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Abstract

:

This study assesses future climate change impacts on the hydrologic response of the Upper Meghna River Basin (UMRB), a major river system in Bangladesh. Separate SWAT (Soil and Water Assessment Tool) hydrologic models were developed for the three major sub-basins of the UMRB, i.e., Barak, Meghalaya, and Tripura, considering their unique geographical, hydrological, and land-use characteristics. To evaluate the efficiency of multi-site modeling in providing better model performance, the SWAT models were calibrated at both single and multiple locations. Those models were then simulated to estimate future flows using climate projection data from thirteen CMIP6 General Circulation Models (GCMs) under moderate and extreme emission scenarios, SSP2-4.5, and SSP5-8.5. The results revealed that the annual maximum flow will keep increasing gradually with time. The outlets of the Meghalaya sub-basin will experience a more significant rise in future flow in the upcoming decades compared to the Barak and Tripura sub-basins. Results showed that dry season flows with increases of up to 31–50% would be less affected compared to the wet periods, which could experience increases of up to 47–66%) across the sub-basins by the end of the 21st century under extreme emission projections. Besides an increasing trend in the mean flow, future flows at several outlets also exhibited an escalation in the intensity and frequency of extreme flood events.
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1. Introduction


The increase in greenhouse gases, primarily caused by human activities, is the main driver of global climate change [1]. Multiple distinct changes are occurring in various regions because of climate change; these alterations will possibly accelerate as the earth continues to warm. The water cycle is being accelerated by climate change and causing shifts in rainfall patterns. Consequently, many areas will experience more severe drought while many will contend with heavier rainfall and subsequent flooding in the future [2]. Bangladesh, situated at the convergence of the Ganges, Brahmaputra, and Meghna River systems, is extremely susceptible to climate change [3,4]. A significant portion of the greater Ganges–Brahmaputra–Meghna (GBM) basin is taken up by the Meghna River basin, with 43% of its total area situated in Bangladesh [5]. Encompassing an 82,000 km2 region, the Meghna basin stands as one of the wettest regions globally, boasting an average yearly precipitation reaching up to 5800 mm [3]. Abundant precipitation, a complex river network, surrounding mountainous topography, and numerous large, deep depressions (locally known as ‘Haor’) are the major reasons that the flooding is frequent and lasts for an unusually long time in the Meghna basin. Anticipated changes in climate will lead to more frequent extreme rainfall events affecting the overall hydrology of the Meghna basin, which could be more severe than those affecting the two large adjacent basins [3,6]. A climate change-induced increase in the regional mean temperature of the Meghna basin is likely to alter its hydrological cycle [7,8] and affect the quantity of mean flow as well as extreme flow [9]. Predicting future extreme discharges is more critical than mean discharges, as changes in future hydrological extremes are anticipated to be higher than future hydrological mean discharges [10,11].



Previously, several studies have investigated how the flow at the basin outlets of the GBM basins would be affected due to climate change utilizing a variety of modeling approaches, like empirical/regression-based models [4,12,13,14] or hydrological models [15,16,17,18,19,20,21,22]. Nevertheless, very few research works have been carried out in the UMRB solely using hydrological models, i.e., SWAT, HEC-HMS, GBHM, H08, etc. [18,20,21,23,24,25,26,27]. In almost all of these studies [18,20,21,23,24,25,26,27], they considered the climate, geography, and hydrology of the entire basin as being uniform. The Meghna basin consists of three major sub-basins—Meghalaya, Barak, and Tripura, each with unique characteristics. Hence, assuming the whole Meghna basin as a homogeneous region may not be appropriate to assess how hydrology will be affected due to climate change. It is unlikely to attain good performance at all locations within a large basin using a global or regional-scale model [28] as the spatially distributed approach would increase the capability for dealing with internal hydrologic dynamics [29]. Eventually, global-scale or regional-scale hydrological models may provide similar results but with higher uncertainties compared to catchment-scale models [30,31]. Moreover, almost all the past studies [18,20,21,23,24,25,26] calibrated hydrological models at a single location (outlet) within a watershed. However, results from recent studies [27,32] suggested calibrating the complex hydrological models at multiple sites for better model performance as it better captures the spatial variability within the river basins. Based on these findings, the current study considered developing sub-basin scale hydrologic models (instead of a basin-scale model) for the major three sub-basins and evaluated the efficiency of the multi-site calibration approach for the UMRB. However, the major focus of this study was to investigate the climate change impacts on hydrological processes within the Meghna basin. In this study, the future flow projections were simulated under the latest Coupled Model Intercomparison Project Phase 6 (CMIP6)-based climate scenarios, known as Shared Socioeconomic Pathways (SSPs), whereas previous studies [18,20,21,23,24,25,26,27,33,34,35] evaluated climate change impacts on the streamflow using General Circulation Models (GCMs) and Regional Climate Models (RCMs) from CMIP3 and CMIP5.



In summary, this study first assessed the potential of sub-basin-scale hydrologic models developed for the major three sub-basins in the UMRB. Secondly, we compared the performance of two calibration strategies: calibrating at a single site versus calibrating at multiple sites. Finally, changes in future extreme flows were estimated using the best-suited models under SSP2-4.5 and SSP5-8.5 scenarios to assess the impacts of climate change. The findings will enhance the knowledge base of climate change impacts on Bangladesh, which is one of the countries most affected by climate change.




2. Materials and Methods


2.1. Study Area


The Meghna River basin encompasses a total area of 82,000 km2, with 47,000 km2 located in India and 35,000 km2 located in Bangladesh [36]. The overall river system in this basin can be separated into three main categories: (a) Rivers originating from the Meghalaya Plateau flowing southwards; (b) Rivers originating from the hills of Manipur, Mizoram, Nagaland; and (c) Rivers of the Tripura hills [37]. In general, the Upper Meghna River Basin (UMRB), with its major portion outside of Bangladesh, consists of three major sub-basins: the Meghalaya, the Tripura, and the Barak (Figure 1, Table A1).



The UMRB mainly consists of mountainous regions with a considerable amount of flat land [38]. The major portion of the Meghna Basin is occupied by forests located at the higher elevations of the northern and eastern states of India. The remaining portion of this basin that lies within Bangladesh is mostly used for agriculture [39]. The region experiences a humid subtropical climate marked by significant seasonal variations [40]. The dominant seasons in this region are Pre-monsoon (March-May), Monsoon (June–September), Post-monsoon (October–November), and Winter (December–February) [41]. The yearly rainfall fluctuates across the watershed, varying from 2200 mm in the western boundary to 5800 mm in the northeastern region, with an average of approximately 3212 mm. Two of the wettest locations in the world—Mawsynram and Cherrapunji—are in the Meghalaya sub-basin of the UMRB and receive an average of 11,871 and 11,777 mm of precipitation per year, respectively [42].




2.2. Data


2.2.1. Elevation, Soil and Land Use Data


A range of spatially distributed datasets, i.e., the Digital Elevation Model (DEM), Land Use Land Cover (LULC), and soil data, were collected and then preprocessed before setting up the SWAT models. The DEM (1 arc second or 30 m resolution) was acquired from the United States Geological Survey (USGS) database, sourced from the Shuttle Radar Topography Mission (SRTM). To define the soil properties, the Digital Soil Map of the World (DSMW) was obtained from the Food and Agriculture Organization (FAO) with a resolution of 5 arc minutes. The land covers across the entire watershed were delineated using the GlobCover Land Cover Map (300 m resolution), a product of the European Space Agency (ESA).




2.2.2. Climate Data and Hydrological Data


Observed weather data (precipitation, maximum and minimum temperature) for the UMRB were obtained from the WFDE5 dataset, and the remaining weather data (solar radiation, relative humidity, and wind speed) were collected from the India Meteorological Department (IMD) dataset (shown in Figure A1). The WFDE5 dataset is based on ERA5 reanalysis, where the WATCH (WATer and global CHange) Forcing Data methodology was applied to ERA5 reanalysis data [43]. This dataset has a resolution of 0.5° with daily temporal resolution. This study used the WFDE5 dataset from 1996 to 2018. For assessing the impact of climate change on the streamflow, 13 GCMs from the CMIP6 dataset were considered in this study [44]. This study utilized bias-corrected daily climate data (precipitation, maximum temperature, and minimum temperature) all at a resolution of 0.25° (shown in Figure A2), collected from a previous research work [45].



Observed discharge data at multiple outlets were acquired from the Bangladesh Water Development Board (BWDB) for the time period of 1996–2018. The considered locations were Sheola (SW 173) in the Barak sub-basin, Islampur (SW 332), and Muslimpur (SW 333) in the Meghalaya sub-basin and Shaistaganj (SW 158.1), Monu Railway Bridge (SW 201), and Kamalganj (SW 67) in the Tripura sub-basin. To address the missing values in observed discharge data, rating curves were derived using daily water levels to estimate daily discharge at the outlet locations.





2.3. Methodology: The SWAT Model


This study involves SWAT hydrological modeling that mainly comprises three components, i.e., model development, model performance analysis, and future flow estimation. Three individual SWAT models were developed for the Barak, Tripura, and Meghalaya sub-basins using spatial watershed properties such as DEM, LULC data, soil information, and meteorological forcings, i.e., precipitation, maximum temperature, and minimum temperature, etc. The ‘sub-basin scale’ models were then calibrated (1996–2010) and validated (2011–2018) using the observed discharge from BWDB. The calibration and validation periods (1996–2018) were chosen depending on the reliable observed data availability, with fewer missing values at the selected stations. To evaluate the efficiency of the multi-site calibration approach, the Tripura and Meghalaya sub-basins were calibrated at multiple and single outlet points. Afterward, a comparison between these two calibration techniques was performed using different statistical parameters. After calibration–validation, the GCM data were used to simulate daily discharge for the baseline period and future period using the historical hindcast (1985–2014) and future forecast (2026 to 2100), respectively. The period spanning from 1985 to 2014 was selected as the baseline period to keep similarity with the GCM data source of this study. Later, the multi-model ensemble (average of the output flows from 13 GCMs of each timeline and emission scenario) was computed for both periods, and the future ensemble means were compared to that of the baseline period (1985–2014) to assess the climate change impacts on streamflow. A brief framework of this study is exhibited in Figure 2.



2.3.1. Model Background


In the 1970s, the United States Department of Agriculture (USDA)’s Agricultural Research Service (ARS) initiated the development of the SWAT model to calculate the flow of water, sediments, and nutrients from smaller sub-basins to the main basin’s outlet [46]. SWAT, a semi-distributed basin scale model, can simulate most of the components that exist in the hydrologic cycle, i.e., evapotranspiration, infiltration, surface runoff, channel routing, etc., quantifying the impact of elevation pattern, soil class, land use management practices, and agricultural practices in watersheds [46]. The SWAT-CUP package is basically utilized for calibrating and validating a developed SWAT model and for simultaneously performing sensitivity analysis and uncertainty analysis. SWAT-CUP packages mainly follow a ‘stochastic’ approach, rather than a ‘deterministic’ approach, to identify the error and uncertainty in the model for eventually finding out the optimum parameter ranges [47].




2.3.2. Model Setup


Multiple steps were followed to develop individual SWAT models for the UMRB. After collecting all the required data, the model was set up by conducting the following steps: delineating watersheds, defining the hydrologic response units (HRU), processing weather data, and selecting the respective methods to estimate different hydrologic components [48]. The SWAT-CUP program was later used for model calibration, sensitivity analysis, and model performance evaluation [47]. Finally, the developed SWAT model was simulated with future climate data to generate future flow at basin outlets.




2.3.3. Calibration Strategies


As previously mentioned, it is possible to disintegrate the UMRB into three major sub-basins: the Tripura sub-basin, the Barak sub-basin, and the Meghalaya sub-basin; therefore, separate SWAT models were developed for each basin. The goal was to assess whether the ‘sub-basin scale’ model provides any advantage over the ‘regional scale’ model. Another goal of this study was to evaluate whether the multi-site calibration approach can improve the model performance since it is expected that models capture the spatial variability more efficiently in the case of multi-site calibration for larger river basins. In this study, single- and multi-site calibration strategies were tested, as shown in Table 1. The calibration locations of Barak-01, Tripura-01, and Meghalaya-01 models were at Sheola (SW 173), Kamalganj (SW 67), and Muslimpur (SW 333), respectively. Tripura-02 was calibrated at Monu Railway Bridge (SW 201) and Kamalganj (SW 67), while Tripura-03 was calibrated at Shaistaganj (SW 158.1) in addition to the locations used in Tripura-02. Meghalaya-02 was calibrated at Islampur (SW 332) and Muslimpur (SW 333). Calibration locations were selected based on data availability and quality across monitoring stations. Based on this criterion, only one discharge station (outlet) was found to be available for the Barak sub-basin and therefore a multi-site calibration strategy was not possible to test for this basin.




2.3.4. Model Performance and Sensitivity Analysis


To obtain more reliable and realistic outputs, this study calibrated the best-suited models against the daily discharge data (1996–2018) at the outlets of these sub-basins with the help of SWAT-CUP. For calibration, the time period was considered from 1996 to 2010 while the validation was performed for 2011 to 2018. The model parameters (as in Table A2) were optimized using SWAT-CUP to minimize the discrepancy between the model outputs and the observations. As objective functions, SWAT-CUP used several statistical parameters such as the coefficient of determination (R2), the Nash–Sutcliffe model efficiency coefficient (NSE), the RMSE-observations standard deviation ratio (RSR), etc. to represent the model performance. Finally, the models with the best statistical output were considered as the baseline model for each of the sub-basins, which were later used for future flow simulation.



SWAT-CUP is also capable of identifying the sensitive parameters associated with the SWAT models through either global sensitivity or one-at-a-time sensitivity analysis. This study used the Sequential Uncertainty Fitting (SUFI-2) algorithm within the SWAT-CUP for the sensitivity analysis. Initially, 15 parameters related to different hydrologic components (mentioned in Table A2) were considered in this process. Eventually, the most sensitive parameters were determined by checking the associated p-values (<0.05) and larger t-test scores (absolute values) of each of the parameters [47]. Moreover, the uncertainties of the parameters were quantified by two statistics: the P-factor and the R-factor, related to a 95% prediction uncertainty envelope. The P-factor represents the proportion of the observed data accounted for by this envelope, while the R-factor signifies the extent of this envelope. The larger the P-factor (>0.7 for flow), the higher the model prediction accuracy, while the smaller the R-factor (<1.2 for flow), the lower the model prediction uncertainty [47].




2.3.5. Future Flow Simulation


The calibrated SWAT models were used to simulate future discharge at six outlets of the three sub-basins in the UMRB. In this study, two future emission scenarios were considered for future climate conditions: SSP2-4.5 (moderate) and SSP5-8.5 (extreme). All the stations considered during the model calibration phase were selected to predict future flow and analyze the climate change impacts up to the year 2100. The baseline period for estimating flow was from 1985 to 2014, and the future timeline was from 2026 to 2100. The future timeline was further split into three slices: near future (2026–2050), mid-future (2051–2075), and far future (2076–2100), and the flow variations were assessed with respect to the baseline (1985–2014) under both SSP2-4.5 and SSP5-8.5 scenarios. Using the daily climate dataset from 13 CMIP6 models (Table 2) as SWAT inputs, the future flow projection was simulated. Here, further analysis was performed based on the ensemble mean (average of the output flows) obtained from the 13 CMIP6 GCMs.






3. Results


The primary goal of this research work was to measure the anticipated effects of climate change on water flow within the Upper Meghna River Basin (UMRB). To achieve this, three SWAT models were developed to accurately depict the hydrological processes within the basin. Later, future climate projections were used within the developed SWAT models to estimate the future flows in the UMRB.



3.1. Results from SWAT Model Calibration and Sensitivity Analysis


Different model scenarios, considered in this study during model development, were compared using several objective functions (R2, NSE, RSR) to select the best possible model to simulate the discharge of the corresponding sub-basin with better accuracy. In the Barak sub-basin, the developed SWAT model (Barak-01) was calibrated only at Sheola and exhibited good performance, during both the calibration and the validation period, in terms of the values of the objective functions (Table 3). Two calibration options were considered for the SWAT model developed for the Meghalaya sub-basin (Meghalaya-01, Meghalaya-02). Although both models provided similar results in terms of R2 and NSE, the Meghalaya-02 model was chosen for further analysis as it was superior to the Meghalaya-01 model in terms of the P-factor (>0.7) and the R-factor (<1.20). Among the three models considered for the Tripura sub-basin, the model that was calibrated only at Kamalganj performed best according to Table 3. Hence, the Tripura-01 model was selected for further analysis. Time-series plots of observed and simulated monthly flows at the outlets of the selected models (Barak-01, Meghalaya-02, and Tripura-01) are shown in Figure 3 along with the average monthly precipitation at the basin.



The sensitivity analysis, performed by SWAT-CUP, provided an insightful outcome. Different sets of parameters were found to be sensitive (p < 0.05, |t| > 2) for each of the selected models for the three sub-basins. Table A3 shows the list of sensitive parameters corresponding to each ‘sub-basin’ model along with their p-values, t-test scores, and fitted values. In the Barak-01 model, SCS runoff curve number (CN2), moist bulk density (SOL_BD), and baseflow alpha factor (ALPHA_BF) were the sensitive parameters, while the Tripura-01 model had only one sensitive parameter: SCS runoff curve number (CN2). The sensitive parameters of the Meghalaya-02 model were SCS runoff curve number (CN2), moist bulk density (SOL_BD), average slope steepness (HRU_SLP), saturated hydraulic conductivity (SOL_K), and effective hydraulic conductivity (CH_K2).




3.2. Climate Change Impact on Flow Availability


The selected SWAT models for the Meghalaya, Tripura, and Barak sub-basins were later utilized for simulating future flow using 13 CMIP6 GCMs considering 2 future emission scenarios: SSP2-4.5 and SSP5-8.5. After estimating the future flow at the six outlets up to the end of the 21st century, this study further analyzed how annual maximum flow, monthly mean flow, and design flow for a 100-year return period would be impacted due to climate change in the three future timelines.



3.2.1. Changes in Annual Maximum Flow


Throughout the baseline period (1985–2014), the Barak sub-basin experienced a flow of 2979.8 m3/s as the average of the annual maximum flow at Sheola. Under the SSP2-4.5 scenario, this flow increased to 3461.9 m3/s, whereas it reached 4003.9 m3/s under the SSP5-8.5 scenario during the far-future period (2076–2100). In the Tripura sub-basin, the average of the annual maximum flow during the baseline period ranged between 98.5 m3/s and 311.2 m3/s at different outlets. By the end of the 21st century, this range of average annual maximum flow increased up to 117.70 to 366.40 m3/s and 141.60 to 427.50 m3/s under SSP2-4.5 and SSP5-8.5, respectively. At the considered outlets of the Meghalaya sub-basin, the mean annual maximum flow was found to be 88.90–482.90 m3/s at different outlets during the baseline period. In the far-future period, 111.60–584.10 m3/s and 141.20–742.70 m3/s were the ranges of mean annual maximum flow at those major outlets in this sub-basin under the SSP2-4.5 and the SSP5-8.5 scenarios, respectively. Figure 4 shows how the annual maximum flow is expected to increase at the six outlets of these three sub-basins.



From the future flow estimation, it was revealed that the increase in the annual maximum flow would continue as the future timeline progressed, indicating that all three major sub-basins would experience more severe flows at their major outlets. The station located in the Barak sub-basin showed the least change in future annual maximum flow among all the stations considered in this study; it would experience up to 16% and 34% change in mean annual maximum flow by 2100 for SSP2-4.5 and SSP5-8.5 scenarios respectively. Moderate changes were observed at the selected stations located in the Tripura sub-basin, where mean annual maximum flow fluctuations ranged between 17 to 20% and 37 to 44% under SSP2-4.5 and SSP5-8.5 scenarios, respectively, in the far future. The Islampur station located in the Meghalaya sub-basin showed the highest number of variations in mean annual maximum flow across all three future timelines, except for the near future, under SSP2-4.5. The increase in average annual maximum flows at the two outlets of the Meghalaya basin varied between 21 to 25% and 55 to 59% for the far future under SSP2-4.5 and SSP5-8.5, respectively. Table 4 provides the details on the changes in the annual maximum flow for three future timelines based on the ensemble mean streamflow.



For a better understanding of how the distribution of flow changed at the major outlets, probability distribution functions (PDFs) were generated. Figure 5 shows how the distribution of annual maximum flow is expected to shift at the major outlets of these three sub-basins. The PDF curves representing the future flows are more ‘rightward shifted’ and in some cases more ‘spread out’, compared to the baseline PDF curves, indicating an increased mean in future flow distributions and an increased probability of extreme flow events.




3.2.2. Changes in Monthly Mean Flow


From the analysis, it was observed that monthly flow at all locations in the Meghalaya sub-basin tended to increase in all the months, while monthly flow at the stations in the Tripura and the Barak sub-basins tended to increase only in specific months, especially in the monsoon season. At the outlets of the Meghalaya sub-basin (Muslimpur, Islampur), May and June were the most affected months, with up to a 19% and 27% increase in terms of monthly flow under SSP2-4.5 and SSP5-8.5 scenarios, respectively, during the near-future timeline. Toward the end of the century, the most affected month was April, in the Meghalaya sub-basin, with up to a 106% and 103% increase under SSP2-4.5 and SSP5-8.5 scenarios, respectively. The Barak sub-basin experienced a moderately increased flow (about 20% under the SSP5-8.5 scenario) at Sheola during the near future, but by the end of the century, the most affected months were April (24% and 33% increase under SSP2-4.5 and SSP5-8.5 scenarios, respectively) and May (59% and 82% increase under SSP2-4.5 and SSP5-8.5 scenarios). At the three outlets in the Tripura sub-basin (Kamalganj, Shaistaganj, Monu Railway Bridge), the most affected month was May, as the monthly flow changed significantly during all three timelines. The mean flow of May increased by 2–46% and 17–83% in the near future; 27–44% and 71–86% in the mid-future; 43–61%, and 106–138% in the far future under SSP2-4.5 and SSP5-8.5 scenarios, respectively. Figure 6 and Figure 7 illustrate how the monthly mean flow is expected to increase at the major outlets of these three sub-basins under two climate scenarios.



Overall, it was observed that by the end of this century, April, May, and June would be the three months in which the flow would significantly increase at almost all selected outlets in the three sub-basins. Additionally, the findings underwent further analysis through the categorization of all months into two distinct periods: the wet season spanning from May to October, and the dry season spanning from November to April [33]. In seasonal analysis, a severe increase in flow patterns was observed during the wet months compared to dry months as the timeline approached the end of the century. Details of the analysis conducted on the changes in the future seasonal flow are provided in Table 5 and Table 6. During the wet period, the flow would experience an increase of 18–28% under the SSP2-4.5 scenario, while the increase in flow would be 47–66% for extreme cases (SSP5-8.5) across the three sub-basins. Consequently, heavy monsoon floods are expected in the future downstream of the catchment, where the flood prone Haor region lies.




3.2.3. Changes in Design Flow at Different Return Periods


To establish the relationship between the severity of extreme hydrological events, such as monsoon floods, and their frequency, probability distribution functions (PDFs) were applied to annual maximum river flow data at six outlets, both for historical and future timeframes. This investigation explored six probability distribution functions, i.e., 2-Parameter Log-Normal (LN2), 3-Parameter Log-Normal (LN3), Pearson Type III (P3), Log Pearson Type III (LP3), Gumbel Distribution (Gumbel), and the Generalized Extreme Value (GEV), for fitting river gauge data [49,50,51]. Statistical parameters, i.e., the Probability Plot Correlation Coefficient (PPCC), the Root-Mean-Square Deviation (RMSD), and the Chi-square test (χ2) were utilized to select the most appropriate distribution function for each station. These analyses were conducted to assess the goodness of fit of the distribution functions. Eventually, based on the best distribution for a station, design flows for a 100-year return period were computed considering three future time periods, and comparisons were made with respect to the baseline period (1985–2014).



According to the results, the changing nature of the design flows was always on the increasing side for all the stations under both SSP2-4.5 and SSP5-8.5 scenarios as time progressed. Although a moderate increase in 100-year flows was observed at almost all the stations under the SSP2-4.5 scenario, a significant increase was observed under the SSP5-8.5 scenario. Overall, the stations located in the Meghalaya sub-basins showed the largest percentage of change in design flows. By the end of the 21st century, the 100-year discharges would increase by 13–28% under the SSP2-4.5 scenario, while it would increase by almost 40–59% under the SSP5-8.5 scenario across all the outlets of these three sub-basins. Estimated changes in future design flow at these stations under both scenarios, with respect to the baseline period, are shown in Table 7. Under the SSP5-8.5 scenario, the extreme flow variations seemed to be increasing up to the mid-future, which later showed a slightly lower increasing trend in all the stations. However, the case was a little bit different for the SSP2-4.5 scenario. The changing rate (increasing) of 100-year flows at three stations slightly slowed down during the mid-future and then again started increasing significantly, while for the remaining stations, the rate slowed down as the timeline progressed near the end of the century.






4. Discussion


One of the major goals of this study was to develop individual ‘sub-basin scale’ SWAT models, as regional-scale models generally compromise the quality of local performance at the sub-basin scale and are therefore unable to exhibit good performance at all locations. Past studies [30,31] showed that catchment-based models performed better with low uncertainty compared to global or regional hydrologic models. In the current work, three separate models were developed for the major three sub-basins (Barak, Meghalaya, Tripura). The outcome of the sensitivity analysis, performed by SWAT-CUP, varied, and different sets of parameters were found to be sensitive for each of the SWAT models. This is probably because the three sub-basins were unique in terms of geographical (elevation, soil types, land use, slope) and meteorological (precipitation, temperature) aspects. This implies that splitting the whole Meghna basin into its major three sub-basins was a justified approach.



Another primary focus of the current work was to conduct a comparison between single-site and multi-site calibration approaches. While single-site calibration may not be appropriate for basins with complex and spatially varied characteristics [52], the multi-site calibration approach is expected to be able to deal with high spatial variability [53,54] and further improve hydrologic simulations. In this regard, the Meghalaya and the Tripura sub-basins were calibrated and validated at single or multiple stations. The multi-site calibration could not be applied to the Barak sub-basin mainly because of data scarcity (lack of long-term quality data at multiple locations). No definite conclusion could be drawn from the results of the Meghalaya and the Tripura sub-basins. For the Tripura basin, the single-site model (Tripura-01) performed well, while for the Meghalaya basin, the multi-site (Meghalaya-02) model performed well. A past study [27] also performed a multi-site calibration approach in this basin using a modified SWAT model for riparian wetlands (SWATrw). Although the SWATrw showed an overall good performance, they found unsatisfactory model performance (NSE < 0.5, RSR > 0.5, PBIAS > ±25%) as per the goodness of fit criteria [55] for Islampur, Kamalganj, and Shaistaganj, as observed in the current study. Several previous studies also experienced similar outcomes where the multi-site calibration approach was not found to be significantly better with respect to the single-site calibration approach [53,56,57]. However, multi-site calibration procedures were found to be more sensitive to errors compared to single-site calibration [53]. One of the probable reasons for the poor results could be the failure of the model to translate the rainfall into runoff [56]. Therefore, we feel that further investigation is required to assess whether multi-site calibration is better for hydrologic modeling.



The overall results obtained in this study suggest that future flow will be more extreme in terms of magnitude and frequency in the UMRB. Simulated future flows in the UMRB obtained in this current study based on CMIP6 projections were compared with several previous estimates based on CMIP5 projections [20,26,27,33,34,35]. This study projected that, with the progression toward the end of the 21st century, the characteristics of the average annual maximum flow alterations would always be on the increasing side (a maximum increase of 20–30% and 34–59%, respectively, for near- and far-future timelines) at different stations under SSP5-8.5 scenarios. The anticipated alterations in yearly peak flow closely align with the findings reported by Masood et al., 2015 [33] and Whitehead et al., 2018 [34]. In their study, Masood et al., 2015 [33] forecasted a rise of 19.1% and 39.7% in yearly water flow within the Meghna Basin for the near (2015–2039) and far future (2075–2099) when contrasted with the reference period (1979–2003). This projection was based on simulations using five CMIP5 GCMs under the extreme RCP8.5 scenario. Whitehead et al., 2018 [34] also simulated the future flows in the Meghna Basin and found an increase of 35.2% and 86.9%, respectively, in the 2050s (2041–2060) and 2090s (2079–2098) using three CMIP5 models under RCP8.5. The analysis of monthly mean flows in this current study reveals that the future flow will be increased significantly (maximum increment > 80%) in April, May, and June in the far future (2076–2100) at almost all the outlets. However, this is slightly inconsistent with the results of Narzis, 2020 [26], who simulated a SWAT model for the UMRB using four CORDEX Regional Climate Models, projecting a maximum increment of the monthly flow in June under RCP4.5 and in August under RCP8.5 for the 2080s (2070–2099). From the seasonal perspective, the present study indicates that the flow during the wet season will be more significantly impacted across all projected timelines compared to the flow during the dry season. This projection is similar to the results obtained by Masood et al., 2015 [33], where they found a 41.8% and 24.2% increase in the wet and dry months, respectively, under RCP8.5. Our result is also consistent with the findings of Rahman et al., 2019 [27] and Narzis, 2020 [26], who also reported a significant increase in future flows during wet monsoon months (June-September). Under the extreme climate condition (SSP5-8.5), the current study reported that 100-year flows would increase almost 23–37% during the near future (2026–2050) and 46–68% during the mid-future (2051–2075) in the three sub-basins of the UMRB. This aligns with the observations made by Mohammed et al., 2018 [20], who projected that the 100-year return flow in the Meghna Basin would increase by 38% and 81% at 2 °C and 4 °C warming levels, respectively. In most of the cases, the percent increase in future flows was somewhat different for CMIP5-based projections compared to CMIP6-based projections [34]. The probable reasons for the differences could be the use of different spatial datasets, observed climate data, and hydrological models used in these studies. Additionally, differences observed between CMIP5-based studies and the current study based on CMIP6 projections could be a result of the different methods undertaken for the bias-adjustment and downscaling of these CMIP models [34]. These climate-forcing models may introduce a significant amount of uncertainties during the assessment of climate change impacts [58,59].



Although this study provided some significant results regarding the future flow characteristics in the UMRB, it has some limitations. For instance, daily precipitation and temperature data from WFDE5, with a resolution of 0.5 degrees, were utilized during the model development phase, whereas other weather variables (solar radiation, wind, humidity) were extracted at a 1-degree resolution. Higher-resolution climate data at sub-daily frequency could simulate future flow and flood scenarios more accurately. There was also a lack of continuous long-term discharge data, which led to the usage of rating curves using corresponding water levels. Moreover, no definite conclusion regarding single-site and multi-site calibration strategies could be made from the outcomes for the Meghalaya and Tripura sub-basins. In this regard, further investigation is required by incorporating more stations for calibration and validation based on the data availability. In addition, flows for different timelines were simulated without considering any land-use change to avoid complexity. However, in reality, land-use and land-class management undergo continuous change. Hence, more realistic results could be obtained if we could consider changing land management practices and urban growth.




5. Conclusions


For better planning and decision-making, it is imperative to know about future flows under different climate change scenarios, as it would help us to become aware of and prepare adequately for any climatic hazards. This study is mainly designed to provide a near idea of the climate change impacts on the intensity and frequency of floods and water availability in the Meghna River basin.



Individual SWAT models were developed in this study for three major sub-basins; however, no definite conclusion could be drawn from the model performance of single-site and multi-site calibration strategies. It is anticipated that more studies are needed with different calibration approaches of hydrologic models to obtain a clear answer in this regard. The probability distributions of future flows are projected to shift rightwards, indicating more extreme high flows to be expected in this region. The monthly assessment of future flow also disclosed that flows in April, May, and June would be mostly affected due to climate change. Further results on future flow revealed that dry season flows would be less affected compared to wet periods across the sub-basins. In terms of spatial perspectives, it was found that the outlets of the Meghalaya sub-basin would experience the maximum amount of change in the upcoming decades (than the Barak and the Tripura sub-basins). Moreover, the 100-year flows were found to increase in the coming future for almost all the stations under both SSP2-4.5 and SSP5-8.5 scenarios. The overall results indicate a significant increase in flooding in terms of magnitude and frequency, and this may cause long-lasting impacts on the downstream Haor region. Therefore, water resource planners need to develop a comprehensive water resource management plan in this basin to cope with the floods and to save infrastructures.
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Table A1. Characteristics of the three sub-basins of the Upper Meghna River Basin.
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	Attributes
	Meghalaya
	Barak
	Tripura





	Area
	7642 km2
	28,074 km2
	10,895 km2



	Location
	Northeastern India
	Nagaland, Assam, Mizoram, Manipur
	Eastern India



	Precipitation
	2605–2878 mm

(2311 mm)
	1682–1817 mm

(1749 mm)
	2207–2415 mm

(2311 mm)



	Elevation Range
	7–1890 m
	11–1931 m
	3–472 m



	Slope Distribution
	majority > 35%
	majority > 35%
	majority 10–35%



	Dominant

Soil group
	Ao75-2b-3647, Ao78-3c-3649, Ao74-2b-3646
	Bh16-2-3c-4301, Bd61-2c-3665
	Bd61-2c-3665, Ge51-2a-3707



	Dominant

LULC
	Grass-ranges (~50%) along with Forests (25–40%)
	Grass-ranges (~50%) along with Forests (25–40%)
	Agricultural lands and Grass-ranges (42%, 31%)










 





Table A2. Calibration parameters used for the SWAT models.
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	Parameter Name *
	Description
	Initial Value Range **





	R_CN2.mgt
	SCS runoff curve number for antecedent moisture condition II
	−0.2 to 0.2



	V_ALPHA_BF.gw
	Base flow alpha-factor (1/days)
	0.0 to 1.0



	V_GW_DELAY.gw
	Groundwater delay (days)
	30.0 to 450.0



	V_GWQMN.gw
	Threshold depth of water in the shallow aquifer required for return flow to occur (mm water)
	0.0 to 2.0



	V_GW_REVAP.gw
	Groundwater ‘revap’ coefficient
	0.0 to 0.2



	R_SOL_AWC.sol
	Available water capacity of the soil layer (mm water/ mm soil)
	−0.2 to 0.4



	R_SOL_K.sol
	Saturated hydraulic conductivity (mm/hr)
	−0.8 to 0.8



	R_SOL_BD.sol
	Moist bulk density (gm/cm3)
	−0.5 to 0.6



	A_ESCO.hru
	Soil evaporation compensation factor
	0.0 to 0.2



	R_EPCO.hru
	Plant uptake compensation factor
	0.0 to 0.5



	R_HRU_SLP.hru
	Average slope steepness (m/m)
	0.0 to 0.2



	R_OV_N.hru
	Manning’s ‘n’ value for overland flow
	−0.2 to 0.0



	R_SLSUBBSN.hru
	Average slope length (m)
	0.0 to 0.2



	V_CH_N(2).rte
	Manning’s ‘n’ value for the main channel
	0.0 to 0.3



	V_CH_K(2).rte
	Effective hydraulic conductivity in main channel alluvium (mm/hr)
	0.0 to 130.0







Note(s): * V_: the existing parameters needs to be replaced by the given value, A_: the existing parameter is added with the given value and R_: the existing parameter value needs to be multiplied by (1 + the given value). ** Default values were set as the initial values of the considered parameters. 













 





Table A3. Summary of the sensitive parameters for selected model cases.
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Sub-basins and Model Name

	
Sensitive Parameter

	
p-Value

	
t-Test

	
Fitted Value






	
Barak-01

	
R_CN2.mgt

	
0.00003

	
−4.3927

	
−0.13811




	
R_SOL_BD

	
0.00057

	
−3.5796

	
−0.16450




	
V_ALPHA_BF.gw

	
0.03779

	
2.11042

	
0.42501




	
R_SOL_K.sol **

	
0.05329

	
−1.9602

	
0.66410




	
A_ESCO.hru **

	
0.06617

	
−1.8615

	
0.03704




	
Tripura-01

	
R_CN2.mgt

	
0.00011

	
−8.91387

	
−0.09568




	
A_ESCO.hru **

	
0.05257

	
−1.96624

	
−0.05913




	
R_HRU_SLP.hru **

	
0.06150

	
−1.82535

	
0.10764




	
Meghalaya-02

	
R_CN2.mgt

	
0.00008

	
−8.69546

	
−0.26041




	
R_SOL_BD.sol

	
0.00014

	
−3.99517

	
−0.63703




	
R_HRU_SLP.hru

	
0.00115

	
−3.36752

	
0.07218




	
R_SOL_K.sol

	
0.01231

	
−2.55825

	
−0.41086




	
V_CH_K(2).rte

	
0.01609

	
2.45633

	
81.8464




	
V_GW_DELAY.gw **

	
0.05746

	
−1.92624

	
65.4086








Note(s): ** Parameters were not sensitive in terms of p-value (>0.05) but the values were still adjusted within the model.
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Figure A1. Gridded climate data points (observed) in the Meghna River basin. 
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Figure A2. Locations of the CMIP6 climate data (projected) in the Meghna River basin. 
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Figure 1. Location of Barak, Tripura, and Meghalaya sub-basins within the UMRB. On the inset, the surrounding region of the UMRB has been shown where the red box represents the region of interest. 
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Figure 2. Flow diagram of the methodology. 
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Figure 3. Observed versus Simulated Flow at Sheola (a-2) in the Barak sub-basin, at Kamalganj (b-2) in the Tripura sub-basin, and at Islampur (c-2) and Muslimpur (c-3) in the Meghalaya sub-basin. Here, the upper panels (a-1,b-1,c-1) represent the basin averaged monthly precipitation. 
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Figure 4. Projected annual maximum flow at Sheola (a), Islampur (b), Muslimpur (c), Kamalganj (d), Shaistaganj (e), and Monu Railway Bridge (f) for different scenarios. Solid red and blue lines show the ensemble mean of 13 GCMs and the shaded red and blue region shows the 2.5th to 97.5th percentile range. 
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Figure 5. Probability density function of annual maximum flow at Sheola (a-1,a-2), Kamalganj (b-1,b-2), Shaistaganj (c-1,c-2), Monu Railway Bridge (d-1,d-2), Islampur (e-1,e-2), and Muslimpur (f-1,f-2) for different time periods. Here, the left panels represent SSP2-4.5 scenarios whereas the right panels represent SSP5-8.5 scenarios. 
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Figure 6. Changes in monthly mean flow at Sheola (a), Islampur (b), Muslimpur (c), Kamalganj (d), Shaistaganj (e), and Monu Railway Bridge (f) under SSP2-4.5. The points below and above the whiskers represent the outliers. 
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Figure 7. Changes in monthly mean flow at Sheola (a), Islampur (b), Muslimpur (c), Kamalganj (d), Shaistaganj (e), and Monu Railway Bridge (f) under SSP5-8.5. The points below and above the whiskers represent the outliers. 
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Table 1. Model development strategies for the individual SWAT models.






Table 1. Model development strategies for the individual SWAT models.





	
Basin

	
Sub-Basin

	
Calibration

	
Model/Case Name






	
Upper Meghna River Basin (UMRB)

	
Barak

	
at one location

	
Barak-01




	
Tripura

	
at one location

	
Tripura-01




	
at two locations

	
Tripura-02




	
at three locations

	
Tripura-03




	
Meghalaya

	
at one location

	
Meghalaya-01




	
at two locations

	
Meghalaya-02











 





Table 2. Descriptions of 13 GCMs considered in this study.
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Model Name

	
Original Resolution

(Degree)

	
Downscaled Resolution (Degree)

	
Scenarios (SSP)

	
Country

	
Institute






	
ACCESS-CM2

	
1.25 × 1.875

	
0.25 × 0.25

	
SSP2-4.5

SSP5-8.5

	
Australia

	
Centre of Excellence for Climate System Science




	
ACCESS-ESM1-5

	
1.25 × 1.875




	
BCC-CSM2-MR

	
1.1215 × 1.125

	
China

	
Beijing Climate Centre




	
CanESM5

	
2.7906 × 2.8125

	
Canada

	
Canadian Centre for Climate Modeling and Analysis




	
EC-Earth3

	
0.7018 × 0.703125

	
EU

	
EC-Earth Consortium




	
EC-Earth3-Veg

	
0.7018 × 0.703125




	
INM-CM4-8

	
1.5 × 2

	
Russia

	
Institute for Numerical Mathematics




	
INM-CM5-0

	
1.5 × 2




	
MPI-ESM1-2-HR

	
0.9351 × 0.9375

	
Germany

	
Max Planck Institute for Meteorology (MPI-M)




	
MPI-ESM1-2-LR

	
1.8653 × 1.875




	
MRI-ESM2-0

	
1.1215 × 1.125

	
Japan

	
Meteorological Research Institute




	
NorESM2-LM

	
1.8947 × 2.5

	
Norway

	
The Norwegian Earth System Model




	
NorESM2- MM

	
0.9424 × 1.25











 





Table 3. Performance of different models considering single-site or multisite calibration.
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Sub-Basins and Model Name

	
Calibration Location

	
Calibration (1996–2010)

	
Validation (2011–2018)




	
R2

	
NSE

	
RSR

	
R2

	
NSE

	
RSR






	
Barak-01

	
Sheola

	
0.82

	
0.63

	
0.61

	
0.82

	
0.60

	
0.62




	
Tripura-01

	
Kamalganj

	
0.76

	
0.72

	
0.62

	
0.91

	
0.86

	
0.38




	
Tripura-02

	
Kamalganj

	
0.54

	
0.42

	
0.76

	
0.45

	
0.22

	
0.88




	
Monu Rly.

	
0.56

	
0.48

	
0.72

	
0.42

	
0.24

	
1.12




	
Tripura-03

	
Kamalganj

	
0.67

	
0.60

	
0.63

	
0.85

	
0.67

	
0.57




	
Monu Rly.

	
0.80

	
0.78

	
0.47

	
0.87

	
0.44

	
0.75




	
Shaistaganj

	
0.83

	
0.65

	
0.59

	
0.68

	
0.06

	
0.97




	
Meghalaya-01

	
Muslimpur

	
0.85

	
0.84

	
0.40

	
0.86

	
0.83

	
0.42




	
Meghalaya-02

	
Muslimpur

	
0.85

	
0.83

	
0.41

	
0.84

	
0.81

	
0.44




	
Islampur

	
0.65

	
0.60

	
0.63

	
0.79

	
0.72

	
0.53











 





Table 4. Changes (%) in mean annual maximum flow for different scenarios.






Table 4. Changes (%) in mean annual maximum flow for different scenarios.





	
Station Name

	
Near Future (2026–2050)

	
Mid-Future (2051–2075)

	
Far Future (2076–2100)




	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5






	
Sheola

	
9.05

	
20.83

	
13.96

	
26.87

	
16.18

	
34.37




	
Kamalganj

	
13.88

	
24.58

	
16.88

	
38.30

	
19.50

	
43.81




	
Monu Rly

	
10.61

	
20.62

	
15.23

	
31.91

	
17.73

	
37.39




	
Shaistaganj

	
10.87

	
22.33

	
15.98

	
33.70

	
19.76

	
42.14




	
Muslimpur

	
17.07

	
27.85

	
21.17

	
46.43

	
21.27

	
55.10




	
Islampur

	
14.33

	
30.80

	
20.86

	
50.12

	
25.54

	
58.86











 





Table 5. Changes (%) in seasonal flow pattern during dry period.
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Station Name and ID

	
Near Future (2026–2050)

	
Mid-Future (2051–2075)

	
Far Future (2076–2100)




	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5






	
Sheola

	
0.52

	
3.46

	
2.54

	
13.85

	
2.97

	
32.00




	
Kamalganj

	
6.00

	
9.60

	
8.37

	
28.04

	
4.84

	
49.53




	
Monu Rly

	
3.42

	
5.22

	
5.46

	
19.96

	
2.99

	
37.92




	
Shaistaganj

	
5.97

	
9.56

	
9.53

	
27.09

	
5.94

	
49.87




	
Muslimpur

	
6.30

	
9.69

	
7.92

	
19.58

	
8.75

	
31.15




	
Islampur

	
6.23

	
9.31

	
9.46

	
22.08

	
11.64

	
39.04











 





Table 6. Changes (%) in seasonal flow pattern during wet period.
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Station Name and ID

	
Near Future (2026–2050)

	
Mid-Future (2051–2075)

	
Far Future (2076–2100)




	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5






	
Sheola

	
7.75

	
15.64

	
14.41

	
30.40

	
18.09

	
46.98




	
Kamalganj

	
9.56

	
21.02

	
21.38

	
48.02

	
27.75

	
65.95




	
Monu Rly

	
6.89

	
15.64

	
16.44

	
36.82

	
21.14

	
50.53




	
Shaistaganj

	
9.32

	
18.88

	
21.51

	
45.99

	
27.41

	
63.71




	
Muslimpur

	
12.18

	
21.08

	
19.91

	
44.01

	
24.12

	
63.64




	
Islampur

	
11.76

	
19.06

	
19.02

	
40.83

	
23.61

	
60.82











 





Table 7. Changes (%) in estimated design flow for a 100-year return period.
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Station Name

	
DesignFlow at Baseline

(m3/s)

	
Near Future

(2026–2050)

	
Mid-Future

(2051–2075)

	
Far Future

(2076–2100)




	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5

	
SSP2-4.5

	
SSP5-8.5






	
Sheola

	
3392.54

	
12.14

	
37.46

	
17.32

	
46.35

	
16.84

	
40.32




	
Kamalganj

	
122.78

	
18.93

	
23.84

	
16.23

	
60.63

	
15.83

	
44.47




	
Monu Rly

	
371.83

	
15.55

	
23.74

	
15.76

	
47.99

	
13.68

	
42.61




	
Shaistaganj

	
222.86

	
14.42

	
24.13

	
13.52

	
46.34

	
15.82

	
41.73




	
Muslimpur

	
152.02

	
14.66

	
35.85

	
25.46

	
61.09

	
24.73

	
55.58




	
Islampur

	
85.05

	
20.11

	
27.92

	
18.99

	
68.47

	
27.35

	
58.25
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