projected ensemble (shaded area) and expected (dashed line) annual SCA and SWE using HBV versus historical SCA and SWE (solid line). (a) Karasu basin, (b) Murat basin. 
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Table 1. Data sets used for climate projections.






Table 1. Data sets used for climate projections.





	Domain
	GCM_run
	RCM
	Reference
	RCP4.5
	RCP8.5
	Institution





	EUR-11
	CNRM-CM5_r1i1p1
	RCA4_v1
	1970–2005
	2006–2100
	2006–2100
	SMHI



	EUR-11
	EC-EARTH_r1i1p1
	RACMO22E_v1
	1950–2005
	2006–2100
	2006–2100
	KNMI



	EUR-11
	HadGEM2-ES_r1i1p1
	RCA4_v1
	1970–2005
	2006–2099
	2006–2099
	SMHI



	EUR-11
	IPSL-CM5A-MR_r1i1p1
	RCA4_v1
	1970–2005
	2006–2100
	2006–2100
	SMHI



	EUR-11
	MPI-ESM-LR_r1i1p1
	RCA4_v1a
	1970–2005
	2006–2100
	2006–2100
	SMHI



	EUR-11
	NorESM1-M_r1i1p1
	HIRHAM5_v3
	1951–2005
	2006–2100
	2006–2100
	DMI
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Table 2. Correlation analysis of bias-corrected data sets compared to ground truth.
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Pearson-R

after BC

	
Precipitation

	
Temperature




	
Karasu

	
Murat

	
Karasu

	
Murat






	
MPI-ESM-LR

	
0.35

	
0.42

	
0.96

	
0.97




	
CNRM-CM5

	
0.38

	
0.41

	
0.96

	
0.97




	
IPSL-CM5A-MR

	
0.31

	
0.38

	
0.96

	
0.97




	
EC-EARTH

	
0.40

	
0.43

	
0.96

	
0.97




	
NorESM1-M

	
0.33

	
0.49

	
0.97

	
0.97




	
HadGEM2-ES

	
−0.27

	
−0.24

	
0.75

	
0.78
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Table 3. Model performances for Karasu and Murat basin.
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KARASU

	
MURAT




	
HBV

	
HEC-HMS

	
HBV

	
HEC-HMS






	
Metric

	
CAL *

	
VAL *

	
CAL *

	
VAL *

	
CAL *

	
VAL *

	
CAL *

	
VAL *




	
NSE

	
0.84

	
0.86

	
0.83

	
0.84

	
0.94

	
0.89

	
0.88

	
0.82




	
KGE

	
0.87

	
0.87

	
0.91

	
0.89

	
0.91

	
0.93

	
0.92

	
0.87




	
PBIAS

	
−10.80

	
−11.30

	
3.30

	
3.20

	
−8.00

	
−4.40

	
0.40

	
3.30




	
R

	
0.93

	
0.95

	
0.92

	
0.92

	
0.97

	
0.94

	
0.94

	
0.91




	
DRV

	
0.89

	
0.89

	
0.97

	
0.97

	
0.92

	
0.96

	
1.00

	
1.03








* Cal: 1980–1999; Val: 1991–2011.
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Table 4. Decrease in snow duration days for Karasu and Murat basins.
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KARASU

	
MPI-ESM-LR

	
IPSL-CM5A-MR

	
CNRM-CM5

	
EC-EARTH

	
NorESM1-M

	
ENSEMBLE






	
Decrease in Snow Duration (Days)

	
2024–2049

	
19

	
29

	
24

	
19

	
12

	
17




	
2050–2074

	
34

	
60

	
36

	
36

	
22

	
28




	
2075–2099

	
76

	
146

	
57

	
45

	
35

	
48




	
Murat

	
MURAT

	
MPI-ESM-LR

	
IPSL-CM5A-MR

	
CNRM-CM5

	
EC-EARTH

	
NorESM1-M

	
ENSEMBLE




	
Change in Snow Duration

	
2024–2049

	
31

	
14

	
23

	
13

	
14

	
15




	
2050–2074

	
46

	
47

	
32

	
12

	
21

	
25




	
2075–2099

	
77

	
101

	
47

	
31

	
37

	
43
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