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Abstract

:

The output extracted from CNRM, MPR, and ICHEC Global Circulation Models for RCP 4.5 and RCP 8.5 Representative Concentration Pathways has been used in conjunction with the SWAT model for evaluating the impacts of future climate changes on hydrological processes in a Romanian catchment (Neajlov, 3720 km2 area) in the short (2021–2050) and long term (2071–2100). During the growing season, precipitation will decrease by up to 7.5% and temperature will increase by up to 4.2 °C by 2100. For the long term (2071–2100), the decrease in soil water content (i.e., 14% under RCP 4.5 and 21.5% under RCP 8.5) and streamflow (i.e., 4.2% under RCP 4.5 and 9.7% under RCP 8.5) during the growing season will accentuate the water stress in an already water-deficient area. The snow amount will be reduced under RCP 8.5 by more than 40% for the long term, consequently impacting the streamflow temporal dynamics. In addition, our results suggest that hydrological processes in the lower portions of the catchment are more sensitive to climate change. This study is the first Romanian catchment-scale study of this nature, and its findings support the development of tailored climate adaptation strategies at local and regional scales in Romania or elsewhere.
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1. Introduction


Climate projections based on current greenhouse gases emissions predict that global mean surface temperatures for 2081–2100, relative to 1986–2005, will likely be from 0.3 °C to 1.7 °C (RCP 2.6), 1.1 °C to 2.6 °C (RCP 4.5), 1.4 °C to 3.1 °C (RCP 6.0), and 2.6 °C to 4.8 °C (RCP 8.5) [1]. If these changes take place, the atmosphere will be warmer than it has been at any time during the past 125,000 years [1]. The warming will be accompanied by changes in many other environmental variables, including precipitation amount and regime, and hence, due to the integrated nature of the hydrological cycle will change most of its components [1,2,3]. At the European scale, it is anticipated that the future climate changes will vary at local and regional scales, with a series of studies underlining the uncertainties associated with the patterns and amplitude of the changes [1,4,5,6,7]. Examples of impacts include increased pluvial flooding in northern Europe and hydrological and agricultural/ecological droughts in the Mediterranean region, as well as significant changes to key components of the hydrological cycle, such as snow accumulation and surface runoff by the end of the century [7]. For Eastern Europe, the RCP 8.5 projection indicates that temperature will increase with 1.5 to 4 °C during both the winter and summer by 2041–2060 [1]. Precipitation will also be impacted and might increase by up to 20% during the winter and decrease by up to 20% during the summer for the same period [1].



The assessment of the impacts of climate changes on hydrological processes via modeling is recognized as an important tool that provides support for policy makers and water resource managers to develop adaptation measures and elaborate management strategies related to socio-ecological systems [1,8,9,10]. At the European level, hydrological modeling has been employed for predicting hydrological conditions in a changing climate [11,12,13]. However, these large-scale models might lack the spatial resolution that can be achieved with local-scale models, generally are subject to a global calibration procedure, and might not operate using hydrological entities (i.e., watersheds) as basic units [14,15]. Currently, watershed or even regional-scale studies in Eastern Europe are limited. For example, [16] used non-climate model-based scenarios in a study covering the Black Sea catchment and found that a 3 °C increase in temperature combined with a 30% decrease in precipitation amount will result in decreased soil moisture which in turn will result in increased irrigation demand and potentially increased competition for water resources. In a pan-European study conducted using WaterGAP3 model [17], Beek et al. (2012) [11] found that the mean annual water availability for Romania will be reduced by 5–15% by 2050 under the A2 IPCM4 and MIMR IPCC scenarios [18]. Freund et al. (2017) [19] employed the SWAT model to evaluate potential impacts of future climate changes (2017–2050) on water resources in the Black Sea catchment using A2 and B2 IPCC scenarios [18] combined with four land use change scenarios developed using enviroGRIDS [20] and found that areas of the Black Sea catchment, including Romania, will experience a decrease in water storage, which could lead to increased vulnerability of freshwater resources. The authors also estimated that “blue water” (i.e., the sum of streamflow and aquifer recharge) in the southern part of Romania will decrease between 0 and 50% based on the average output of 10 scenarios. Didovets et al. (2017) [21] employed the Soil and Water Integrated Model (SWIM; [22]) to assess the impact of RCP 4.5 and RCP 8.5 [1] on water resources for the near future (2011–2040), middle future (2041–2070), and far future (2071–2100) in three Ukrainian catchments. Out of the three catchments, the Samara catchment, which is most similar to the catchment used in our study, is expected to experience a slight increase in streamflow for the near and middle future (+10–20%) and a decrease in the far future (~10%). The authors also suggest that the streamflow is expected to increase during the winter and spring season and decrease during the summer. For Romania, only two relevant studies have been identified. The first study was conducted in the early 2000s by Cuculeanu et al. (2002) [23] at a Romanian national scale. The study involved a combination of plant growth, forest dynamics, and rainfall–runoff models and found that by 2070, snowmelt will occur earlier in the year, the maximum stream discharge will shift from spring towards the winter months, and the minimum flows will shift from October–January to August–October in response to an increase in temperature between 2.8 and 4.9 °C, a ~20% increase in precipitation during the cold season, and a decrease by a similar amount during the warm season compared to the reference state (1961–1990). A second study, carried out by Mitrica et al. (2017) [24] in the southern part of Romania (Leu-Rotunda Plain; 650 km2), in an area with similar climate with the Neajlov catchment, employed a combination of groundwater numerical modeling and regional climate model simulations to understand the impact of future climate changes (2017–2100) on aquifer water availability. Their results suggest that aquifer water resources will decrease by ~10% between 2021 and 2050 and by ~30% between 2071 and 2100 for the respective area compared to the reference period (1961–1990), thus pointing to significant vulnerability in the water supply in the future, in an area that is already water-deficient and scarce in water resources.



The present study aims at assessing the impacts of short- (i.e., 2021–2050) and long-term (2071–2100) future climate changes associated with two RCPs (i.e., RCP 4.5 and RCP 8.5) on the magnitude and variability of hydrological processes in a medium-sized catchment located in the southern part of Romania (Neajlov catchment, 3720 km2). The hydro-climatic model developed in SWAT [25] has been calibrated for the reference state using 30 years of daily weather and streamflow data (1981–2010) collected from various stations within the catchment and has been run with a monthly output frequency between 2010 and 2100 using the full array of climate data produced with three GCMs (CNRM, MPR, ICHEC) [26]. This is the first study that uses long-term historical and future climate data for evaluating the impacts of future climate changes on hydrological processes at a Romanian catchment scale and contributes to advancing the understanding of the extent of future climate change impacts on hydrological processes both in Romania and in Eastern Europe at large, a region where previous studies are limited. In addition, the results of this study provide an additional resource for inter-comparison of results obtained through similar studies carried out in other regions of Europe or the world. The findings of this study can be used for assisting policy makers and water resource managers in adapting mid- and long-term strategies to better respond to anticipated climate changes, as highlighted in recent European [27] and global-scale forums [28].




2. Materials and Methods


2.1. Study Area


Located in the southern part of Romania (i.e., Romanian Plain), between 43°56′00″ N-44°49′12″ N latitude and 24°14′30″ E-26°15′36″ E longitude, the Neajlov catchment is the largest subcatchment (3720 km2) of the Arges River, a tributary of the Danube River (Figure 1). Due to its importance as a Danube subbasin, the Neajlov catchment is critical for a deep understanding of the processes that occurs in the Romanian plain and has been incorporated in the LTSER (Long-Term Socio-Ecological Research) network [29] since 2007. The catchment is characterized by large parallel valleys oriented from NW to SE and gentle slopes, ranging between 1–2‰ in the lower Neajlov catchment and 3–4‰ in the upper Neajlov catchment. The elevation is gradually decreasing from north (~300 m) to south (~60 m). The main tributaries of Neajlov are Dambovnic, Glavacioc, and Calnistea (Figure 1), and its hydrographic network has an average density of 0.36 km/km2, which is similar to the average for Romanian water courses [30]. The average stream discharge measured at the outlet of the catchment (i.e., Calugareni) is ~7.7 m3/s (1981–2010) [31]. The maximum flows are dominantly occurring during early spring but can occur during any period of the year as a result of either snowmelt or significant rainstorms and can be up to 160 times higher than the annual average discharge [30]. This period of high flows is followed by an extended period of recession and low flows through the summer and fall, when the stream flow is provided exclusively from the aquifer [32,33] and the discharge of Neajlov can be lower than 1 m3/s, while its main tributaries can have flows as low as 0.03 m3/s [30].



The subsurface material consists of sedimentary deposits of variable thicknesses. The quaternary deposits are of fluvio-lacustrine origin and consist of sand and gravel deposits (i.e., Fratesti-Candesti deposits) underlining 10–20 m thick loess or loessial deposits [30,32]. Based on the FAO soil classification [34], the soils in the catchment are dominated by luvisols (61% of the catchment area), which are generally fertile soils widespread in the temperate regions, while other soils such as chernozems, cambisols, vertisols, phaeozems, and fluvisols cover less than 10% of catchment area each (Figure 2a). Land cover in the catchment is dominated by agrosystems (77.8% of the catchment area), followed by forests (10.4%), anthropic systems (i.e., industrial, residential; 5.6%), pastures (5.1%), and water (i.e., surface water bodies and wetlands; 1.1%) (Figure 2b). Rural settlements are prevalent in the catchment and major urban areas are absent.



The climate of Romania is temperate-continental, with influences from Atlantic and Mediterranean air masses in the western regions, while the southern and eastern regions, where the study area is located, are affected by continental air masses. The climate data collected from Videle meteorological station between 1981 and 2010 [35] (Figure 1) indicate that the mean annual temperature for the entire period is 11.2 °C and varied between 9.7 °C (1985) and 12.8 °C (2007). The annual precipitation amount ranged between 306.8 mm (2000) and 871 mm (2005), an average of 525.7 mm/year for the same period. During the year, the months of June and July received the largest amounts of precipitation (i.e., 64.6 and 65.7 mm, respectively), while January and February recorded the lowest amounts (i.e., 32.3 and 29.0 mm, respectively). Snowfall for the same period represented about 18.2% from the total precipitation, with the snowfall period extending between November and March.




2.2. Modeling


We used the ArcGIS extension of the Soil and Water Assessment Tool (SWAT) (ArcSWAT; [36]) to analyze the effects of predicted climate changes on hydrological processes in the Neajlov River Catchment. SWAT [25] is a widely used distributed parameter, a continuous time model, developed to simulate and predict the impacts of land cover, land use, and climate change on the quantity and quality of both surface and groundwater. SWAT allows various physical processes, such as processes associated with the water and sediment movement, crop growth, and nutrient cycling, to be simulated in a catchment. For modeling purposes, in SWAT, a catchment may be partitioned into subcatchments. Based on the best fit between SWAT delineated streams and hydrographic network maps (e.g., number of tributaries, length of the watercourses, shape of the boundary for the catchment), a threshold of 130 km2 catchment area for defining a permanent stream and for delineating the Neajlov catchment and its subcatchments has been used. The Hydrologic Response Units (HRUs), representing key components in SWAT architecture, are areas within the subcatchment that are composed of unique land cover, soil, and management combinations. The Hydrological Response Units (HRUs) required for running the SWAT model were defined using the “multiple HRUs in a subcatchment” ArcSWAT option, with minimum thresholds for land use type (15%) and soil class percentages (15%) for each subcatchment for identifying an HRU.




2.3. Data (Reference State)


The data required for SWAT parameterization included catchment-scale data sets (i.e., Digital Elevation Model (DEM), soil type and land cover) and meteorological data time series. The catchment-scale data processing is presented in detail in [37]. The DEM was developed from 1:100,000 topographic maps covering an area extending beyond the boundaries of the Neajlov catchment. The Neajlov catchment, its subcatchments, and its hydrographic network have been delineated using the watershed delineation routine incorporated in ArcSWAT. The soil spatial distribution was derived from 1:200,000 national soil maps. Soil properties were incorporated into the ArcSWAT user soil database using the equivalency between the map-based soils, which were defined using the Romanian soil classification system, and the properties of the soils available in the ArcSWAT user soil database (e.g., hydrologic group, soil horizons, texture, organic matter content, etc.). The data required for ArcSWAT’s land use layer were extracted from the CORINE Land Cover Database [38], followed by the conversion of specific land cover classes into SWAT equivalent land use categories. Daily meteorological data (i.e., air temperature, precipitation, relative air humidity, wind speed, and solar radiation) between 1981 and 2010 (i.e., 30 years) were obtained from the Videle (44°17′40″ N latitude and 25°32′31” E longitude) meteorological station [35], located centrally in the catchment (Figure 1). The hydrological model was calibrated using the SPE (SWAT Parameter Estimator) program included in SWAT Cup Premium v 6.1.1.0 [39] with daily discharge data measured between 1981 and 2010 at Moara din Groapa (upper catchment), Vadu Lat (mid-catchment), and Calugareni (catchment outlet) (Figure 1) [31]. To improve the stability of the model solution a 30-year model “warm-up” period (1951–1980), consisting of a copy of the 1981–2010 measured meteorological dataset, was added at the beginning of the simulation, as recommended in the literature [25]. The model runs were conducted with a monthly output frequency. The parameters that were adjusted during calibration were selected based on the literature [19,40,41,42]. The calibration parameters were grouped by model subcomponents (i.e., snow processes, groundwater, soil, and stream channel; Table S1) and the calibration was conducted in several cycles of at least 800 simulations each, with each cycle containing a sequence of these groups, as suggested in the literature [39,42]. The efficiency of the model was evaluated using the Nash–Sutcliffe coefficient [43] calculated for measured vs. modeled flows at the three stream gauging stations mentioned above. The Nash–Sutcliffe coefficient ranges from −∞ to 1, with a value of 1 indicating a perfect match between measured and modeled values, values between 0 and 1 indicating acceptable levels of model performance, and negative values indicating unacceptable performance. The calibration was considered complete when additional iterations did not result in further improvement of the Nash–Sutcliffe coefficient.




2.4. Climate Change Scenarios


The impacts of each climate change model on hydrological processes have been evaluated for the reference period (1981–2010), short term (2021–2050), and long term (2071–2100) using two Representative Concentration Pathways (RCPs) [1]. The selected RCPs were RCP 4.5 (moderate; radiative forcing to stabilize at 4.5 W/m2 before the year 2100) and RCP 8.5 (business-as-usual; radiative forcing to stabilize at 8.5 W/m2 before the year 2100). For each RCP, three bias-corrected EURO-CORDEX RCMs nested by Global Circulation Models (GCMs) ([26]; Table 1), available at 0.11° spatial resolution (about 12.5 km × 12.5 km), were used to extract the daily meteorological data for the historical (1981–2010) and future simulation periods (2011–2100). Although there could be challenges related to the performance of RCMs in complex terrain [44], the application of the combination of the above RCMs was considered reasonable based on the tests conducted in an area with similar climate to the study area [45]. A separate ArcSWAT simulation was set up for each climate model and RCP. For each of these simulations, the parameters obtained from the SWAT calibrated model were used in conjunction with the daily meteorological data extracted from the climate models for understanding the effects of future climate changes on Neajlov catchment hydrology. The outputs from each climate model and RCP ArcSWAT simulation were averaged and used for assessing the impact of the ensemble of the climate change models (i.e., ENS RCP 4.5 and ENS RCP 8.5) on the water balance.



The analysis was carried both spatially (i.e., subcatchments) and temporally using key water balance components (e.g., stream discharge, soil water content, surface and subsurface runoff, snowfall and snowmelt, evapotranspiration). The output from both the climate models and SWAT model were subsequently integrated over month, growing season (i.e., April to September), annual, decadal, and for each period analyzed. In addition, a representative year was developed by averaging the values of the parameters of interest for any given month in all the years considered for each of the analyzed periods (e.g., the monthly value of the representative year for January was obtained by averaging the parameter values for each January during the period of interest).





3. Results and Discussion


3.1. Model Calibration


The delineation of subcatchments in SWAT resulted in 14 subcatchments, with Moara din Groapa located at the outlet of subcatchment 1, Vadu Lat at the confluence of subcatchments 4 and 5 (i.e., collecting flow from subcatchments 2 to 5), and Calugareni at the outlet of the Neajlov catchment (Figure 1), while the delineation of the Hydrological Response Units (HRUs) required by SWAT was based on using the multiple HRUs in a subcatchment ArcSWAT option, with a threshold of 15% land use type and 15% soil class percentages in each subcatchment, and resulted in 30 HRUs for the Neajlov catchment. The parameters used for the calibration of the model were divided into three groups as follows: (i) groundwater, (ii) snow, and (iii) soil and stream channel (Table S1). The most significant challenge for the calibration of the model was related to the simulation of the snowfall and snowmelt, which is consistent with the findings of other studies relative to the ability of the SWAT model to reproduce these processes [46,47,48]. In this case, neither the automated SPE algorithm included in SWAT-CUP Premium nor the manual trial and error calibration procedures resulted in significant improvement of the timing and magnitude of the modeled streamflow values for the years with extreme peak flows during mid-winter to mid-spring period. These limitations were deemed acceptable, considering that the SWAT simulations were aimed at understanding the long-term dynamics (i.e., multiyear averages) of water balance components.



The average modeled stream discharge for the calibration period (i.e., 1981–2010) was within 10% of the measured stream discharge for each of the three stations (i.e., 1.01 vs. 0.96 m3/s for Moara din Groapa, 4.43 vs. 4.24 m3/s for Vadu Lat, and 7.72 vs. 8.47 m3/s for Calugareni) (Figures S1–S3). The final Nash–Sutcliffe coefficient (NS) values for the monthly model output were 0.36, 0.28, and 0.39 for Moara din Groapa, Vadu Lat, and Calugareni, respectively. On an annual basis, the NS for the three calibration locations increased to 0.64, 0.33, and 0.52. Although the match between modeled and measured values of stream discharge was only moderate, this was considered reasonable given the high intra- and interannual variability in streamflow as well as the unavailability of data related to water use and management in the Neajlov catchment. Abbaspour et al. (2015) [41] conducted a SWAT-based pan-European hydrology and water quality study and considered that values of NS between 0.1 and 0.4 were acceptable in snowmelt-controlled catchments or where the water management and use was diverse. In the respective study, which used a monthly time step and extended approximately between 1995 and 2005, the Nash–Sutcliffe coefficient close to Danube’s outlet (i.e., at Tulcea; Neajlov is in the Danube’s catchment) was 0.2. In another study, which included two tributaries of Danube located in Romania, Freund et al. (2019) [19] employed the SWAT model with a monthly time step between 1973 and 2006, and found Nash–Sutcliffe coefficient values of 0.19 for Crisu Negru and 0.5 for Siret. Similar values for the Nash–Sutcliffe coefficient for monthly output (0.01–0.86 with an average of 0.5) were also found by Beek et al. (2012) [11], who used the WaterGAP3 model [18] in a study involving 134 stream gauging stations distributed across Europe and monitored between 1961 and 1990.



It is worth noting that the simulated stream discharge at the outlet of the catchment during the first half of the simulation (i.e., 1981–1995; average value of 7.2 m3/s) was lower than the discharge during the second half of the simulation (i.e., 1996–2010; average value of 9.7 m3/s), a trend observed for all three stream gauging stations. The measured discharge shows that both periods had similar average discharges (i.e., 7.8 and 7.7 m3/s, respectively). The increase in modeled discharge is likely a consequence of the significant changes in annual precipitation amount, which increased from 474 mm/year for 1981–1995 to 577 mm for 1996–2010, respectively. The lack of measured stream discharge response to changes in precipitation amount for the two periods could be partially explained by the significant changes in water management and use in the catchment during the second half of the simulation. Although the water management and use data were not available for parametrization of the SWAT model, it is expected that the water use in the catchment intensified starting with the mid-1990s when the economic activity increased significantly in the region as a result of the significant socio-economic transformations following the change in the political regime at the end of the 1980s [49,50].




3.2. Climate Changes


The precipitation and temperature output from the climate models for both RCP 4.5 and RCP 8.5 together with several climate indicators are summarized in Table 2, Table 3, Tables S2 and S3. When the annual averages are considered, the changes in precipitation amount for both the short (2021–2050) and long term (2071–2100) are insignificant when compared to the reference state (1981–2010) for both scenarios, representing less than ±2% for any given representative concentration pathway (RCP 4.5 and RCP 8.5). Compared to the reference period, both RCP 4.5 and RCP 8.5 showed an increase in monthly precipitation amounts between late winter and mid-spring, while the amounts of precipitation during the summer growing season (i.e., April–September) showed a consistent decrease (Table 3 and Table S3 and Figure 3). For RCP 4.5, the precipitation amount during the growing season will decrease by 7.5% over the short term and by 3.1% over the long term, while for RCP 8.5, it will decrease by 2.8% over the short term and by 7.0% over the long term. The number of days without precipitation will decrease overall, with a moderate impact of the two RCPs for the short term and a more pronounced impact for the long term. Thus, the decrease in the number of days with precipitation ranges from 2.2% for RCP 4.5 for the short term to 9.7% for RCP 8.5 for the long term. Similar to the precipitation amount, the relative changes (i.e., %) in the number of days without precipitation will be more pronounced during the growing season. These elements suggest that the anticipated future climate changes will result in a shift towards increased precipitation amounts outside of the growing season and a corresponding decrease during the growing season. This will likely result in additional stress on both agroecosystems and natural vegetation during the growing season, while outside of the growing season (e.g., spring), it could result in more significant peak flows and consequently increased risk and magnitude of flooding.



The changes were more pronounced with respect to the annual average temperature and ranged for the two RCPs from 11.0% to 12.4% for the short-term changes and from 20.7% to 39.8% for long-term changes (Table 2 and Table S2). The changes in average temperature during the growing season followed the same trend, but they were more moderate, representing about ~60% of the change in annual average temperature (Table 2 and Table 3). The increase for the two RCPs in minimum temperature is more significant than the corresponding increase in maximum daily temperature for both the short and long term. For the short term, the increase in average maximum temperature was relatively similar for the two RCPs (i.e., 7.1% for RCP 4.5 and 8.2 for RCP 8.5); however, the differences between the two trajectories became substantial for the long term (i.e., 14.0% for RCP 4.5 and 27.2% for RCP 8.5). The minimum daily temperature increased by 20.5% for RCP 4.5 and 23.2 for RCP 8.5 for the short term, while for the long term, it increased by 38.0% for RCP 4.5 and 73.2% for RCP 8.5. As it was the case with the average temperature, the minimum and maximum temperature had a more moderate increase during the growing season, with the changes representing only 40–50% of the change in annual average temperature (Table 2, Table 3, Tables S2 and S3). The other temperature-based climate indicators also showed significant changes. For example, the number of days with temperatures below 0 °C decreased by 13.2% (RCP 4.5) and 15.1% (RCP 8.5) for the short term, while for the long term, it decreased by 28.1% for RCP 4.5 and by more than half for RCP 8.5. Consequently, starting with the short-term period, the month of May became frost-free for both scenarios, while for the long-term period, the number of days with temperatures below the freezing point for the months of April and October dropped to less than one. Both the number of summer (Tmax > 25 °C) and hot (Tmax > 35 °C) days increased significantly for short and long term for both RCPs, with the increase in canicular days being more significant than the increase in summer days. The relative increase in the annual number of canicular days ranged from 103.5% (RCP 4.5) and 87.8% (RCP 8.5) for the short term to a staggering increase of 189% for RCP 4.5 and of 425% for RCP 8.5 for the long term.




3.3. Water Balance Components (Temporal Dynamics)


The averages of the main water balance components resulted from SWAT simulations for each of the periods analyzed and RCP ensembles are shown in Table 4. For RCP 4.5, for the 2021–2050 period, the changes in snowmelt amount (SNMT), evapotranspiration (ET), and soil water content (SW) were minimal compared to the reference period (less than ±5%). However, changes in potential evapotranspiration (PET, +8.3%), percolation (PERC, +21.9%), surface runoff (SURF, +26.2%), and lateral flow (LAT, +10.0%) were more pronounced. The cumulative change for PERC, SURF, and LAT added up to 15.2 mm, which resulted from the slight increase in precipitation and the slight decrease in evapotranspiration. With respect to long-term (2071–2100) changes under RCP 4.5, the most significant changes were for SNMT, which decreased by 28.8% compared to the reference period, and for PET, which increased by 12.6%. For RCP 4.5, the flow at the outlet of the catchment increased significantly in the short term (Q, +16.6%), while in the long term, it had only a minimal increase (0.8%) compared to the reference period. Overall, these results suggest that for RCP 4.5, there will be more water available in the catchment in the short term, while in the long term, the amount available for streamflow will be similar to the reference period. For RCP 8.5 (Table 4), changes in water balance components are more significant than for RCP 4.5, with most water balance components decreasing for both sort- and long-term periods; however, ultimately, these changes resulted in minimal impacts on streamflow for both short- and long-term periods (i.e., −1.0% and 0.5%, respectively).



The monthly values of the main water balance components (Table S4) show that most components presented above will be impacted by future climate changes, regardless of the period of the analysis (i.e., short- or long-term) or RCP. However, it is expected that in some cases, the impacts on the ecosystem functioning will not be significant due to relatively small absolute values of the respective components. The impacts of the future climate changes will generally be more pronounced during the growing season (April–September; Table S4). Snowmelt (SNMT), which for the reference period had the highest amounts relatively uniformly distributed between January and March, will shift to December–February, with the monthly amount being reduced in some cases (e.g., 2071–2100, RCP 8.5) by more than 40%. These fundamental changes in the snowmelt process have a significant impact on soil water content (SW) in the catchment. Thus, for 2021–2050, SW will increase for both RCP 4.5 and RCP 8.5 between October and May, whereas between June and September, it will decrease by 10–30% for each month (Figure 4). The decrease in SW is accentuated for 2071–2100, with the period of reduced SW extending between March and September, and the decrease for each individual month reaching 35.5% in July for RCP 4.5 and 58% for the same month for RCP 8.5, respectively. Although the relative change in SW when the entire year is considered is less than ±5% for the various RCPs and future periods cases, it becomes more significant when the respective changes for the growing season are considered. For example, the SW for the growing season is expected to be reduced by 14.3% for RCP 4.5 and by 21.5% for RCP 8.5 over the long term compared to the reference state. Percolation to groundwater (PERC) is also significantly impacted by these changes, with most significant changes occurring for the long-term period, when for both RCP 4.5 and RCP 8.5, it will show the largest decrease between April and June and will increase between September and December. As it is the case with most water balance components, the most impact of the future climate changes on PERC will occur during the growing season. For example, for the long term, the relative change compared to the reference state for RCP 4.5 will be −2.8% when the entire year is considered, and −14.3% when only the growing season is considered. For the same period, under RCP 8.5, PERC is reduced by 4.7% when the entire year is considered, with the decrease during the growing season reaching −24.8%. Subsurface flow (LATQ) shows similar trends, including trend reversals when the full year and growing season averages for each period and RCP are compared. For example, for RCP 4.5 over the short term, LATQ shows a 10% increase when the full year is considered; however, during the growing season, LATQ will decrease by 1.8%. Similarly, for the long-term impacts of RCP 4.5, LATQ increases by 4.2% when the full year is considered, but it decreases by 7.1 when only the growing season is considered. For the most extreme case (i.e., long-term, RCP 8.5), the LATQ multi-annual yearly average decreases by 5.6%, while the growing season average decreases by 20.1%. These changes (e.g., SNMT, SW, PERC, LATQ) could have dramatic consequences on vegetative growth of both natural ecosystems and agroecosystems; for example, as the southern part of Romania currently is one of the areas with the highest withdrawal rate of water for agricultural purposes in the Danube catchment [51], the water resources in this region are already under stress [49,50], and this pressure is expected to increase in the future [24].



Streamflow (Q) also shows changes in the monthly dynamics. However, the pattern and magnitude of change vary depending on the RCP and period analyzed (Figure 5). For the short term, the SWAT output for RCP4.5 shows that Q will be higher for each month when compared to the reference period, with the smallest changes occurring between May and July. In several instances (e.g., January, February, April, October to December) the increase is more than 20%. Consequently, the increase in flow is more moderate for the growing season (i.e., 11.9%) than for the entire year (16.6%). This pattern is somewhat reversed for the long term, when between March and September, the streamflow decreased, by up to 10.4% in June. Consequently, the flow during the growing season shows a decrease of 4.2% compared to the reference state, although the flow slightly increases (i.e., 0.8%) when the entire year is considered. For RCP 8.5, the changes for the short term are less significant when compared to RCP 4.5 and also show a mix of months with increased and decreased streamflow. Thus, the streamflow between May and July decreases by up to 12.5% (June) when compared to the reference state and increases between November and February, showing a maximum increase in February (20.4%). With respect to short-term changes under RCP 8.5, the flow during the growing season decreases by 5.1% compared to the reference state, while it decreases only by 1.0% when the entire year is considered. The trends noted during the short term are accentuated during the long term, when the streamflow is decreasing between March and August, with all monthly reductions in flow being more than 10%, except for May (i.e., 5.5%). Under RCP 8.5, the changes to streamflow for the long term point to a decrease of 9.7% for the duration of the growing season, with an overall decrease of only 0.5% when the entire year is considered. The change in streamflow patterns during the growing season suggests that this would be a critical period in terms of availability of water (e.g., for irrigation or other uses, providing habitat for aquatic species, etc.), as in most cases, the anticipated impacts of climate changes will be more pronounced during this period. Outside of the growing season, the output from the various scenarios and periods suggests that generally there would be more water available, and hence, for example, during the spring, there could be an increased risk of flooding.



Comparison with other studies is challenging due to the range of time periods, climate models, and climate change scenarios used by the various authors. The lack of consistency in the prediction of the impacts on future climate changes on hydrological processes, as well as the uncertainty associated with the modeling of impacts of climate change in general has been recognized in the past by various authors as being the result of input data quality, selection of climate models, and the complex interactions between temperature, precipitation, and the hydrological process at the catchment scale [21,52,53]. Despite these limitations, the comparison of our results with the findings of other studies should be appropriate with respect to general trends. In addition, our study enriches the rather limited number of relevant studies conducted in this region of Europe. For example, Cuculeanu et al. (2002) [23] used a combination of five climate models to study the impacts of climate change up to 2070 and found similar results with our study relative to changes in snowfall and snowmelt patterns (i.e., shifting of the period with snowfall and the reduction in the amount of snowfall); however, they also found more drastic changes in precipitation patterns both for the cold (increase by ~20%) and the warm season (decrease by ~20%). Our results are also similar with the results presented by Cuculeanu et al. (2002) [23] with respect to soil water content, which will decrease, particularly during the growing season. Our findings are also similar in many respects to the results presented by Didovets et al. (2017) [21] for the Samara catchment located in eastern Ukraine. In the respective study, the impact of RCP 4.5 and RCP 8.5 on water resources was assessed for the near future (2011–2040), middle future (2041–2070), and far future (2071–2100) in three Ukrainian catchments using hydrological modeling. The Samara catchment is similar to the Neajlov catchment with respect to land use (75% cropland and 13% forest for Samara vs. 78% agricultural land and 10% forest for Neajlov), flow regime (i.e., high peak flows during spring and long streamflow recession and low flow during the summer and fall), average temperature (9.3 vs. 11.2 °C), and precipitation amount (589 vs. 525.7 mm), and also shows a similar range of future changes in temperature (+3.2 vs. 2.5 °C) and insignificant changes in annual precipitation amount (−20 mm), with an overall decrease in precipitation during the growing season for the long term, under the “intermediate” scenario. The results of the respective study suggest that the streamflow is expected to slightly increase over the near and middle-term future by 10–20% and decrease over the long term by ~10%, whereas in the Neajlov catchment, significant changes in streamflow are expected only under RCP 4.5 (i.e., increase for 2021–2050 and return to reference period values for 2071–2100), whereas the streamflow under RCP 8.5 remains relatively stable under all future time periods when the entire year is considered. However, both our study and that of Didovets et al. (2017) [21] are consistent with respect to the increased significance of climate changes during the growing season, when in both cases, a decrease in precipitation amount as well as streamflow is anticipated. Similar to the seasonal trends in Neajlov, the streamflow is expected to increase during the winter and spring season and decrease during the summer. Freund et al. (2017) [19] employed the SWAT model to evaluate potential impacts of future climate changes (2017–2050) on water resources in the Black Sea catchment using A2 and B2 IPCC scenarios combined with four land use change scenarios developed under the enviroGRIDS project [20]. While the range in temperature changes for the Neajlov area in the respective study is similar to the range presented in our study, the precipitation shows a more significant decrease (i.e., 5–15% depending on the scenario) compared to our study (i.e., 1.4% for RCP 4.5 and 0.3% for RCP 8.5) for this period and hence, it is difficult to directly compare the results of the two studies. However, the results of the respective study suggest that ET will decrease slightly (0–12%) for the Neajlov area, which is similar to our findings (i.e., −2.4% for RCP 4.5 and 1.2% for RCP 8.5), and conclude that areas of the Black Sea catchment, including Romania, will experience a decrease in water storage, which could lead to increased vulnerability with regard to freshwater resources.




3.4. Water Balance Components (Spatial Patterns)


Despite the spatially uniform pattern of climate change, the spatial distribution of the average values for the water balance components RCP and period of analysis shows some heterogeneity at the catchment scale. The magnitude and direction of change vary depending on the RCP (i.e., 4.5 vs. 8.5) and period (i.e., short- vs. long-term; growing season vs. entire year) selected. The soil water content (SW) for RCP 4.5 during the short term will increase, but the changes are generally less than 5% and relatively uniformly distributed at the catchment scale, when the values for the entire year are considered (Figure 6). On the contrary, for the long term, the changes in SW result in drying of the soil (up to −5%), except for the upper portion of the catchment, where the soils still show an increase in SW (<5%). The most significant changes for the long term under RCP 4.5 are found in the lower portion of the catchment, which is also the portion that had the highest levels of SW during the reference period. The SW changes for RCP 8.5 show that most of the catchment over the short term and all the subcatchments over the long term will be drier by up to 10% compared to the reference state. The reduction in SW is widespread during the growing season (Figure 7), with RCP 8.5 showing more drastic changes than RCP 4.5 for both short- and long-term periods. Thus, SW under RCP 4.5 shows that about half of the catchment will experience a decrease of up to 5% in SW for the growing season, while for the other half of the catchment, SW will decrease by 5–10% over the short term. Over the long term, the SW for the entire catchment will decrease by 10–20% under RCP 4.5. RCP 8.5 shows more pronounced changes during the growing season, with SW decreasing by 5–10% for the short term and by more than 20% for the long term. Similar spatial trends are experienced by most of the water balance components (e.g., lateral flow; Figures S4 and S5). With respect to streamflow, except for the significant increase for the short term under RCP 4.5, stream discharge follows the same trends as SW, showing that the lower portions of the catchment are generally more sensitive to future changes. Thus, when the entire year is considered (Figure 8), most of the catchment will experience a relative increase in streamflow of up to 20% for the short-term, with two subcatchments in the lower portion of the catchment experiencing increases higher than 20%. For the long term, most of the catchment will experience an increase of up to 5% in streamflow. The results show more variability under RCP 8.5, when subcatchments will experience changes in streamflow ranging from −20% to 5% both for short- and long-term periods when considering the entire year. During the growing season (Figure 9), the increase under RCP 4.5 will be more moderate than for the entire year for the short term, while for the long term, all the catchments will experience a decrease in streamflow of up to 10%. For RCP 8.5, the streamflow will decrease during the growing season for all subcatchments, both for the short and long term, with decreases accentuated for the long term (i.e., up to 20% decrease for about half of the catchment). These findings suggest that the hydrological processes in the lower portions of the catchment are more sensitive to climate changes and hence, the heterogeneity of the impacts should be accounted for in the development of climate change adaptation strategies relative to water resources.





4. Conclusions


In this study, we used the output from three GCMs (CNRM, MPR, ICHEC) under two future climate projections (RCP 4.5 and RCP 8.5) in SWAT to understand the impacts of future climate changes on the hydrological process in the LTSER Neajlov River Catchment (3720 km2 area), in the southeastern part of Romania, for short- (2021–2050) and long-term (2071–2100) changes. The anticipated changes in temperature and precipitation will have a more pronounced impact during the growing season, resulting in increased water stress (i.e., deficit) during this period. In addition, the results suggest that the hydrological processes in the lower portions of the catchment will be the most impacted by the future climate changes. This study contributes to advancing the understanding of climate change impacts on hydrological processes at the catchment scale, and to the best of our knowledge, this is the first study of this nature conducted in a Romanian catchment. Furthermore, the methodology involved in this study can be applied to other areas for assessing the impacts of climate changes on hydrological processes, as it provides support for formulating and implementing effective water resource management plans for minimizing the impact of future climate changes on water resources at the catchment scale. This study also provides the foundation for incorporating other factors such as land use and land cover changes in the assessment of impacts of future climate changes.
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Figure 1. Neajlov River main tributaries, subcatchments (1–14), including stream and meteorological monitoring stations. Inset: Location of Neajlov catchment in Romania. 
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Figure 2. Spatial distribution of soil (a) and land use (b) types in the Neajlov River Catchment. 
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Figure 3. Precipitation amount for the representative monthly year for each climate model output for the reference, short- and long-term period. 
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Figure 4. Soil water content for the representative monthly year for each climate model output for the reference, short- and long-term periods. 
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Figure 5. Streamflow at the catchment outlet for the representative monthly year for each climate model output for the reference, short- and long-term periods. 
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Figure 6. Catchment-scale distribution of annual average soil water content (SW) for the reference period (mm) and the relative change compared to the reference period (%) for each RCP. 
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Figure 7. Catchment-scale distribution of growing season average soil water content (SW) for the reference period (mm) and the relative change compared to the reference period (%) for each RCP. 
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Figure 8. Catchment-scale distribution of annual average streamflow for the reference period (mm) and the relative change compared to the reference period (%) for each RCP. 
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Figure 9. Catchment-scale distribution of growing season average streamflow for the reference period (mm) and the relative change compared to the reference period (%) for each RCP. 
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Table 1. Regional Climate Models selected in the study.
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	No.
	Institution or Working Group
	RCM

Model
	GCM

Institute
	GCM Driving





	1
	Climate Limited-area Modeling Community (CLMcom)
	CCLM4-8-17
	CNRM-CERFACS
	CNRM-CM5



	2
	Danish Meteorological Institute (DMI)
	HIRHAM5
	ICHEC
	EC-EARTH



	3
	Climate Limited-area Modeling Community (CLMcom)
	CCLM4-8-17
	MPI-M
	MPI-ESM-LR
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Table 2. Average values for temperature, precipitation, and associated climate indicators for each climate model ensemble output for the reference, short- and long-term period (catchment scale).
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Absolute Values

	
Relative Change vs. Reference (%)




	

	
Full Year

	
Growing Season

	
Full Year

	
Growing Season




	
Parameter

	
ENS

RCP 4.5

	
ENS

RCP 8.5

	
ENS

RCP 4.5

	
ENS

RCP 8.5

	
ENS

RCP 4.5

	
ENS

RCP 8.5

	
ENS

RCP 4.5

	
ENS

RCP 8.5






	

	
1981–2010 (reference)




	
Precip. (mm/yr)

	
546.2

	
560.3

	
301.1

	
309.3

	

	

	

	




	
Ave. daily Tave. (°C)

	
10.8

	
10.8

	
18.3

	
18.3

	

	

	

	




	
Ave. daily Tmax. (°C)

	
16.0

	
15.9

	
24.1

	
24.0

	

	

	

	




	
Ave. daily Tmin. (°C)

	
5.9

	
5.8

	
12.5

	
12.4

	

	

	

	




	
Days with T < 0 °C (/yr)

	
98.2

	
98.7

	
3.2

	
3.4

	

	

	

	




	
Days with T > 25 °C (/yr)

	
84.6

	
83.2

	
83.4

	
81.8

	

	

	

	




	
Days with T > 35 °C (/yr)

	
5.1

	
5.2

	
5.1

	
5.2

	

	

	

	




	
Days with precip. (/yr)

	
163.5

	
164.6

	
78.2

	
78.9

	

	

	

	




	

	
2021–2050 (short-term)




	
Precip. (mm/yr)

	
553.8

	
561.8

	
278.6

	
300.5

	
1.4

	
0.3

	
−7.5

	
−2.8




	
Ave. daily Tave. (°C)

	
12.0

	
12.1

	
19.6

	
19.6

	
11.0

	
12.4

	
6.8

	
7.2




	
Ave. daily Tmax. (°C)

	
17.2

	
17.2

	
25.3

	
25.2

	
7.1

	
8.2

	
5.1

	
5.2




	
Ave. daily Tmin. (°C)

	
7.1

	
7.2

	
13.7

	
13.7

	
20.5

	
23.2

	
9.7

	
10.6




	
Days with T < 0 °C (/yr)

	
85.2

	
83.7

	
2.7

	
2.0

	
−13.2

	
−15.1

	
−16.7

	
−40.3




	
Days with T > 25 °C (/yr 1)

	
101.2

	
100.1

	
98.9

	
97.1

	
19.6

	
20.3

	
18.6

	
18.8




	
Days with T > 35 °C (/yr)

	
10.3

	
9.7

	
10.3

	
9.7

	
103.5

	
87.8

	
103.5

	
87.3




	
Days with precip. (/yr)

	
159.8

	
159.6

	
72.2

	
74.9

	
−2.2

	
−3.1

	
−7.6

	
−5.1




	

	
2071–2100 (long-term)




	
Precip. (mm/yr)

	
539.3

	
551.1

	
291.6

	
287.8

	
−1.3

	
−1.6

	
−3.1

	
−7.0




	
Ave. daily Tave. (°C)

	
13.1

	
15.0

	
20.5

	
22.5

	
20.7

	
39.8

	
11.6

	
23.0




	
Ave. daily Tmax. (°C)

	
18.3

	
20.2

	
26.1

	
28.1

	
14.0

	
27.2

	
8.6

	
17.0




	
Ave. daily Tmin. (°C)

	
8.1

	
10.1

	
14.6

	
16.7

	
38.0

	
73.2

	
17.1

	
34.4




	
Days with T < 0 °C (/yr)

	
70.6

	
48.2

	
0.9

	
0.4

	
−28.1

	
−51.1

	
−70.7

	
−88.2




	
Days with T > 25 °C (/yr)

	
109.5

	
129.4

	
106.4

	
123.8

	
29.4

	
55.5

	
27.6

	
51.4




	
Days with T > 35 °C (/yr)

	
14.6

	
27.2

	
14.6

	
27.2

	
189.0

	
425.1

	
189.0

	
424.9




	
Days with precip. (/yr)

	
156.5

	
148.7

	
73.7

	
69.2

	
−4.3

	
−9.7

	
−5.8

	
−12.3
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Table 3. Monthly values for the representative year for average temperature and precipitation amount for each climate model ensemble output for the reference, short- and long-term period (catchment scale).
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Parameter

	
ENS RCP 4.5






	

	
1981–2010 (reference)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
41.4

	
34.5

	
41.5

	
43.0

	
71.9

	
69.3

	
42.9

	
33.2

	
40.7

	
38.5

	
47.6

	
41.8




	
Ave. daily Tave. (°C)

	
−1.7

	
−0.1

	
5.1

	
11.3

	
15.7

	
19.7

	
23.0

	
22.5

	
17.9

	
11.4

	
4.7

	
0.5




	

	
2021–2050 (short-term)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
41.2

	
40.0

	
48.2

	
52.0

	
65.1

	
54.8 W

	
37.5

	
29.1

	
40.1

	
45.7

	
53.9

	
46.3




	
Ave. daily Tave. (°C)

	
−0.1

	
1.5

	
6.0

	
11.7

	
16.6

	
21.4

	
24.6

	
24.1

	
19.2

	
12.5

	
6.0

	
1.0




	

	
2071–2100 (long-term)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
38.9

	
33.6

	
42.2

	
50.3

	
64.5

	
62.4

	
44.3

	
29.9

	
40.2

	
44.3

	
46.1

	
42.6




	
Ave. daily Tave. (°C)

	
1.0

	
2.8

	
8.1

	
12.9

	
17.6

	
21.9

	
25.3

	
25.0

	
20.1

	
13.3

	
6.6

	
2.2




	

	
ENS RCP 8.5




	

	
1981–2010 (reference)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
44.1

	
35.6

	
43.4

	
43.8

	
72.3

	
75.0

	
43.6

	
31.6

	
43.0

	
40.8

	
46.5

	
40.6




	
Ave. daily Tave. (°C)

	
−1.8

	
−0.2

	
5.2

	
11.2

	
15.7

	
19.6

	
22.8

	
22.6

	
17.7

	
11.4

	
4.5

	
0.6




	

	
2021–2050 (short-term)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
42.4

	
36.5

	
51.8

	
55.4

	
63.4

	
63.7

	
46.7

	
35.6

	
35.7

	
39.0

	
48.6

	
43.0




	
Ave. daily Tave. (°C)

	
−0.9

	
2.0

	
6.5

	
12.1

	
16.8

	
21.2

	
24.3

	
23.8

	
19.1

	
13.1

	
6.0

	
1.1




	

	
2071–2100 (long-term)




	

	
Jan

	
Feb

	
Mar

	
Apr

	
May

	
Jun

	
Jul

	
Aug

	
Sep

	
Oct

	
Nov

	
Dec




	
Precip. (mm/yr)

	
35.4

	
42.8

	
47.7

	
58.9

	
64.2

	
61.3

	
33.8

	
27.4

	
42.1

	
54.2

	
41.7

	
41.5




	
Ave. daily Tave. (°C)

	
3.1

	
5.5

	
9.7

	
14.7

	
19.1

	
24.2

	
27.7

	
27.1

	
22.0

	
14.8

	
8.2

	
4.4
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Table 4. Average values for the main water balance components for the reference, short- and long-term periods (catchment scale) 1.
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Period

	
T

	
PP

	
SNMT

	
PET

	
ET

	
SW

	
PERC

	
SURF

	
LAT

	
Q






	

	
°C

	
mm

	
mm

	
mm

	
mm

	
mm

	
mm

	
mm

	
mm

	
m3/s




	

	
Full year multi-annual averages




	

	
RCP 4.5




	
1981–2010

	
10.8

	
546.2

	
113.3

	
1150.8

	
455.4

	
81.5

	
47.9

	
5.4

	
33.1

	
8.3




	
2021–2050

	
12.0

	
553.8

	
113.8

	
1246.5

	
444.3

	
85.2

	
58.4

	
6.9

	
36.4

	
9.7




	
2071–2100

	
13.1

	
539.3

	
80.7

	
1296.0

	
449.0

	
79.2

	
46.8

	
5.0

	
34.5

	
8.4




	

	
RCP 8.5




	
1981–2010

	
10.8

	
560.3

	
119.6

	
1138.8

	
460.9

	
84.4

	
54.5

	
5.7

	
23.3

	
9.0




	
2021–2050

	
12.1

	
561.8

	
104.4

	
1226.6

	
466.4

	
83.1

	
51.3

	
5.2

	
23.3

	
9.0




	
2071–2100

	
15.0

	
551.1

	
59.5

	
1410.5

	
455.0

	
80.5

	
51.9

	
4.9

	
22.0

	
9.0




	

	
Growing season multi-annual averages




	

	
RCP 4.5




	
1981–2010

	
18.3

	
301.1

	
8.2

	
929.1

	
352.7

	
77.7

	
22.1

	
3.6

	
17.3

	
8.8




	
2021–2050

	
19.6

	
278.6

	
11.6

	
1010.5

	
338.9

	
73.9

	
26.3

	
4.5

	
16.9

	
9.8




	
2071–2100

	
20.5

	
291.8

	
1.0

	
1034.1

	
340.4

	
66.6

	
17.0

	
3.3

	
16.0

	
8.4




	

	
RCP 8.5




	
1981–2010

	
18.3

	
308.7

	
10.4

	
919.2

	
357.0

	
81.0

	
25.7

	
3.8

	
11.1

	
9.5




	
2021–2050

	
19.6

	
299.1

	
7.4

	
981.9

	
359.4

	
75.9

	
22.2

	
3.1

	
10.5

	
9.1




	
2071–2100

	
22.5

	
287.8

	
1.3

	
1116.1

	
337.5

	
63.6

	
19.3

	
2.7

	
8.9

	
8.6








Note: 1 Legend: T—air temperature; PP—precipitation; SNMT—snowmelt; PET—potential; evapotranspiration; ET—actual evapotranspiration; SW—amount of water in soil; PERC—amount of water percolating out of root zone; SURF—surface runoff; LAT—lateral flow (mm); Q—streamflow (mm).
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