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Forecasting streamflow is important for managing future water resources and environmental needs under the impacts of climate change. Moreover, quantifying the combined effects of future climate variations and human-made infrastructures, e.g., dams and reservoirs, poses a significant challenge. In this study, we used the Soil and Water Assessment Tool (SWAT) for a case study in the Srepok River Basin—a tributary of the Mekong River Basin. Here, we aim to reveal the impacts of various climate change scenarios and the effects of reservoir operations in this region. Our findings indicate that 1) the projected annual streamflow is anticipated to increase by a minimum of 9.2% (2046–2065) and could peak at an increase of 14.9% (2080–2099) under the highest greenhouse gas emissions, 2) Srepok 4, Srepok 3, and Buon Kuop demonstrate a higher capability for mitigating flood peaks and managing seasonal flow in the downstream floodplain, whereas Buon Tua Srah shows the least performance, and 3) reservoirs operated with annual regulation have more pronounced impacts than those regulated on a daily schedule. Our work provides i) a scientific foundation for regional stakeholders and decision-makers to develop sustainable strategies that address the combined effects of reservoir operation and future climate, and ii) it supports national authorities and officials in resolving conflicts related to transboundary rivers within the Mekong River Basin.
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1 INTRODUCTION
Climate change, increasingly recognized as a major concern, has significant impacts on the quality and quantity of water resources (Shukla et al., 2020; Tran et al., 2021a; 2021b; Hussain et al., 2022). Previous studies have identified greenhouse gas emissions, partly resulted from urbanization (Nguyen et al., 2022), as one of the primary reasons causing global warming. These emissions are expected to lead to future increases in temperature and precipitation (IPCC, 2014; IPCC, 2019) resulting in more frequent extreme weather events (e.g., extreme heat waves, widespread floods, year-long droughts, and severe wildfires). The Representative Concentration Pathway (RCP) is a trajectory for greenhouse gas concentration developed by the IPCC (IPCC, 2019). Numerous studies have highlighted the effects of climate change on the natural water cycle (Bolch et al., 2012; Aryal et al., 2019; Bhatta et al., 2019; Roderick et al., 2019; Tran et al., 2023b). Floods caused by extreme rainfall are expected to become more frequent across the globe (Chattopadhyay et al., 2017; Vo et al., 2018; Ivanov et al., 2021; Tran et al., 2023b), and are likely to persist even more severely in the near future. Besides, Lehner et al. (2019) observed that the flow patterns of a third of the world’s 200 largest rivers have changed since the 1950s, with these alterations being directly attributable to climate change. Although it is challenging to obtain an accurate prediction of streamflow under the climate impacts, it remains a crucial undertaking for effective water resource planning, regional management, and mitigation of extreme events (Khoi and Suetsugi, 2012; Tran et al., 2022c; Tran et al., 2022e; Umar et al., 2022). In Vietnam, a number of studies have investigated the impacts of climate change at various scales (Khoi and Suetsugi, 2012; Ty et al., 2012; Huyen et al., 2017; Vo et al., 2018; Giang and Vy, 2021). However, the majority of these studies were carried out in previous decades with the neglect of important factors (e.g., man-made infrastructures), raising concerns about their reliability which is relevant to the current specifics of climate change in this region.
The Mekong River, an important transboundary river in East and Southeast Asia, flows through several countries, including China, Myanmar, Laos, Thailand, Cambodia, and Vietnam (Arias et al., 2014a) (Figure 1A). The Srepok River Basin (SRB), which is located in central Vietnam, is a significant tributary of the Mekong River Basin (MRB), annually contributing a substantial volume of water to the Mekong River (Arias et al., 2014b; Nuong et al., 2022; Chang et al., 2023) (Figure 1B). Alterations in water supply, particularly due to dam operations, can remarkably affect the region’s water resources (Giang et al., 2017; Du et al., 2022; Nguyen et al., 2023a; Nguyen et al., 2023b; Bui et al., 2023; Smigaj et al., 2023). Within SRB, such changes in the water cycle may affect the hydrology of the middle and lower sections of the MRB, influencing the lives of nearly 11,000 Cambodians residing along the river and at the basin’s outlet (International Rivers, 2010). Previous studies have enhanced our understanding of how climate change may impact the Srepok River as well as the 3S River (Srepok, Sesan, and Sekong) (Arias et al., 2014a; Cochrane et al., 2014; Piman et al., 2016; Huyen et al., 2017; Trang and Lakshmi, 2022; Bui et al., 2023). However, these studies have overlooked the impact of existing dams and reservoirs due to a lack of operational data, an oversight that should be considered in climate change studies. Furthermore, the critical role of the Krongbuk tributary has been largely ignored, meaning that total runoff at the SRB outlet—and by extension, regional volume assessments and disaster prevention strategies—may not be fully understood or accounted for. Furthermore, the reliability of their baseline models, which utilize historical data, is questionable due to the limited duration of the calibration and validation periods—factors that play a crucial role in deriving accurate parameters for projecting future climate scenarios. Also, the study by Piman et al. (2016), which constructed a baseline period between 1986 and 2006, or Arias et al. (2014a) from 1982 to 2005, Cochrane et al. (2014), Oeurng et al. (2016) from 1980 to 2008, and Shrestha et al. (2016) from the 1980s–2000s, have eliminated considerations of current dam operations for the SRB. This gap suggests that such studies may not fully capture the projected impacts of future climate change on this region, potentially providing decision-makers and regional planners with incomplete data.
[image: Figure 1]FIGURE 1 | (A) Location of SRB in the MRB (B) SRB and the distribution of reservoirs, and stream network.
The climate inputs for hydrological models, e.g., temperature and precipitation, can be derived using two primary methods: 1) revising records obtained from meteorological stations (Khoi and Suetsugi, 2012; Li and Fang, 2021; Raghavan et al., 2012), and 2) adjusting outputs from climate models (Vo et al., 2018; Tran et al., 2022c). General Circulation Models (GCMs), also known as Global Climate Models, are developed through assumptions and mathematical representations of the physical climate system’s processes (Li and Fang, 2021). An ensemble of GCMs, created by various global organizations and institutions, can provide more accurate predictions for water resources than a single GCM (Pierce et al., 2009; Ranger et al., 2011). Accordingly, we utilized datasets from the climate change scenarios released by the Vietnam Ministry of Natural Resources and Environment (2020) in this study. These scenarios cover two timeframes: the near future (2046–2065) and the far future (2080–2099) and the ensemble would be formed based on projections from six distinct Regional Climate Models (RCMs). These include: i) the Climate-WRF (CL-WRF) model from the United States (Fita et al., 2010); ii) the Providing REgional Climates for Impacts Studies (PRECIS) model from the United Kingdom (Moberg and Jones, 2004); iii) the Conformal Cubic Atmospheric Model (CCAM) from Australia (Her, 2014); iv) the Regional Climate Model (RegCM) from Italy (NCAR, 2017); v) the Meteorological Research Institute (MRI) for Atmospheric Climate Model (AGCM/MRI) from Japan (Mizuta et al., 2012); and vi) the Rossby Centre Regional Climate (RCA3) model from Sweden (Samuelsson et al., 2011).
This study aims to reveal the impacts of dam operation and future climate scenarios on the water resources of SRB by employing the SWAT hydrological model. In general, our findings would:
(1) Refine and update previous baseline models using recent and comprehensive datasets for accurate simulations of projected future runoff, especially at the SRB’s outlet;
(2) Analyze the impacts of climate change and the existing dams’ operation, an aspect often overlooked in previous works; and
(3) Quantify the contributions of the SRB’s main tributaries to the overall flow under different future climate conditions.
By fulfilling these objectives, our study aims to reduce the uncertainties currently associated with future hydrological projections in this region. The implications of our findings are critical for water resource management, with direct benefits for the local communities in Vietnam and Cambodia. Additionally, this work provides a solid scientific foundation for disaster prevention strategies in the lower MRB, thereby supporting stakeholders and regional authorities in making informed decisions.
2 MATERIALS AND METHODS
2.1 Study area
The Srepok River, a major tributary of the Mekong, has its source in the highlands of Dak Lak Province, Vietnam. It flows through Ratanakiri and Stung Treng regions before joining the Mekong River (Figures 1A, B) with the total river’s length approximately 450 km. The river’s initial course covers 169 km within Vietnamese territory before traveling through 281 km in Cambodia. The SRB covers an area of approximately 18,200 km2 within Vietnam, primarily occupying the upper segment of the basin, which constitutes over 65% of the total area. This watershed is characterized by a diverse topography with the upper region’s elevation ranges from 200 to over 2,240 m, with average heights transitioning from 350 m in the northwest to about 1,000 m in the southeast (Figures 2A, B). Between 1998 and 2018, the average annual precipitation recorded at main hydrological stations of SRB (e.g., Giang Son, Duc Xuyen, Cau 14, and Ban Don) were approximately 1920 mm, 1937 mm, 1704 mm, and 1,601 mm, respectively. The majority of this precipitation, exceeding 70%, occurred during the wet season (June to November), with an estimated 41% of the annual precipitation contributing to the basin’s runoff. In this study, the Duc Xuyen and Giang Son regions are specifically highlighted due to their significant hydrological contributions to the SRB’s outflow (Ty et al., 2011; 2012).
[image: Figure 2]FIGURE 2 | The SRB with (A) DEM (m) (B) Slope (%) (C) LULC, and (D) Soil map.
On the other hand, Vietnam exhibits considerable hydropower potential, notably in the northern and central highland regions. In this study, we include five primary hydropower reservoirs and associated power plants subsequent to the initial phase of Hydropower Projects in the Lower MRB, including: Buon Tua Srah, Buon Kuop, Srepok 3, Srepok 4, and Srepok 4A (Figure 1B; Table 1). As mentioned, we incorporates these infrastructures (see section 2.3.2) to assess their implications on the SRB’s hydrological dynamics and to evaluate their operational performance under various climate change scenarios.
TABLE 1 | Description of required inputs for SWAT in this study.
[image: Table 1]2.2 Data sets
We used the SWAT hydrological model with the necessary inputs as presented in Table 1.
2.3 Semi-distributed hydrological model SWAT
SWAT is a semi-distributed hydrological model developed and maintained by the U.S. Department of Agriculture (USDA) and the Agricultural Research Service (ARS) (Arnold et al., 2012a). In recent years, SWAT has gained popularity in both the United States and Europe, largely owing to its effectiveness in addressing a range of hydrological issues (Gassman et al., 2007; Tran et al., 2023a). Numerous studies have utilized the SWAT model to examine the impacts of various factors on streamflow and sediment loads (Ahmed et al., 2020). These factors include land use and land cover (LULC) changes (Anaba et al., 2017; Aryal et al., 2022; 2023; Tran and Lakshmi, 2022), the effects of climate change (Vo et al., 2018; Aslam et al., 2022; Shafeeque et al., 2023a; 2023b), improvements in ecosystem services (Ashrafi et al., 2022a; Arshad et al., 2022; Ashrafi et al., 2022b; Tapas et al., 2022), and the validation of satellite-based products (Arshad et al., 2021; Tran et al., 2022a; 2022b; Noor et al., 2023).
2.3.1 Parameter sensitivity analysis, model calibration, and validation
The calibration and validation of the SWAT model, as well as the assessment of parameter uncertainty using the Sequential Uncertainty Fitting procedure (SUFI-2) as the objective function, were carried out with the SWAT-CUP program (version 5.2.1) (https://www.2w2e.com/home/SwatCup), as detailed by Abbaspour et al. (2015) and Zhang et al. (2014). Model performance metrics are presented in Table 2. The objective function (Nash-Sutcliffe efficiency; NSE) was used in SWAT-CUP to calibrate and validate the SWAT model.
TABLE 2 | Performance metrics for the model calibration and validation. Where Q is the streamflow (m3/s), m, s stand for measured and simulated, and d stands for deviation of it, i is the ith measured and simulated, [image: image] indicates the mean value and number of values is n.
[image: Table 2]Where Q is the streamflow (m3/s), m, s stand for measured and simulated, and d stands for deviation of it, i is the [image: image] measured and simulated, [image: image] indicates the mean value and number of values is n.
A 7-year warm-up period (1985–1991) was chosen within the 33-year simulation period (1985–2018), followed by 10 years (1992–2001) for model calibration and 17 years (2002–2018) for validation. The calibration and validation of the model were performed on a daily basis, with the ideal range for the number of iterations set between 300 and 500 to balance computational efficiency and time requirements.
2.3.2 Reservoirs scenarios
This work initially focuses on the combined impacts of certain reservoirs—Buon Tua Srah, Buon Kuop, Srepok 3, and Srepok 4—on the SRB (Figure 1B). These reservoirs, previously overlooked in related studies, are included here due to their importance in assessing climate change effects. We will examine the operational impacts of each reservoir, particularly their influence on flood peaks and total runoff at the SRB outlet. To be specific, we compare a baseline scenario (natural flow without reservoirs) against four scenarios where each reservoir is independently operated, to isolate their individual impacts for better management and operational planning. The Srepok 4A reservoir, however, will not be considered in this study due to its limited capacity and primary function of serving irrigation needs for a small area, as reported by MRC (2017).
For the reservoir setup in the SWAT model, we selected the following parameters: the operational start date of the reservoir (MORES for month and IYRES for year), the reservoir’s surface area at emergency spillway capacity (RES_ESA; ha), and the corresponding volume (RES_EVOL; 104 m3). Additional parameters include the surface area at principal spillway capacity (RES_PSA; ha), the required volume to reach this capacity (RES_PVOL; 104 m3), the initial volume of water in the reservoir (RES_VOL; 104 m3), the initial sediment concentration (RES_SED; mg/L), evaporation coefficient (EVRSV), and the average daily discharge when overflowing (RES_RR; m3/s). We also considered the non-flood season duration (IFLOD1R and IFLOD2R for start and end months, respectively), the fraction of water removed from the reservoir during non-flood season (WURTNF; m3/s), the minimum outflow relative to principal spillway volume (OFLOWMN_FPS), and the target storage volume also relative to the principal spillway (STARG_FPS) (Arnold et al., 2012a).
Two parameters were identified as most sensitive for reservoir calibration: the hydraulic conductivity at the reservoir bottom (RES_K; mm/h) and the number of days required to reach the target storage from the current volume (NDTARGR; days). These were calibrated using methodologies described by Kim and Parajuli (2014) and Qiu et al. (2019). In addition, twenty-three parameters were chosen for model calibration, validation, and sensitivity analysis, based on p-value and t-Stat statistical methods as mentioned in Arnold et al. (2012b), Tuo et al. (2016), and Xu et al. (2016). These parameters’ descriptions and their calibrated values are listed in Table 4.
In this study, SWAT’s operating policies are based on monthly storage targets. The storage target operations are piecewise linear functions for each reservoir in the system. Each reservoir’s policy is defined by parameters: a target storage value for each month (STARG) and NDTARGR (days), which are constant across all months. Daily reservoir releases ([image: image]) are calculated as follows:
[image: image]
Where V is the volume of water stored in the reservoir, [image: image] is the reservoir storage target, and [image: image] is the number of days for the reservoir to reach the target storage (Arnold et al., 2012b). Once the outflow is determined with this method, the model then adjusts the outflow to ensure that minimum and maximum discharge criteria are met. Existing target storage operations are not fully state-aware: each reservoir’s release decision is based only on its own storage level and the month but does not consider any additional system state information, such as the storage at other reservoirs in the system.
2.4 Climate change projections
Future climate data were extracted from the Vietnam Climate Change Scenario dataset, which was validated by the Vietnamese Government under resolution No. 93/NQ-CP, issued on 31 October 2016. This resolution affirmed Vietnam’s commitment to the Paris Agreement—a global pact within the United Nations Framework Convention on Climate Change—officially ratified on 20 July 2020. Summaries of the data from six different Regional Climate Models (RCMs), updated using the IPCC 2019 report and the 2018 Vietnam Meteorological datasets (e.g., 5 m resolution lidar DEM), are presented in Table 3. Our analysis employed the RCP4.5 scenario, which projects an average annual rainfall increase of 10%–20%, and the RCP8.5 scenario, which anticipates an average annual rainfall increase of up to 40%. These scenarios correspond to the near future and far future periods, as designated by MONRE (2016).
TABLE 3 | Description of RCMs, as the inputs of the Vietnam Climate Change Scenario dataset.
[image: Table 3]3 RESULTS
3.1 Model calibration and validation
Figure 3 and Table 4 present the parameter ranking, method, description, range, and fitted value for parameter sensitivity analysis using SWAT model.
[image: Figure 3]FIGURE 3 | Sensitivity analysis using t-Stat and p-value for chosen SWAT-CUP parameters with their ranking. Parameters with a p-value ≤0.05 and a high t-Stat value—when |t-Stat| ≥ 1.96 were considered sensitive (Mosavi et al., 2021). This threshold indicates that, with 95% confidence, the variables have a significant effect.
TABLE 4 | Summary of SWAT and reservoir parameters with their sensitivity ranked based on t-Stat values, as described in Mosavi et al. (2021).
[image: Table 4]The SCS runoff curve number (CN2) was found as the most sensitive parameter, followed by the base flow alpha factor for bank storage (ALPHA_BNK), the effective hydraulic conductivity in the main channel alluvium (CH_K2), Manning’s “n” value for overland flow (OV_N), the plant uptake compensation factor (EPCO), the calibration coefficient used to control the impact of the storage time constant from low flow (MSK_CO2), and the deep aquifer percolation fraction (RCHRG_DP) (Figure 3). These results indicate that SRB is significantly sensitive to surface runoff parameters (defined by CN2, CH_K2, and OV_N) and EPCO. This sensitivity can be attributed to the region’s dense vegetation cover. The findings are consistent with observations from previous studies by Bajracharya et al. (2018), Bhatta et al. (2019), and Li and Fang (2021). However, groundwater-related parameters, e.g., RCHRG_DP and GW_DELAY, were found to be non-sensitive in our study. This insensitivity may be due to extensive groundwater extraction for agricultural activities, which diminishes the interaction between surface and subsurface waters.
To achieve optimal calibration, we performed the model calibration and validation at multiple objective stations, including Krongbuk, Giang Son, and Duc Xuyen (Figure 1B). Figure 4 compares observed and simulated daily streamflow at A) Krongbuk B) Giang Son C) Duc Xuyen D) Cau 14, and E) Ban Don stations. A detailed summary of the model’s performance metrics is presented in Figure 5. We performed these different scenarios using the same model setup and set of calibrating parameters (Table 4). The Krongbuk station, chosen as the objective station for model calibration and validation, showed a good performance, particularly during the validation phase of the second period following the operation of five reservoirs (after 2009) (Ty et al., 2011) (Figure 4A). Our findings thus address a gap in previous analyses, highlighting the capability of the Krongbuk station for model calibration purposes.
[image: Figure 4]FIGURE 4 | Comparisons between observed and simulated streamflow (daily scale) using the objective station–Krongbuk, for calibration period (1992–2002), first validation (without dam) (2003–2008), and second validation (with dam) (2009–2018). The results were shown at (A) Krongbuk (B) Giang Son (C) Duc Xuyen (D) Cau 14, and (E) Ban Don.
[image: Figure 5]FIGURE 5 | Summary of the model’s calibration and validation (1992–2018) performed at different objective stations (Duc Xuyen, Krongbuk, and Giang Son).
Model calibration for the Duc Xuyen region (2009–2018), revealed low values of NSE and KGE (Figure 4C). This could be explained due to a range of local factors, including variations in terrain profile, agricultural practices, and water resource management policies. Specifically, the intensive use of both surface water and groundwater for agricultural purposes in the Duc Xuyen area, as opposed to practices in the Krongbuk region, may have contributed to these results, and aligned with findings from Arias et al. (2014b), Huyen et al. (2017), and Ty et al. (2011, 2012).
Figure 5 shows the calibration and validation scenarios conducted at the Duc Xuyen, Krongbuk, and Giang Son stations. While the scenario performed at Krongbuk provided the most accurate fit for the SRB (Table 2), Giang Son station’s performance was slightly less accurate, whereas the Duc Xuyen station had the least precise results. In particular, the Duc Xuyen station showed a range of KGE values from 0.45 to 0.80 across the stations of Ban Don, Cau 14, Duc Xuyen, Giang Son, and Krongbuk (Figure 5A). The least favorable outcomes were observed at the Giang Son station (NSE of 0.21 and RMSE of 96.15 m³/s), and at the Krongbuk station (NSE of 0.05 and RMSE of 12.84 m³/s). In addition, the calibration and validation processes at the Krongbuk station indicated improvements, particularly with respect to flood peak predictions and total streamflow volume assessment (Figure 5). The model achieved satisfactory scores here, enhancing its dependability for assessing the effects of RCPs, especially regarding the cumulative impacts from the regional reservoirs.
3.2 Quantify the flow contribution of the sub-basins
The streamflow contributions from the Giang Son and Duc Xuyen regions to the SRB outlet are quantitatively shown in Figure 6. To be specific, the Duc Xuyen region adds an extra 21.1% to the SRB’s total runoff compared to the Giang Son region.
[image: Figure 6]FIGURE 6 | Streamflow contributions from different regions to the SRB outlet, categorized as (A) annual (B) monthly (C) before and after reservoirs operated (D) seasons, and (E) among different periods.
The Giang Son region contributes between 32.9% and 39.8% of the total runoff volume at the SRB outlet (Figure 6B). During the wet season, the region is responsible for 30.2% of the total streamflow, which is less than the 43.1% provided by the Duc Xuyen region, underscoring the latter’s significant influence during this period (Figure 6C). The scenario changes in the dry season, where the contribution dynamics between the two regions reverse. Figure 6D shows that the Giang Son region’s share of the total streamflow increases to 39.2%, exceeding the 32.2% from the Duc Xuyen region. This indicates the variable influence of these regions on the SRB’s hydrology across different seasons.
Figure 6C shows a notable difference in the annual streamflow patterns corresponding to the period before (pre-2009; baseline scenario without dam) and after (post-2009) the commencement of dam operations. This provides insights into the changing hydrological response that could be explained due to anthropogenic intervention (Ty et al., 2012). These observations underscore the transformative impact of reservoirs on streamflow patterns, with implications for water resource management, flood control, and ecosystem services in the SRB. Besides, the streamflow patterns in the pre-2009 period are characterized by relative stability. However, during the post-2009, when the reservoirs became operational, the runoff demonstrates marked variability, indicating the direct influence of reservoir management on the hydrology of the region. In addition, SRB experienced a noticeable 25% reduction in total runoff in the Ban Don, Cau 14, and Duc Xuyen regions (Figure 6) between 2009 and 2018. This decline is attributed to the active period of dam operation and highlights the substantial role that these structures play in modifying natural streamflow regimes.
3.3 Reservoirs’ impacts on streamflow
We conducted a comprehensive assessment to evaluate the influence of individual reservoirs on the cumulative runoff at the SRB outlet (Buon Tua Srah, Buon Kuop, Srepok 3, and Srepok 4) (Figure 1B). For this, we compared the flood peak, annual, and seasonal runoff at the SRB outlet under these experimental scenarios against a baseline scenario in which all reservoirs would be inactive (see section 2.3.2) (Figure 7).
[image: Figure 7]FIGURE 7 | Discharge in (A) annual (B) flood peak (C) monthly, and (D) seasonal (wet, dry). Each scenario is performed with the reservoir’s name, shown in the legend, corresponding to when it is activated.
Table 5 presents the impacts of each reservoir on the runoff of the SRB, showing an increasing influence from the downstream to the upstream regions. Notably, the capacity for flood reduction correlates directly with the active storage capacity of the reservoirs. In particular, Srepok 4 demonstrates the most effective capability for mitigating flood peaks in the downstream floodplain, followed by Srepok 3 and Buon Kuop, while Buon Tua Srah exhibits the least effectiveness (Figure 7B). The least performance of Buon Tua Srah can be attributed to its location; despite having a good design capacity, it is situated in the highland and upper region of the SRB (Figure 1B). Furthermore, our results also show that the increased volume of water released during the dry season contributes to a rise in the total runoff of the SRB when compared to the baseline scenario.
TABLE 5 | The reservoir’s impact on streamflow at Duc Xuyen, Cau 14, and Ban Don stations, compared to the baseline (all reservoirs inactive) (2009–2018) on seasonal and annual scales.
[image: Table 5]Regarding the average annual runoff at the outlet of the SRB (2009–2018), the activation of each individual reservoir corresponds to a respective decrease in annual runoff: 0.26% for Buon Tua Srah, 0.13% for Buon Kuop, 0.24% for Srepok 3, and 0.08% for Srepok 4, when compared to the scenario where all these reservoirs are deactivated. Despite the overall reduction in runoff following reservoir activation, the Buon Tua Srah reservoir exhibits the most significant decrease in total runoff at the outlet of the SRB. While Buon Tua Srah is located upstream, allowing it to capture more discharge from the upper regions of the SRB, Srepok 3 is situated further downstream but possesses the highest design capacity, which allows it to store and subsequently release a substantial volume of water downstream. Further analysis revealed that the impacts of the reservoirs (Buon Kuop, Srepok 3 and 4) are particularly noticeable during the dry and wet seasons, as can be attributed to their locations in the mainstream of the Srepok River (Figure 1B; Figure 7; Table 5). Moreover, we found that reservoirs operated on an annual regulation (Buon Tua Srah, Buon Kuop, and Srepok 3) have a more pronounced and enduring impact on runoff patterns compared to those managed on a daily regulation (Srepok 4) (Table 5), and this finding therefore could be used to better regulate the runoff before and after flood and drought events.
3.4 Future predictions of climate and water changes
3.4.1 Precipitation
Figure 8 shows the rainfall variations throughout the baseline period (1992–2018) and under two future scenarios, RCP 4.5 and 8.5. The peak rainfall occurs from July to October, with September experiencing the highest volume. During the wet season (June to November) (Nguyen and Nguyen, 2004), 63% of the annual rainfall is recorded, whereas the dry season sees a significant drop, contributing only 58% (243.45 mm) of the total accumulative volume (Figure 8A). Between 2046 and 2065, a slight increase in rainfall is projected, accounting for 3.39 mm (RCP 4.5) and 3.88 mm (RCP 8.5), compared to the baseline period (Figure 8A). In general, an upward trend rise in the annual rainfall (2080–2099) with approximately of 6.2%–7.1% increase for the 2046–2065 period and 7.7%–11.5% increase for the 2080–2099 period in rainfall compared to the historical record. We also found that these scenarios suggest average monthly rainfall increases of at least 4.21 mm–6.28 mm with the most significance expected during August and September (Figures 8B, C).
[image: Figure 8]FIGURE 8 | Baseline scenario for (A) Precipitation (D) Tmax (G) Tmin, and changes in monthly precipitation for (B) RCP4.5 (C) RCP8.5, monthly maximum temperature for (E) RCP4.5 (F) RCP8.5, and monthly minimum temperature for (H) RCP4.5, and (I) RCP8.5 in the 2046–2065 and 2080–2099 compared to the baseline (1992–2018). Dash line represents the mean value.
3.4.2 Temperature
Figure 8 and Figure 9 show projected increases in maximum (Tmax), minimum (Tmin), and average (Tmean) temperatures under future RCPs. The baseline data reveals the warmest months to be between March and May, with temperatures decreasing during the wet season and reaching their lowest in October (Figure 9D; Figure 9E; Figure 9F). Under the future scenarios RCP 4.5 and RCP 8.5, modest temperature rises of 1.4 °C and 1.8 °C are expected, respectively, with RCP 8.5 presenting a more pronounced increase (Figure 9E, Figure 9F, Figure 9H, and Figure 9I). The trends suggest that seasonal and annual average temperatures will continue to increase, with the period from 2080 to 2099 under RCP 8.5 anticipating the highest temperature increase.
[image: Figure 9]FIGURE 9 | Mean changes in the dry season for (A) Precipitation (D) Tmax, and (G) Tmin, the wet season for (B) Precipitation (E) Tmax, and (H) Tmin, and the annual for (C) Precipitation (F) Tmax, and (I) Tmin in (F) 2046–2065 and (G) 2080–2099 compared to the baseline (1992–2018). Dash line represents the mean value.
3.4.3 Climate change impacts on streamflow
The two RCPs predict an increase in streamflow across monthly, annual, and seasonal scales. For the period between 2046 and 2065, an increase in annual streamflow is anticipated, with a range of 9.14% for RCP 4.5%–9.8% for RCP 8.5 (Figure 10). A more significant jump of 2.1%–3.2% above these levels is projected for the later period of 2080–2099. The largest streamflow increases are expected from May to September compared to the baseline scenario, with the smallest rises occurring at the start of the year in January and February. These range from an increase of 5.1% under RCP 4.5 (2046–2065) to 7.74% under RCP 8.5 (2080–2099) (Figures 10A, B). The projected average streamflow increase for 2046–2065 is approximately 29.77 m³/s, corresponding to an increase of about 10.7% for both RCP 4.5 and RCP 8.5 from the baseline scenario (Figure 10A). Between 2080 and 2099, the rise is found at 12.10% (35.78 m³/s) for RCP 4.5% and 15.97% (47.21 m³/s) for RCP 8.5 (Figure 10B).
[image: Figure 10]FIGURE 10 | Changes in streamflow for (A) monthly (2046–2065) (B) monthly (2080–2099) (C) annual (D) wet season (E) dry season, and hydrological components during (F) 2046–2065, and (G) 2080–2099.
Figures 10C–E show variations in annual and seasonal streamflow, highlighting the SRB’s sensitivity to seasonal shifts under different RCPs. The wet season exhibits the most notable increases in streamflow, with rises of 10.13% (RCP 4.5) and 10.92% (RCP 8.5) between 2046 and 2065. These increases are projected to grow to 12.36% and 16.8% for the respective RCPs (2080–2099) compared to the baseline scenario (Figure 10D). Conversely, the dry season’s streamflow increase is more modest, at 6.81% and 7.1% for RCP 4.5 and RCP 8.5, respectively (2046–2065), and 8.3% and 10.5% (2080–2099), respectively (Figure 10E). These changes are confirmed by the monthly streamflow trends (Figures 10A, B) and align with the anticipated alterations in wet season rainfall resulted from the influences of RCP scenarios. Furthermore, average annual streamflow is projected to peak (2080–2099) under the RCP 8.5 scenario (14.9%), with the least significant rises noted at 9.2% under RCP 4.5% and 9.8% under RCP 8.5 during the 2046–2065 period (Figure 10C).
Figures 10F, G present a statistical analysis of hydrological components impacted by the RCP scenarios. Key hydrological elements, e.g., potential evapotranspiration (PET), actual evapotranspiration (ET), and groundwater levels, are all projected to trend upwards, though the differences between the RCP scenarios are not pronounced. However, the RCP 8.5 is anticipated to drive more considerable increases or decreases in streamflow and related hydrological effects.
4 DISCUSSION
We noticed that the typical historical severe drought in the Giang Son region (2012–2013), which resulted in a large disparity between the Duc Xuyen and Giang Son regions, highlights the need for robust water conservation and allocation practices to support the agricultural sector, which is vulnerable to water scarcity during such events. Specifically, while streamflow in the Duc Xuyen region was more stable across drought periods, streamflow in the Giang Son region varied dramatically. This shows the Giang Son region’s vulnerability to drought and indicates the critical need to focus on water resource management strategies, especially considering the dependency of local agriculture on reliable water supplies.
Since their commissioning (post-2009), the downstream reservoirs—Srepok 4, Srepok 3, and Buon Kuop—have demonstrated a robust capability to mitigate flood peaks in the downstream floodplain. This aligns with the operational design outlined by the MRC (2017), which specifies that mainstream reservoirs are designed with more flood prevention functions compared to upstream reservoirs (e.g., Buon Tua Srah) that are mainly used for irrigation and electricity production. The substantial impact of the Srepok 3 reservoir, with a 0.24% decrease in total runoff at the SRB’s outlet, is primarily attributed to its high design capacity, which allows for the release of more water to the downstream region (Table 5). Conversely, the impact of the Buon Tua Srah reservoir (0.26% decrease in total runoff) is attributed to its location in the upstream region, which helps to collect more discharge in the upper part of the SRB.
An upward trend in future climate projections indicates an approximate increase of 6.2%–7.1% for the 2046–2065 period and 7.7%–11.5% for the 2080–2099 period in rainfall, leading to an increase in the average annual streamflow by around 9.2%–11.2% and 9.8%–14.9%, under the RCP 4.5 and 8.5, respectively (Figures 8A–C, Figures 9A–C, and Figures 10A–E). To answer whether climate change impacts or reservoir operations will significantly affect the SRB’s outlet, we found that it depends on several factors, which require further consideration. First, the regulations of the reservoirs presented in this study are set as constant due to the limitations of SWAT configurations for reservoir module, which can only accept a fixed setup for the entire simulation (Arnold J. et al., 2012). This thus does not reflect the actual operation of these reservoirs in reality, which vary according to different factors (e.g., agricultural activities, irrigation, groundwater extraction, local usage, etc.). Furthermore, when considering the impacts of climate change and the role of reservoirs, it is clear that while the current chosen reservoirs have decreased flood intensity, however, the regular operation of reservoirs does not fully reflect each reservoir’s maximum flood prevention capacity. Additionally, the limitations arising from the SWAT configuration for the reservoir module mean that the findings in this study should be taken as a reference for future works using more complex numerical models, e.g., the Variable Infiltration Capacity (VIC) model (Liang et al., 1994) with more detailed experiments performed.
The two greenhouse gas emission scenarios (RCP 4.5 and 8.5) predict an average increase in precipitation, with the most significant rise expected in August and September (Figures 8B, C). The SRB is projected to experience the largest increase in annual streamflow volumes during the 2080–2099 period under the RCP 8.5 scenario. The smallest increase is anticipated under the RCP 4.5 scenario between 2046 and 2065, with the greatest increase projected under RCP 8.5 from 2080 to 2099 (Figure 10C). A higher greenhouse gas emission trajectory correlates with greater increases in weather intensity and hydrological responses in terms of volume. However, we also noted that the CMIP5 models may not fully capture the actual climate characteristics due to the neglect of socioeconomic activities and environmental factors that could influence the reliability of the models’ outcomes (Bourdeau-Goulet and Hassanzadeh, 2021; Chen et al., 2021). Our suggestion is to use the latest version of the CMIP model (CMIP6) which could help to decrease the uncertainty resulted from these mentioned factors.
Furthermore, various hydrological components, e.g., potential evapotranspiration (PET), actual evapotranspiration (ET), and groundwater levels, are anticipated to follow an upward trajectory. While the differences between the RCP scenarios are not markedly significant, the more intense RCP 8.5 is expected to lead to more pronounced fluctuations in streamflow and hydrological outcomes (Figures 10F, G).
In summary, the insights resulted from this study serve as an important scientific basis for stakeholders and authorities involved in water resource management and climate adaptation strategies in SRB. Strategic planning can involve the construction of additional water storage facilities or the implementation of water-saving technologies in agricultural practices. The efficacy of downstream reservoirs, e.g., Srepok 4, Srepok 3, and Buon Kuop, in mitigating flood peaks presents a case for continuing and expanding such infrastructure, particularly in the context of future projected increases in terms of precipitation and temperature. These infrastructures are not only critical for flood control and prevention but also for maintaining steady water supplies during dry periods. The clear advantage of downstream reservoirs in flood mitigation due to their design and capacity should guide future reservoir projects to maximize flood control benefits. The change in projected future precipitation and temperatures highlights the urgent need for updating regional flood risk maps, enhancing early warning systems, and preparing for more extreme weather events. Conversely, the increase in evapotranspiration and the fluctuations in groundwater levels will demand more complex agricultural and urban planning to ensure water sustainability.
Our findings suggest that proactive measures, informed by the predicted hydrological changes under various climate scenarios, are crucial for ensuring the resilience of the SRB and the communities that depend on its resources. Authorities are advised to integrate these findings into long-term planning and operational decision-making to mitigate the adverse impacts of climate variability and secure water for all uses.
5 CONCLUSION
In this study, we examined both the individual and combined effects of future climate change and reservoir operations on the SRB, with a focus on flood peaks and variations in seasonal and annual runoff for the near (2045–2065) and far future (2080–2099) periods. Additionally, we introduced a novel calibration approach that includes the Krongbuk region, which had been overlooked in previous research. Our key findings include:
(1) The wet season accounts for 63% of the annual precipitation, while the dry season receives 58% less precipitation. Future projections suggest an average annual increase in precipitation of about 6.2%–7.1% in the near future and up to 11.5% in the far future. Meanwhile, a maximum temperature increase of 1.8 °C is expected under the highest emission scenario compared to the historical period.
(2) Future average monthly streamflow is projected to increase by at least 10.7% (2046–2065) and could reach a maximum increase of 15.97% under the highest greenhouse gas emissions scenario (2080–2099). Variability in annual and seasonal streamflow has been indicated, highlighting the SRB’s high sensitivity to seasonal shifts under varying future climate conditions. The average annual streamflow is projected to increase by 9.2% in the near future under the RCP 4.5 scenario, with an additional increase of 0.6% expected in the far future. Under the RCP 8.5 scenario, the near future could see an increase of 11.2%, with the far future anticipating a rise of 14.2%. Key hydrological components, including potential evapotranspiration, actual evapotranspiration, and groundwater levels, are also expected to rise.
(3) Climate change is predicted to have a more substantial impact on downstream streamflow than dam operations, potentially leading to significant changes in flow regimes, especially in the downstream region of the SRB. Srepok 4, Srepok 3, and Buon Kuop have demonstrated superior capabilities for mitigating flood peaks in the downstream floodplain, whereas Buon Tua Srah has shown the least effectiveness. Regarding seasonal discharge, Buon Kuop, Srepok 3, and 4 significantly influence the flow, while reservoirs operated on an annual regulation (including Buon Tua Srah, Buon Kuop, and Srepok 3) have a more pronounced and sustained impact on runoff patterns compared to those managed on a daily regulation, such as Srepok 4.
Overall, although reservoirs play a role in mitigating the impacts of climate change within the study period, the influence of climate change is expected to significantly intensify extreme hydrological events, e.g., floods and droughts, especially in critical transboundary river basins such as the SRB. These findings are crucial for implementing effective water resource management strategies in the SRB and similar basins within the MRB, as well as for increasing local awareness of water resource utilization in agriculture.
6 LIMITATIONS OF THE STUDY
We recognize that this study had certain limitations, primarily due to the unavailability of daily scale dam operation data as well as the poor performance of the SWAT reservoir module that can be used only with constant setup for long-term simulation. This resulted in uncertainties related to the dam’s operation during the SRB study periods and during extreme events. Besides, we did not consider the effects of deforestation caused by constructing these reservoirs that could affect the flow regimes. In addition, the climate change scenarios should be updated to CMIP6, which contains socioeconomic and human impacts. Besides, previous studies in this region have compared satellite-based precipitation with in-situ rain-gauge observations (Mohammed et al., 2018a; 2018b; Le et al., 2020); downscaled soil moisture (Dandridge et al., 2020); estimation of flooding using satellite data sets (Fayne et al., 2017) and droughts (Lakshmi et al., 2023); combination with socio-economic data (Tiwari et al., 2023); and land-use land cover (Spruce et al., 2020; Nguyen et al., 2022). Thus, it is necessary to implement these data sets to provide more precise results. Such improvements would improve the understanding of city and country officials concerning water resource management and hazard mitigation in the SRB and MRB.
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