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Abstract


The study investigates the projected impact of climate change on water runoff in the upper Parsęta catchment, a postglacial lowland basin located in northwestern Poland. In the first step of the analysis, hydrological simulations for the period 2005–2022 were conducted using the Soil and Water Assessment Tool (SWAT). Model calibration and validation, performed in SWAT-CUP with the SUFI2 algorithm, yielded satisfactory performance (R2 = 0.66–0.80; PBIAS = 0.43–13.87). Based on the calibrated model, projected simulations were performed for three future decades (2021–2030, 2031–2040, and 2041–2050) under two Representative Concentration Pathways (RCP4.5 and RCP8.5). Climate input data were derived from the KLIMADA 2.0 national database, which was developed using down-scaled regional climate model output from the EURO-CORDEX ensemble and statistical bias-correction methods to generate high-resolution projections. Under RCP4.5, mean annual runoff increased by approximately 13–26%, while under RCP8.5, the changes were more variable, ranging from 2% to 28% relative to the 2011–2020 baseline. Seasonal analyses revealed enhanced autumn–winter runoff and lower spring–summer flows. The findings highlight that moderate climate forcing can lead to substantial alterations in hydrological regimes in postglacial lowland catchments, in certain decades comparable in magnitude to those projected under extreme forcing, underscoring the need for adaptive water management in northern Poland.
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1. Introduction


As highlighted in the summary report of the Intergovernmental Panel on Climate Change [1], climate change is very likely to cause significant alterations in the quantity and quality of water resources worldwide. Global warming is projected to intensify the hydrological cycle, leading to substantial modifications in key components such as precipitation, evapotranspiration, and runoff, and to an increase in the frequency and magnitude of extreme hydrological events. These processes will result in a spatio-temporal redistribution of water resources and significant shifts in watershed-scale water balance [2,3]. Such transformations have already been observed across Europe, where amplified precipitation extremes and altered seasonal flow regimes are reshaping water availability and hydrological stability [4,5]. Therefore, understanding the impacts of future climate change on runoff at the catchment scale remains crucial for sustainable management, adaptation planning, and protection of regional water resources.



A wide range of Global Climate Models (GCMs) has been developed to simulate and project future climate change and to evaluate the effects of increasing greenhouse gas concentrations on key atmospheric and hydrological variables, including temperature, precipitation, evapotranspiration, humidity, and wind speed [6,7]. However, because GCMs operate at coarse spatial resolutions (typically 50–200 km), their outputs must be downscaled to capture regional and local climate variability relevant for hydrological modeling. To address this, researchers have applied both statistical and dynamical downscaling techniques, enabling the derivation of finer-scale climate projections for impact assessments in specific catchments and regions [8,9,10,11]. These approaches have been widely adopted within the EURO-CORDEX framework, which provides high-resolution regional climate projections for Europe and supports national adaptation programs [8,10,12]. At the national scale, several initiatives have adapted EURO-CORDEX data to Poland’s specific climatic and hydrological conditions [13,14,15]. One of the most important projects is KLIMADA 2.0, coordinated by the Institute of Environmental Protection—National Research Institute (IOS-PIB), which provides statistically downscaled and bias-corrected climate projections for Poland at a 5 km spatial resolution [14,15]. The KLIMADA 2.0 database integrates output from the EURO-CORDEX ensemble of regional climate models (RCMs), adjusted using quantile mapping and regional interpolation techniques, ensuring consistency with Polish meteorological observations.



Hydrological models sourced by climate projections are widely used to simulate changes in river flow and water storage resulting from changes in meteorological conditions and hydrological cycle processes, considering local topographic, soil, and land-use characteristics. Among them, one of the most extensively applied and well-established tools worldwide is the Soil and Water Assessment Tool (SWAT), a physically based, semi-distributed model designed to quantify the impacts of land management and climate variability on water, sediment, and nutrient dynamics at the catchment scale [16]. The Soil and Water Assessment Tool (SWAT) and its updated versions have been applied to assess the hydrological impacts of climate change in postglacial lowland catchments across Europe, where flat topography, shallow groundwater tables, and intensive drainage networks strongly influence runoff generation. In Germany, SWAT-based studies have demonstrated that projected climate change is likely to result in more extreme 50-year flood events and more frequent occurrences of 50-year droughts [17]. Kiesel et al. [18] found that climate change is projected to result in significant changes in 32 hydrological regime indicators. Studies of a lowland catchment in Belgium indicate that larger negative changes in low flows are predicted, particularly in the downstream part of the basin where a higher contribution of groundwater recharge is expected, suggesting that the sensitivity of a catchment to climate change impacts may vary spatially and depend on catchment characteristics [19]. In the Nordic–Baltic region, SWAT applications confirmed that the magnitude of hydrological response depends on catchment physiography—postglacial depressions, lakes, and wetlands—and on land-use conditions within the catchment [20,21]. These studies consistently highlight that SWAT provides a robust framework for long-term hydrological projections in lowland environments. However, model performance relies heavily on accurate representation of groundwater–surface water interactions and the parameterization of drainage systems. The authors highlight the importance of research on the impacts of climate change on runoff regimes in lowland catchments characterized by complex postglacial morphology [22].



In Poland, a wide variety of studies have applied the SWAT model to both lowland [23,24,25,26,27] and mountainous catchments [28,29,30,31], and to the entire territory of the country [32]. The SWAT model has also been applied to assess the impact of climate change on river hydrology, sediment transport, and nutrient dynamics, yet studies differ in spatial scope and focus [33,34,35,36,37,38]. Marcinkowski et al. [33] used SWAT in two lowland basins (the Narew and Barycz) to quantify projected changes in runoff, sediment, and nutrient loads under RCP4.5 and RCP8.5, demonstrating strong sensitivity of water and material fluxes to climate forcing. The study by Piniewski et al. [34] represents one of the most comprehensive applications of the SWAT model in Poland. By simulating runoff for the Vistula and Odra river basins–the two largest and hydrologically most significant catchments in the country–it covered approximately 88% of Poland’s territory, providing a robust basis for assessing large-scale hydrological impacts of climate change. This work remains a key national reference for SWAT-based projections, as it integrates multiple sub-basins, long-term climate scenarios, and cross-basin comparisons of runoff sensitivity to precipitation and temperature changes. However, the study did not include the coastal river basins draining directly into the Baltic Sea. Badora et al. [35] focused on the Vistula catchment, calibrating the SWAT model to evaluate future shifts in the hydrological balance under climate scenarios, while Badora et al. [36] used SWAT for the Bystra catchment to simulate water retention strategies for agricultural adaptation. In recent studies, Marcinkowski [37] applied a SWAT-based approach to assess projected stream temperature changes across Poland, while Marcinkowski et al. [38] demonstrated hydrological and ecological consequences of climate warming in protected lowlands within the Biebrza Basin. The discussed studies provide valuable insights into climate–hydrology interactions in various Polish regions, but none of them explicitly examined the Parsęta catchment, representing a typical postglacial and coastal lowland system of northwestern Poland. The only national-scale SWAT application that included the Parsęta area [37] focused on stream temperature rather than runoff dynamics. Although the SWAT model has been applied in Poland to assess the impacts of climate change on runoff, most previous studies have focused on other physico-geographical regions and on large river basins. In contrast, small postglacial lowland catchments–particularly those located in the coastal zone of northwestern Poland–remain clearly underrepresented in SWAT-based analyses. Coastal river basins are characterized by meteorological conditions distinct from those of other catchments in Poland and are strongly influenced by the Baltic Sea [22,25,39]. They are also characterized by very high natural retention and strong groundwater–surface water coupling, leading to fundamentally different runoff generation mechanisms. This study addresses this research gap by providing a process-based assessment of climate change impacts on runoff in a well-monitored coastal postglacial lowland catchment in the Parsęta river basin, using high-quality local observational data and bias-corrected regional climate projections.



The aim of this study is to calibrate and validate a hydrological model for a representative postglacial lowland catchment in northwestern Poland and to assess the impacts of projected climate change on runoff conditions. The analysis focuses on the upper Parsęta catchment, a well-monitored coastal lowland basin characterized by strong groundwater–surface water interactions and high natural retention. Using the SWAT model calibrated with high-quality local observational data, runoff simulations were performed for the reference period 2005–2022 and for future decades under two climate scenarios: RCP4.5 (moderate forcing) and RCP8.5 (extreme forcing) for the periods 2021–2030, 2031–2040, and 2041–2050. Climate input data were derived from the KLIMADA 2.0 national database based on statistically downscaled and bias-corrected projections from the EURO-CORDEX ensemble. The core research question is whether moderate climate forcing (RCP4.5) can generate runoff responses comparable to, or even exceeding, those projected under extreme forcing (RCP8.5). By addressing this question, the study fills an important research gap by focusing on a coastal postglacial lowland system in Poland that has so far remained underrepresented in SWAT-based climate impact assessments and provides results directly relevant for adaptive water management in similar lowland catchments.




2. Materials and Methods


2.1. Study Area


The upper Parsęta catchment is located in Poland, within Central Pomerania, in the Drawsko Lakeland mesoregion (Figure 1). It belongs to the geoecosystems of the lowland and postglacial zone of northwestern Poland and is representative of the postglacial landscape of the temperate climatic zone [40]. The area of the upper Parsęta catchment, closed by the hydrometric cross-section at Storkowo (13 km of river length), is 74 km2. The relative relief reaches 120 m, ranging from 203 m a.s.l. at the morainic hill Polska Góra to 83 m a.s.l. at the outlet profile, giving an average surface slope of 8.4‰. The drainage density, including both permanent and intermittent streams, is 2.24 km−2. The river network is characterized by an alternating pattern of incised (erosional) and meltout segments, uneven longitudinal stream profiles, and a high proportion of surface closed-drainage areas.



The upper Parsęta catchment includes the headwater area of the Parsęta River basin. In the southern and eastern parts of the catchment, the relief is dominated by kame and kettle landforms, whereas in the northwestern part lies the highest moraine upland level of the northern slope of Pomerania [41]. The Holocene landscape-forming cycle is associated with a network of deep river valleys and organic–mineral deposits accumulated at the foot of slopes, in valleys, and in kettle depressions. The diverse lithology of glacial, fluvioglacial, and organic deposits corresponds to a highly heterogeneous soil cover, characterized by a mosaic distribution of soil units.



A characteristic feature of the land-use structure is its mosaic pattern, reflecting the main relief forms and spatial variability of lithology and soils [42]. Agricultural areas account for 43.4% of the total area, primarily associated with the ground moraine and outwash plains in the eastern part of the catchment, and the morainic upland in the south. Forests, covering 34.6%, are concentrated mainly on outwash areas and partly on kame hills. Grasslands, which constitute 15.4% of the catchment area, occupy primarily melt-out depressions and river valleys.



Since 1994, the upper Parsęta catchment has been part of the national network of research catchments within the Integrated Monitoring of the Natural Environment (IMNE) program of Poland. The IMNE operates as a component of the State Environmental Monitoring and is designed to conduct observations of as many elements of the natural environment as possible through systematic and well-organized stationary studies. The main objective of the IMNE program is to provide data on the state of representative geoecosystems of Poland (including their geo- and biodiversity), the mechanisms of their functioning, and the short- and long-term trends of changes occurring under the influence of climate change and human activity [43]. Monitoring within the study catchment is conducted by the Parsęta Base Station of the Integrated Monitoring of the Natural Environment (IMNE), which is located directly within the catchment area.



The study area is located within the temperate transitional climate zone between maritime and continental influences [44]. Records from the IMNE Parsęta Station (1995–2023) indicate a mean annual air temperature of ~8 °C, with typical monthly means around −1 to −2 °C in January and 18–19 °C in July [39]. A statistically significant warming trend of about 0.7 °C per decade is observed for the period 1995–2023. The average annual precipitation amounts to approximately 700 mm, with a summer maximum and lower totals in spring; the monthly distribution peaks in July and reaches its minimum in April.




2.2. Input Data


The hydrological modeling of the upper Parsęta catchment was based on a comprehensive set of spatial and meteorological input data. All spatial data were stored in the UTM projection (WGS_1984_UTM_Zone_33N) and prepared in accordance with the input requirements of the Soil and Water Assessment Tool database (SWAT2012) [45]. The modeling used input data comprising spatial datasets and meteorological–climatic characteristics (Table 1).



The primary source of topographic information was a Digital Elevation Model (DEM) with a 5 m spatial resolution, obtained from the Head Office of Geodesy and Cartography in Poland (GUGiK), where the base grid resolution is 1 m. DEM was resampled to 5 m prior to SWAT preprocessing, which allowed for a reduction in the number of raster cells used in the calculations while preserving the key characteristics of the terrain morphology. A raster resolution of 5 m is sufficient to generate the correct course of the river network. The DEM was used to delineate catchment boundaries, extract the drainage network, and determine terrain slopes, which were classified into five categories using the Jenks natural breaks method [48] (Figure 2).



Land use and land cover data were developed at a 1:10,000 scale based on the IMNE datasets, orthophotomaps, and field verification [46]. The development of land cover and land use maps within the IMNE program is based on the CORINE Land Cover classification with minor modifications [49]. The vector layer was converted to a grid layer with a 2 m resolution. This spatial resolution allowed for proper representation of narrow, linear land cover categories, e.g., roads. The IMNE LULC classes were reclassified into the SWAT model categories (Table 2). The major categories included arable land (AGRL) (27%), coniferous forests (FRSE) (20%), natural grasslands (PAST) (18%), broad-leaved forest (FRSD) (10%), and mixed forest (FRST) (7%) (Figure 3). Based on the surface area of individual land cover classes, the average Manning’s roughness coefficient (n) was calculated according to Chow [50], amounting to 0.078 for the catchment area and 0.020 for the stream channel.



Information about soil properties was obtained from the Harmonized World Soil Database [47], which identifies the dominant soil units in the upper Parsęta basin as Arenosols (46%), Cambisols (27%), Luvisols (23%), and Fluvisols (4%). The HWSD is presented in a low-resolution raster image. Therefore, to spatially map soil types (FAO90), a vector layer from the European Soil Database Maps (ESDAC) was used and converted to a 20 m resolution grid image (Figure 4). Physical soil parameters (e.g., bulk density, available water capacity, hydraulic conductivity, organic carbon content, and texture composition) were implemented in the usersoil table of the SWAT2012.mdb database (Table 3). The soils show spatial variability typical of postglacial lowlands.



The time series of meteorological and hydrological data originates from measurements conducted within the IMNE monitoring program. The data are collected at a daily time step, and the analyses performed in this study are based on observations from the period 2005–2022. Meteorological data were obtained from the Storkowo meteorological station, located within the study catchment (Figure 1). The observed discharge data originate from a single gauging station (point measurement) located at the catchment outlet (Figure 1) and were used as the reference dataset for model calibration and validation.




2.3. Climate Change Scenarios


Climate data for the periods 2021–2030, 2031–2040, and 2041–2050 were downloaded from the KLIMADA 2.0 portal [51], administered by the Institute of Environmental Protection—National Research Institute (IOS-PIB). The KLIMADA 2.0 database is based on outputs from the EURO-CORDEX initiative, which delivers regional climate simulations downscaled from global CMIP5 climate models. Within the KLIMADA 2.0 framework, these data were further processed using statistical downscaling and bias-correction techniques, ensuring consistency with long-term observations from the Polish meteorological network (Institute of Meteorology and Water Management—National Research Institute, IMGW-PIB) [14,15]. Statistical downscaling based on historical observational data for the reference period 2006–2018 was applied to each model realization, and the corrected projections were extended to 2100. The final projections were derived using an ensemble approach, with the mean of all realizations representing the projected signal and the standard deviation used to quantify projection uncertainty.



The data are provided on a regular grid with a spatial resolution of 0.11° (approximately 12.5 km). The upper Parsęta catchment falls within a grid node of 12.5 × 12.5 km resolution, centered at 16.4431° E and 53.7892° N. The grid point is situated approximately 2 km from the Storkowo meteorological station, ensuring good representativeness of local climatic conditions. For the three decades (2021–2030, 2031–2040, and 2041–2050), monthly mean values of air temperature, total precipitation, relative humidity, and total solar radiation were obtained. The data acquired from the climate scenarios were compiled into databases for the same weather station that was used to run the SWAT model during the calibration and validation periods (Figure 5). The downloaded data include two climate change scenarios:




	
RCP4.5, assuming an increase in the global mean temperature by approximately 2.5 °C by 2100 relative to the pre-industrial conditions;



	
RCP8.5, assuming a global mean temperature rise of about 4.5 °C by 2100 compared to pre-industrial conditions.








These projections enable a detailed assessment of potential changes in thermal and precipitation conditions affecting hydrological processes in the upper Parsęta catchment and are consistent with Poland’s national climate adaptation framework [52].




2.4. Simulation Procedure


The hydrological simulations for the upper Parsęta catchment were carried out using the Soil and Water Assessment Tool model in version SWAT2012 [45]. The input datasets were prepared in ArcGIS software version 9.3.1 with the ArcSWAT extension [53]. The SWAT model was calibrated and validated using the SWAT-CUP (SWAT Calibration and Uncertainty Program) software version 5.1.6 [54].



2.4.1. Catchment Delineation and HRU Definition


The drainage network modeling was performed based on the digital elevation model (DEM). As a result of the catchment delineation, a stream network and subcatchment boundaries were generated, resulting in the delineation of 31 individual subcatchments (Figure 5). Within each subcatchment, the configuration of Hydrologic Response Units (HRUs) was established. The Full HRU option was used, without applying any generalization thresholds, to ensure a detailed spatial representation of land use, soil, and slope variability.




2.4.2. Model Calibration and Validation


After preparation of the input data, the SWAT model was used to simulate the water cycle in the upper Parsęta catchment for the period 2005–2022. Model calibration was performed for the years 2005–2017 (approximately 72% of the observation period) using observed discharge data. Subsequently, the calibrated model was validated for an independent five-year period (2018–2022) representing approximately 28% of the observation period. A sensitivity analysis indicated that the parameters ALPHA_BF, CANMX, CN2, GW_REVAP, LAT_TIME, ESCO, RCHRG_DP, and REVAPMN had the most significant influence on runoff characteristics. The model calibration was conducted in SWAT-CUP 2012 v. 5.1.6 with the SUFI-2 calibration algorithm [54] using monthly discharge data from the Parsęta hydrometric station. The SUFI-2 algorithm [54] aims to identify parameter values that influence the model outputs while providing the smallest possible uncertainty band of the simulations. In SUFI-2, uncertainty represents all sources–input data, model structure, and model parameters–combined into overall simulation (prediction) uncertainty (95PPU). This uncertainty is calculated between the 2.5% and 97.5% levels of the cumulative distribution of the output variable, discarding the 5% poorest simulations. Optimal parameter values were estimated based on the calibration results (Table 4).



Model performance was assessed using statistical coefficients such as Coefficient of Determination (R2), Nash–Sutcliffe Efficiency (NSE), and Percent Bias (PBIAS) [55,56]. The formulas for these metrics are presented below:
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where O is the observed flow, P is the simulated flow, Ō is the average of the observed flow, and     P  ¯    is the average of the simulated flow.




2.4.3. Scenario-Based Simulations


After the calibration and validation of the SWAT model, flow simulations were performed for the upper Parsęta catchment under two climate scenarios (RCP4.5 and RCP8.5) and three decadal periods: 2021–2030, 2031–2040, and 2041–2050. The climate change scenario data included monthly mean air temperature, total precipitation, relative humidity, and total solar radiation. Data for the three analyzed decades were compared with the reference period 2011–2020. Changes in precipitation, temperature, and water runoff were analyzed as monthly means and for individual seasons. The seasons were defined as follows: DJF—December–January–February; MAM—March–April–May; JJA—June–July–August; SON—September–October–November.






3. Results


This section presents the results in a sequential manner, starting with model performance, followed by projected changes in precipitation and temperature, and finally annual and seasonal runoff responses under both climate scenarios.



3.1. Calibration and Validation Results


The evaluation of the SWAT model performance for the entire study period, including the calibration (2005–2017) and validation (2018–2022) phases, indicates a good representation of the water balance (Table 5). The coefficients of determination (R2) obtained for both the calibration and validation periods demonstrate very good agreement between observed and simulated streamflow. The very low percent bias further confirms the high consistency between measured and simulated values. The model slightly overestimates streamflow during the calibration period and moderately underestimates it during validation. The Nash–Sutcliffe efficiency (NSE) values fall within an acceptable range, indicating that the model adequately captures the streamflow variability across the analyzed periods.



The obtained model evaluation results enable a reliable analysis of runoff based on annual and monthly mean values. Total runoff is composed in SWAT of surface runoff, lateral (sub-surface) flow, and baseflow [16]. The annual observed and simulated runoff totals for 2005–2022 show very good agreement in overall variability and temporal trends (Figure 6). The model accurately reproduces both high- and low-runoff years, effectively capturing the hydrological fluctuations observed throughout the analysis period. The close correspondence between the two time series indicates stable and reliable model performance and its capability to represent the hydrological conditions of the upper Parsęta catchment. The simulated mean runoff for the multi-year period 2005–2022 was underestimated by 3%. The highest underestimation of runoff is observed in 2014, whereas the most pronounced overestimation occurs in 2017.



Analyzing the average monthly observed and simulated discharge, it should be noted that the model reliably captures the overall hydrograph pattern and the catchment’s response to varying meteorological conditions (Figure 7). During the calibration period, some peak flows tend to be overestimated, while in the validation period, low-flow conditions are underestimated.



The highest mean monthly runoff from the upper Parsęta catchment occurred during the winter months—January, February, and March—for both observed and simulated values (Table 6). In most months, the simulated runoff values were lower than the observed measurements. The largest percentage differences, about 30%, were recorded in October and November, whereas the smallest differences (<10%) occurred in March, April, May, June, July, and August.




3.2. Projected Precipitation Changes


Both scenarios (RCP4.5 and RCP8.5), based on the KLIMADA 2.0 climate model, show pronounced seasonal variability, with increased precipitation projected mainly during the winter (December–February) and autumn (September–November) months (Figure 8). In contrast, spring (March–May) shows a general decline in precipitation relative to the baseline period. The summer season (June to August) is characterized by the highest rainfall. The RCP8.5 scenario exhibits greater amplitude of interdecadal variability than RCP4.5, indicating more pronounced wet and dry anomalies under stronger radiative forcing conditions.



Projections indicate that in the future, precipitation in the upper Parsęta catchment is expected to increase, except during the spring season MAM (March–May), when a decrease in rainfall is projected (Table 7). Precipitation totals will show variability across future decades, with distinct seasonal patterns under both RCP4.5 and RCP8.5 scenarios. The largest relative increase is projected for winter (DJF) and autumn (SON), particularly under the RCP8.5 scenario, where winter precipitation may rise by up to +14% by 2041–2050. Summer (JJA) changes are moderate and relatively stable over decades, ranging from +3% to +9%. In the spring season (March–May), both climate scenarios indicate a consistent decrease in precipitation compared to the historical baseline. The projected reduction ranges from approximately −8% to −15%, suggesting a potential drying trend that may limit soil moisture recharge and early growing-season water availability. These results indicate a shift toward wetter winter–autumn conditions and drier springs, suggesting potential alterations in seasonal water availability and runoff dynamics in the catchment.




3.3. Projected Temperature Changes


In the historical period, the temperature patterns in the upper Parsęta catchment demonstrate seasonal variation, influencing climatic conditions throughout the year (Figure 9). During the winter months (December to February), temperatures in the basin tend to be cold, with average monthly temperatures ranging from approximately −0.2 °C in January to around +0.8 °C in December. As spring emerges (March to May), temperatures begin to rise, signaling the transition to milder weather. The average monthly temperature during this period ranges from approximately +3.3 °C in March to about +12.5 °C in May, indicating a gradual warming trend. The summer season (June to August) experiences the warmest temperatures, with average monthly temperatures ranging from approximately +16.1 °C in June to +18.2 °C in July. As autumn approaches (September to November), temperatures gradually cool once again. The average monthly temperature during this period ranges from around +14.3 °C in September to approximately +4.3 °C in November, reflecting the transition to cooler weather and the onset of the fall season.



Under both climate scenarios, a gradual increase in mean monthly air temperature is projected throughout the year, with the warming trend intensifying after 2030 (Table 8). Projections based on the KLIMADA 2.0 climate model indicate that, in the 2021–2030 period, the mean annual air temperature is expected to rise by approximately +0.1 °C, and by about +0.6 °C in 2031–2050 under the RCP4.5 scenario, and by around +0.8 °C under RCP8.5. The largest seasonal increase is projected for the winter months (DJF), amounting to +1.1 °C under RCP4.5 and 1.0 °C under RCP8.5, suggesting that future winters may become considerably milder. Overall, both scenarios suggest a continued transition toward warmer climatic conditions in the upper Parsęta catchment, with potential consequences for evapotranspiration rates and runoff dynamics.




3.4. Projected Runoff Changes


The projected mean annual runoff under both climate scenarios (RCP4.5 and RCP8.5) is expected to increase in all three projection decades compared to the reference period (2011–2020) (Table 9). The increase depends on the time horizon and the emission scenario and is most pronounced under the RCP8.5 scenario for the 2041–2050 period. Comparing the individual decades under the RCP4.5 scenario, the mean annual runoff increases systematically in the first two decades (+12.9% in 2021–2030 and +25.5% in 2031–2040), then declines in the third decade, although it still remains higher than in the historical period (+14.5%). Under the RCP8.5 scenario, the mean annual runoff remains close to the reference period in the first two decades (+4.5% in 2021–2030 and +1.1% in 2031–2040), with a significant increase occurring in the third decade (+28.0% in 2041–2050).



To analyze the range of flow variability, the coefficient of variation (Cv) and the irregularity coefficient (α) were calculated (Table 10). The coefficient of variation (Cv) is the ratio of the absolute measure of variability of a feature to the mean value of that feature. The calculations used the standard deviation and the arithmetic mean of the annual mean flows. The irregularity coefficient (α) is the ratio of the maximum to the minimum value of the feature. The calculations were performed based on annual mean flows.



In the reference period 2011–2020, the Cv value of 0.35 and the α value of 4.86 indicate moderate variability in runoff and irregularity between years with the highest and lowest flows (Table 10). This characteristic is typical of small coastal catchments in the lakeland region, where runoff is shaped by a rain–snow regime and relatively high natural retention.



In the climate change projections under the RCP4.5 scenario, a tendency toward gradual stabilization of runoff is observed. In the years 2021–2030, the Cv and α coefficient values slightly decrease, indicating a reduction in the average variability between extreme years. In the following decade (2031–2040), runoff variability reaches its minimum level (Cv = 0.29), and α decreases to 3.23, reflecting the most uniform hydrological regime in the entire analysis. In the years 2041–2050, a slight increase in both indicators is observed, although their values remain lower or comparable to those in the reference period, confirming a general tendency to mitigate runoff fluctuations under the moderate scenario.



A different situation emerges in the high-emission RCP8.5 scenario, where in the first decade of the future period (2021–2030), a decline in runoff stability is observed. The α value reaches the maximum across the entire analysis—up to 5.58—which indicates greater disparities between wet and dry years. This suggests a potential increase in the frequency of extreme events, including hydrological droughts and short-term flood events. In the years 2031–2040, the indicators return to levels comparable to the reference period. In the last analyzed decade (2041–2050), the indicators decreased (Cv = 0.31; α = 3.41), suggesting a stabilization of runoff.



When analyzing monthly runoff changes under both climate scenarios across the three projection decades, an increase in mean runoff relative to the reference period (2011–2020) was observed for most months (Figure 10). In the RCP8.5 scenario, during the 2041–2050 decade, higher runoff values occur in all months of the year. In both scenarios, the simulated streamflow patterns retain a clear seasonal character, with the highest discharges occurring in winter (December–March) and the lowest in summer (May–August). The results indicate an overall increase in runoff throughout most months compared to the historical reference period, particularly pronounced in autumn, reflecting higher projected precipitation. In contrast, a slight reduction in simulated runoff is observed during spring months (April–June), corresponding to the projected decline in precipitation and potential enhancement of evapotranspiration. The seasonal shift in runoff distribution suggests an earlier onset of the high-flow period and a gradual transition toward rainfall-dominated hydrological conditions.



The model correctly reproduces the seasonal runoff pattern observed in the historical data, preserving the characteristic sequence of winter maxima (DJF), summer minima (JJA), and transitional values in spring (MAM) and autumn (SON) (Table 11). Across all decades and scenarios, a general increase in total runoff is projected relative to the baseline period, although the magnitude and timing of changes vary seasonally (Table 11). The highest increases are expected in the autumn (SON) and winter (DJF). Under the RCP4.5 scenario, autumn runoff rises by +5 to +8 mm, while under the RCP8.5 scenario, it rises by +1 to +7 mm. In winter, under the RCP4.5 scenario, the seasonal increases in runoff are the highest among the compared decades, ranging from +4 to +9 mm. Winter runoff also increases substantially, by +2 to +8 mm under RCP8.5, indicating wetter cold seasons associated with higher precipitation and reduced snow accumulation. Spring (MAM) runoff decreases under most scenarios, reflecting lower precipitation and enhanced evapotranspiration during the growing season. For RCP4.5, the reductions are approximately 1 mm, while RCP8.5 shows a similar trend (−1 to −2 mm), except for a slight increase in the 2041–2050 decade. Summer (JJA) projections exhibit greater variability: slight increases (+1 to +2 mm) in the near term (2021–2040) are followed by a decline (−2 mm) under RCP4.5. According to the RCP8.5 scenario, the opposite pattern is observed: a decrease in runoff in the near future (about −1 mm) followed by an increase in the last decade (about +3 mm).



Based on the obtained results, it can be concluded that the answer to the main research question, whether moderate climate forcing (RCP4.5) can generate runoff responses comparable to, or even exceeding, those predicted under extreme forcing (RCP8.5), is affirmative, but only on a seasonal basis. In autumn (SON) and winter (DJF), a greater increase in runoff is projected under moderate climate forcing. In summer (JJA), the moderate scenario will increase runoff, while the extreme scenario will reduce it. The relatively smallest changes will occur in spring (MAM), where both scenarios assume a slight decrease in runoff.





4. Discussion


This section interprets the calibration results and discusses the projected seasonal runoff changes under RCP4.5 and RCP8.5 in relation to precipitation and evapotranspiration patterns. It also addresses key limitations and uncertainties associated with input data and climate projections.



4.1. Discussion of Calibration and Validation Results


The sensitivity analysis showed that the parameters with the most significant influence on runoff generation in the upper Parsęta catchment are the baseflow alpha factor (ALPHA_BF), maximum canopy storage (CANMX), curve number condition II (CN2), groundwater–soil evaporation coefficient (GW_REVAP), lateral flow travel time (LAT_TIME), soil evaporation compensation factor (ESCO), deep aquifer recharge (RCHRG_DP), and the threshold water depth for re-evaporation (REVAPMN). These parameters correspond to the processes that dominate in postglacial lowland catchments, including baseflow contributions, infiltration and soil water retention, and groundwater–surface water interactions. The significant influence of these parameter groups on the simulated water balance in catchments located within the postglacial zone is also confirmed by other studies [57,58]. One of the most important parameters in SWAT simulations is ALPHA_BF, which determines the contribution of groundwater to streamflow. The low value of ALPHA_BF = 0.03 suggests a slow groundwater flow response and a long base-flow recession time, consistent with high natural retention and shallow aquifers typical for sand–clay mosaics of postglacial terrain. Similar values for ALPHA_BF were reported in calibrations for the entire Parsęta river basin [25] and a small lowland catchment in Northern Germany [59].



The obtained R2, NSE, and PBIAS values indicate that the SWAT model adequately reproduces the runoff dynamics in the upper Parsęta catchment. During the calibration period (2005–2017), the coefficient of determination was R2 = 0.66 and the Nash–Sutcliffe efficiency was NSE = 0.43, while in the validation period (2018–2022) the values reached R2 = 0.80 and NSE = 0.59, with very low percent bias (PBIAS: −0.71% in calibration and 13.87% in validation). These results demonstrate good agreement between observed and simulated streamflow, both in temporal variability and total runoff volume. The achieved model performance indicators are comparable to, or higher than, those reported for other lowland catchments [32,60]. According to the hydrological model evaluation guidelines [56], monthly simulations can be considered satisfactory when R2 > 0.6, NSE > 0.50, and PBIAS ≤ 15% for streamflow. In the validation period, the model for the upper Parsęta catchment meets these criteria, whereas during calibration the NSE value is slightly lower (0.43), placing it at the threshold of the range considered acceptable for complex lowland catchments dominated by baseflow. Considering the mosaic character of soil cover, the spatial variability of retention, and the strong interactions between groundwater and surface water, the obtained performance indicators should be viewed as good, particularly in the multi-year perspective.



The model accurately reproduces both high- and low-runoff years, indicating that it correctly captures the influence of precipitation variability and thermal conditions on water availability. The analysis of monthly runoff totals shows that the model reflects the characteristic runoff regime of postglacial rivers in Pomerania, with a winter–spring maximum (January–March) and a summer minimum (June–August). Such a hydrograph pattern has been described for the Parsęta river and other rivers of the coastal and lakeland regions [22], and for lowland catchments in central Poland [61]. The slight overestimation of peak flows and the underestimation of low-flow conditions fall within the range reported for SWAT applications in lowland catchments in Poland and Central Europe [60,62,63], where a high contribution of baseflow and substantial soil water retention increase the model’s sensitivity to uncertainties in input data (precipitation, soil properties, drainage parameters). In summary, the developed model is a reliable tool for analyzing the water balance and the temporal variability of runoff in the upper Parsęta catchment, and it can be applied to assess the effects of projected climate change on future water flows.




4.2. Discussion of Projected Changes in Precipitation, Temperature, and Runoff


The study analyzed projected changes in precipitation and temperature under the RCP4.5 and RCP8.5 scenarios and their effects on runoff in a young-glacial lowland catchment. The projections indicate an overall increase in precipitation across all three future decades in both scenarios. The largest increase (+14%) is expected in the winter season (December–January–February) during 2041–2050 under RCP8.5. A decrease in precipitation is projected only for the spring season (March–April–May). This reduction is particularly pronounced under RCP4.5 in the decades 2021–2030 and 2041–2050. These changes reflect the hydrological consequences of intensified atmospheric circulation and increased moisture availability under warming conditions, which have been identified as major drivers of shifts in the European hydrological cycle [2,3]. They are also consistent with national and regional climate studies for Poland, which report enhanced winter precipitation and a drying tendency in spring [14,15]. The projected rise in air temperature, reaching +0.8 to +1.0 °C under both scenarios, is consistent with expected warming trends in Poland, where the average increase is approximately 1 °C [13]. The projected changes in seasonal mean temperatures indicate a higher winter warming rate than in the other seasons.



Projected changes in precipitation and temperature for the upper Parsęta catchment exhibit patterns consistent with broader tendencies under ongoing climate warming. These trends align with assessments for Poland that highlight a shift toward wetter cold seasons and drier springs, and increasing temperature throughout the year [14,15]. Similar seasonal anomalies are also documented in Europe in regional climate assessments from EURO-CORDEX, with intensifying winter precipitation and enhanced summer evapotranspiration driving changes in runoff regimes [8,12].



This study is based on a widely applied methodology for assessing the impacts of climate change on river flows, combining hydrological modeling with climate change projections [64]. In such studies, a historical period is typically selected as the reference for evaluating future climate change impacts. The study conducted by Liersch et al. [65] emphasized the substantial influence of the chosen baseline period on the interpretation of discharge projections within such a modeling framework. In this work, the reference period was set to 2011–2020. This range is consistent with the historical period adopted in the KLIMADA2.0 project and enables decade-by-decade comparisons of projected runoff changes across three future horizons: 2021–2030, 2031–2040, and 2041–2050.



The interpretation of the modeling results is subject to several sources of uncertainty that should be considered. These uncertainties arise from the quality and spatial resolution of input data, including climate projections, soil data, land-use data, and the digital elevation model. In particular, the coarse resolution of regional climate model outputs relative to the small size of the study catchment limits the explicit representation of spatial climate variability and may affect the simulation of local precipitation and temperature extremes. It should be noted that the climate projections used in this study are derived from the KLIMADA 2.0 database, which provides bias-corrected climate scenarios based on the EURO-CORDEX framework but offers only a single realization per RCP scenario at each grid point. Consequently, the full range of uncertainty associated with the underlying RCM/GCM ensemble spread is not explicitly represented. This limitation precludes a formal quantification of projection uncertainty and implies that the simulated runoff changes should be interpreted as scenario-based signals rather than probabilistic forecasts. Inter-model variability in projected precipitation and temperature—particularly under high-emission scenarios—may therefore lead to a broader range of hydrological responses than those presented here.



The hydrological response simulated by the SWAT model reflects the interplay between climatic drivers. Increases in mean annual runoff are projected across all decades, reaching +13–26% under RCP4.5 and +2–28% under RCP8.5. The most pronounced increase is projected for the decade 2041–2050 under RCP8.5; however, when considering multi-year averages, the RCP4.5 scenario yields greater annual changes. These results may indicate that moderate climate forcing can generate runoff responses comparable to, or in some cases greater than, those projected under extreme forcing; however, this interpretation should be viewed in light of the limited representation of climate model uncertainty inherent to the applied projection dataset. Higher runoff values compared to the historical period are primarily driven by the projected increase in precipitation totals.



In postglacial lowland catchments with high natural retention and strong groundwater–surface water coupling, cold-season precipitation anomalies translate efficiently into runoff because evapotranspiration demand is low and antecedent soil moisture is relatively high. The dominance of baseflow-related parameters in the sensitivity analysis (e.g., ALPHA_BF, GW_REVAP, RCHRG_DP) supports the interpretation that projected runoff changes are primarily mediated by groundwater storage and release rather than by short-lived surface runoff peaks. Although the upper Parsęta catchment represents a small spatial scale, it is representative of postglacial lowlands with groundwater-dominated runoff typical of the southern Baltic region. Thus, the projected directions and seasonal patterns of runoff change are indicative of similar systems. However, the magnitude of changes should be interpreted with caution when transferring the results to larger coastal basins, where scale-dependent processes may alter hydrological responses.



In terms of seasons, the largest increases are projected for autumn and winter. Spring and early summer runoff decreases under most scenarios. The decrease in spring water resources may be associated with rising winter temperatures, which prevent the formation of a persistent snow cover [22]. The melting of snow cover at the end of winter would normally provide recharge to rivers and groundwater. A decreasing trend in snow cover depth is already observed across most of Poland (especially in lowland areas) and in northern Germany [66]. The number of days with snow cover is also decreasing [67]. The projected decrease in runoff from April to June under RCP4.5, and from April to July under RCP8.5, also results from reduced precipitation during this period and from rising air temperatures. Higher air temperatures enhance evaporation from land surfaces, water bodies, vegetation, and other surfaces. Increased evaporation reduces surface runoff and limits water infiltration into the soil, which in turn diminishes groundwater contributions to rivers. The results obtained in this study are similar to findings reported for other catchments in Poland [33,34,38]. For the two lowland catchments–the Barycz and the Upper Narew–Marcinkowski et al. [33] reported an increase in runoff in the near future (2021–2050), with the most pronounced intensification occurring during the winter season. For the largest river basins in Poland (the Vistula and the Odra), SWAT-based projections suggest an increase in mean annual runoff and increases across all seasons in the near future (2021–2050), with the largest changes expected in winter, the smallest in spring, and intermediate, comparable increases in summer and autumn [34]. Winter is the only season in which runoff is projected to rise consistently across all sub-basins and for all RCP-horizon combinations. For spring, the authors noted a spatial divide—relatively stable across scenarios and horizons—where runoff is projected to increase in northern sub-basins and decrease in southern ones. The SWAT model simulations for the Biebrza catchment indicate an increase in average monthly flows in the near future (2024–2050) for nearly all months [38]. The authors identified a slight decrease in mean monthly flow in April and September, while the largest increases are projected for the winter months.



The projected increase in winter and autumn runoff in the upper Parsęta catchment is consistent with findings from other lowland basins in the Baltic Sea region and reflects a broader shift in hydrological regimes under ongoing climate warming. Studies based on SWAT and other process-based hydrological models demonstrate that enhanced cold-season precipitation, combined with pronounced winter warming, leads to a gradual transition from snow-influenced to rainfall-dominated runoff regimes. This transition results in higher winter discharges, reduced snow storage, and a weakening of the traditional spring melt contribution to streamflow [20,68]. In the eastern and northern parts of the Baltic Sea region, similar responses have been attributed to shorter snow cover duration, earlier snowmelt, and an increasing proportion of winter precipitation falling as rain rather than snow, which promotes more direct runoff generation during the cold season.



Comparable seasonal patterns have also been reported for the lowland area in Germany, where increases in winter runoff contrast with reduced flows during summer [69]. These changes are commonly linked to a combination of declining spring precipitation, earlier onset of vegetation activity, and increasing evapotranspiration demand during the growing season, which together limit soil moisture recharge and groundwater replenishment in late spring and summer. As a result, the annual runoff signal becomes increasingly controlled by cold-season conditions, while warm-season flows exhibit greater sensitivity to short-term meteorological variability.



In groundwater-dominated lowland systems, such as postglacial catchments with high natural retention, these seasonal shifts are often accompanied by changes in interannual runoff variability and increased sensitivity to hydrological extremes. Previous SWAT-based studies indicate that under scenarios characterized by stronger climatic forcing, changes in runoff variability may be more pronounced than changes in mean annual discharge, particularly with respect to the contrast between wet and dry years [17]. This behavior is consistent with the results obtained for the upper Parsęta catchment, where elevated irregularity coefficients in the near-term RCP8.5 projections suggest a temporary amplification of interannual variability despite relatively modest changes in mean runoff. Together, these findings indicate that future hydrological change in lowland postglacial catchments will be governed not only by shifts in mean precipitation and temperature, but also by alterations in seasonal runoff distribution and variability, with important implications for water resources management and the frequency of hydrological extremes.





5. Conclusions


This study evaluated the projected impacts of climate change on water runoff in the upper Parsęta catchment—a representative postglacial lowland basin of northwestern Poland—using a calibrated and validated SWAT model. Future climate projections (RCP4.5 and RCP8.5) indicate pronounced seasonal shifts in precipitation and temperature regimes. Both scenarios suggest wetter winters and autumns and a consistent drying tendency in spring, accompanied by a gradual rise in air temperature across all decades. These climatic changes translate into distinct hydrological responses. Simulated runoff increases in most projection periods, with the highest relative changes occurring in autumn and winter, reflecting enhanced cold-season precipitation and reduced snow storage. Conversely, spring flows are expected to decline under most scenarios, in line with decreasing precipitation and increasing evaporative demand. Summer responses show greater variability, depending on the balance between rainfall and evapotranspiration. Together, these projected shifts indicate a transition toward a more rainfall-dominated hydrological regime, with earlier high-flow periods and potential intensification of summer low-flow conditions.



The configured SWAT model for the upper Parsęta catchment is a valid tool for analyzing the water balance and runoff variability. Its good stability and accurate representation of hydrological processes indicate that it can be further used to assess the impacts of land cover and land use changes, and projected climate change, on the runoff regime.
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Figure 1. Location of the study area. 
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Figure 2. Slope map of the upper Parsęta catchment. 
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Figure 3. Land Use and Land Cover of the upper Parsęta catchment in 2022. 
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Figure 4. Soil types in the upper Parsęta catchment based on the Harmonized World Soil Database [47]. 
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Figure 5. Hydrographic structure of the upper Parsęta catchment. 
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Figure 6. Annual observed and simulated runoff totals for the period 2005–2022. 
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Figure 7. Average monthly observed and simulated discharge (Q) for the calibration and validation periods. 
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Figure 8. Comparison of monthly precipitation totals between historical data (2011–2020) and the two climate scenarios: RCP4.5 (a) and RCP8.5 (b) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050. 
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Figure 9. Comparison of the average monthly air temperatures between historical data (2011–2020) and the two climate scenarios: RCP4.5 (a) and RCP8.5 (b) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050. 
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Figure 10. Comparison of the average monthly flows between historical data (2011–2020) and two climate scenarios: RCP4.5 (a) and RCP8.5 (b) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050. 
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Table 1. Summary of input data used in the SWAT model setup.
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	Type of Data
	Data Source
	Spatial/Temporal Resolution
	Period or Data Currency





	Digital Elevation Model (DEM)
	Head Office of Geodesy and Cartography (GUGiK)
	5 m grid
	2022



	Land Use Land Cover
	[46]
	2 m grid
	2022



	Soils
	Harmonized World Soil Database (HWSD) [47]

European Soil Database Maps (ESDAC)
	1 km grid

20 m grid
	2012

2001



	Weather Generator
	IMNE Parsęta Station
	Monthly
	2005–2022



	Precipitation
	IMNE Parsęta Station
	Daily
	2005–2022



	Air Temperature
	IMNE Parsęta Station
	Daily
	2005–2022



	Wind Speed
	IMNE Parsęta Station
	Daily
	2005–2022



	Relative Humidity
	IMNE Parsęta Station
	Daily
	2005–2022



	Solar Radiation
	IMNE Parsęta Station
	Daily
	2005–2022



	Discharge
	IMNE Parsęta flow gauge
	Daily
	2005–2022










 





Table 2. Reclassification of CORINE Land Cover (CLC) codes used in the IMNE program into SWAT land use classes.






Table 2. Reclassification of CORINE Land Cover (CLC) codes used in the IMNE program into SWAT land use classes.





	CLC Code
	CLC Class
	SWAT Code
	SWAT Class





	1.1.2
	Discontinuous urban fabric
	URML
	Residential—Medium/Low Density



	1.2.2
	Road and rail networks and associated land
	UTRN
	Transportation



	1.3.1
	Mineral extraction sites
	UIDU
	Industrial



	1.4.1
	Green urban areas
	RNGE
	Grasslands



	2.1.1
	Non-irrigated arable land
	AGRL
	Agricultural Land—Generic



	2.2.2
	Fruit trees and berry plantations
	ORCD
	Orchards



	2.4.2
	Complex cultivation patterns
	CRGR
	Cropland/Grassland Mosaic



	2.4.3
	Land principally occupied by agriculture, with significant areas of natural vegetation
	AGRR
	Cropland/Woodland Mosaic



	3.1.1
	Broad-leaved forest
	FRSD
	Forest—Deciduous



	3.1.2
	Coniferous forest
	FRSE
	Forest—Evergreen



	3.1.3
	Mixed forest
	FRST
	Forest—Mixed



	3.2.1
	Natural grasslands
	PAST
	Pasture



	3.2.4
	Transitional woodland-shrub
	RNGB
	Shrubland



	4.1.2
	Peat bogs
	WETF
	Wetlands



	5.1.2
	Water bodies
	WATR
	Water Bodies










 





Table 3. Physical soil parameters in the upper Parsęta catchment based on the Harmonized World Soil Database [45].
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SMU

	
10137

	
10141

	
10142

	
10162




	
FAO 90

	
Fluvisols

	
Luvisols

	
Arenosols

	
Cambisols






	
HYDGRP

	
D

	
A

	
A

	
B




	
SOL_ZMX [mm]

	
970

	
800

	
800

	
800




	
ANION_EXCL [fraction]

	
0.5

	
0.5

	
0.5

	
0.5




	
SOL_CRK [m3/m3]

	
0.5

	
0.5

	
0.5

	
0.5




	
SOL_Z [mm]

	
300

	
300

	
300

	
300




	
SOL_BD [g/m3]

	
1.34

	
1.71

	
1.7

	
1.59




	
SOL_AWC [mm/mm]

	
0.19

	
0.1

	
0.1

	
0.15




	
SOL_K [mm/hr]

	
4

	
210

	
210

	
61




	
SOL_CBN [%]

	
2.08

	
0.4

	
0.5

	
0.55




	
CLAY [%]

	
45

	
5

	
5

	
10




	
SILT [%]

	
28

	
5

	
6

	
10




	
SAND [%]

	
27

	
90

	
89

	
80




	
ROCK [%]

	
3

	
4

	
2

	
4




	
SOL_ALB [fraction]

	
0.21

	
0.25

	
0.25

	
0.24




	
USLE_K

[t ha h/(MJ mm ha)]

	
0.3292

	
0.18

	
0.18

	
0.23











 





Table 4. Optimal calibrated parameter values of the SWAT model in the upper Parsęta catchment.
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	Parameter Name
	Optimal Parameter Value





	ALPHA_BF
	0.03



	CANMX
	10



	CN2
	40



	GW_REVAP
	0.1



	LAT_TIME
	17



	ESCO
	0.90



	RCHRG_DP
	0.3



	REVAPMN
	400










 





Table 5. Evaluation of observed and simulated runoff totals based on the following criteria: coefficient of determination (R2), Nash–Sutcliffe efficiency (NSE), and percent bias (PBIAS).
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Calibration Period: 2005–2017

	
Validation Period: 2018–2022






	
R2

	
NSE

	
PBIAS

	
R2

	
NSE

	
PBIAS




	
0.66

	
0.43

	
−0.71

	
0.80

	
0.59

	
13.87











 





Table 6. Monthly precipitation and runoff depths [mm] in the upper Parsęta catchment for the period 2005–2022.
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Month

	
Observed Values

	
Simulated Values




	
Precipitation

	
Runoff

	
Precipitation

	
Runoff






	
1

	
63.6

	
27.36

	
63.6

	
30.66




	
2

	
39.8

	
28.33

	
39.8

	
33.60




	
3

	
46.5

	
28.14

	
46.5

	
30.01




	
4

	
31.7

	
22.46

	
31.7

	
24.10




	
5

	
68.6

	
15.94

	
68.6

	
17.03




	
6

	
66.8

	
12.32

	
66.8

	
12.11




	
7

	
101.4

	
13.68

	
101.4

	
12.84




	
8

	
88.7

	
13.59

	
88.7

	
12.38




	
9

	
55.0

	
14.58

	
55.0

	
11.84




	
10

	
38.3

	
18.43

	
38.3

	
12.09




	
11

	
61.3

	
22.13

	
61.3

	
15.71




	
12

	
60.3

	
24.16

	
60.3

	
21.68











 





Table 7. Comparison of seasonal precipitation totals between historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.
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Total Precipitation (Difference Relative to the Reference Period, %)




	
Season

	
RCP4.5

	
RCP8.5




	
2021–2030

	
2031–2040

	
2041–2050

	
2021–2030

	
2031–2040

	
2041–2050






	
DJF

	
5.6

	
11.0

	
3.7

	
1.5

	
6.0

	
13.8




	
MAM

	
−14.9

	
−7.8

	
−14.4

	
−12.2

	
−11.2

	
−4.6




	
JJA

	
8.6

	
4.9

	
3.7

	
3.1

	
3.4

	
7.7




	
SON

	
5.9

	
12.6

	
11.6

	
8.3

	
7.4

	
12.6











 





Table 8. Comparison of seasonal average monthly air temperatures between historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.
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Air Temperature (Difference Relative to the Reference Period, °C)




	
Season

	
RCP4.5

	
RCP8.5




	
2021–2030

	
2031–2040

	
2041–2050

	
2021–2030

	
2031–2040

	
2041–2050






	
DJF

	
0.2

	
1.1

	
0.8

	
0.0

	
1.0

	
0.9




	
MAM

	
0.1

	
0.6

	
0.5

	
0.3

	
0.8

	
0.9




	
JJA

	
0.1

	
0.4

	
0.8

	
0.1

	
0.5

	
0.8




	
SON

	
0.1

	
0.5

	
0.5

	
0.1

	
0.5

	
0.9











 





Table 9. Mean annual runoff for the historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.






Table 9. Mean annual runoff for the historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.





	
Runoff (mm)




	
Reference Period

	
RCP4.5

	
RCP8.5






	
2011–2020

	
2021–2030

	
2031–2040

	
2041–2050

	
2021–2030

	
2031–2040

	
2041–2050




	
229.4

	
259.0

	
288.0

	
262.6

	
239.8

	
232.0

	
293.6











 





Table 10. Coefficient of variation (Cv) and irregularity coefficient (α) of the mean annual runoff for the historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.
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Coefficient

	
Reference Period

	
RCP4.5

	
RCP8.5




	
2011–2020

	
2021–2030

	
2031–2040

	
2041–2050

	
2021–2030

	
2031–2040

	
2041–2050






	
Cv

	
0.35

	
0.34

	
0.29

	
0.31

	
0.36

	
0.35

	
0.31




	
α

	
4.86

	
4.55

	
3.23

	
3.51

	
5.58

	
4.91

	
3.41











 





Table 11. Comparison of the seasonal average monthly runoff between historical data (2011–2020) and two climate scenarios (RCP4.5 and RCP8.5) across three decadal periods: 2021–2030, 2031–2040, and 2041–2050.
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Season

	
Runoff (mm; Difference Relative to the Reference Period in Parentheses, mm)




	
Reference Period

	
RCP4.5

	
RCP8.5




	
2011–2020

	
2021–2030

	
2031–2040

	
2041–2050

	
2021–2030

	
2031–2040

	
2041–2050






	
DJF

	
29.2

	
33.7

(+4.4)

	
38.0

(8.8)

	
36.0

(6.7)

	
31.5

(+2.3)

	
31.6

(+2.4)

	
37.4

(+8.2)




	
MAM

	
22.0

	
21.0

(−1.0)

	
23.1

(1.1)

	
21.2

(−0.8)

	
21.3

(−0.7)

	
20.5

(−1.5)

	
25.1

(+3.1)




	
JJA

	
11.3

	
12.7

(+1.4)

	
13.4

(2.1)

	
9.4

(−1.9)

	
10.1

(−1.2)

	
10.0

(−1.3)

	
14.4

(+3.1)




	
SON

	
13.9

	
19.0

(+5.1)

	
21.5

(7.6)

	
21.0

(7.1)

	
17.0

(+3.1)

	
15.2

(+1.3)

	
21.1

(+7.2)
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