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Abstract

:

The Kabul River Basin (KRB) in Afghanistan is densely inhabited and heterogenic. The basin’s water resources are limited, and climate change is anticipated to worsen this problem. Unfortunately, there is a scarcity of data to measure the impacts of climate change on the KRB’s current water resources. The objective of the current study is to introduce a methodology that couples remote sensing and the Soil and Water Assessment Tool (SWAT) for simulating the impact of climate change on the existing water resources of the KRB. Most of the biophysical parameters required for the SWAT model were derived from remote sensing-based algorithms. The SUFI-2 technique was used for calibrating and validating the SWAT model with streamflow data. The stream-gauge stations for monitoring the streamflow are not only sparse, but the streamflow data are also scarce and limited. Therefore, we selected only the stations that are properly being monitored. During the calibration period, the coefficient of determination (R2) and Nash–Sutcliffe Efficiency (NSE) were 0.75–0.86 and 0.62–0.81, respectively. During the validation period (2011–2013), the NSE and R2 values were 0.52–0.73 and 0.65–0.86, respectively. The validated SWAT model was then used to evaluate the potential impacts of climate change on streamflow. Regional Climate Model (RegCM4-4) was used to extract the data for the climate change scenarios (RCP 4.5 and 8.5) from the CORDEX domain. The results show that streamflow in most tributaries of the KRB would decrease by a maximum of 5% and 8.5% under the RCP 4.5 and 8.5 scenarios, respectively. However, streamflow for the Nawabad tributary would increase by 2.4% and 3.3% under the RCP 4.5 and 8.5 scenarios, respectively. To mitigate the impact of climate change on reduced/increased surface water availability, the SWAT model, when combined with remote sensing data, can be an effective tool to support the sustainable management and strategic planning of water resources. Furthermore, the methodological approach used in this study can be applied in any of the data-scarce regions around the world.
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1. Introduction


Climate change is a global concern given its impacts on human and animal lives, water resources, and their inter-relationship [1]. Current research shows that climate change will reduce terrestrial water storage in several regions, specifically in the Global South [2]. The reduction in terrestrial water storage may cause droughts and desertification, which will have dire consequences for both fauna and flora of the ecosystems [2]. A recent study in the Czech Republic suggests that due to the significant uncertainties in the water resources development for the future, it is better to develop adaptation measures to limit the negative impacts of climate change [3]. Another study [4] in the Nile Delta shows an increase and decrease in the mean annual temperature and precipitation, respectively. It shows that by the end of the century, the Upper Nile might experience around a 27% increase in the potential evapotranspiration, and surface runoff is expected to increase by 14%. However, this increase in surface runoff is not visible in the total water yield of the basin; instead, the total water yield decreases by 6.5% and 10.7% under the RCP 4.5 and 8.5, respectively. Similar changes in the hydrologic regime will have dire implications for water availability and management, especially for countries with arid or semi-arid conditions.



Afghanistan is an arid to semi-arid country in terms of climate and receives precipitation characterized by a high intra- and inter-annual variability and spatial non-uniformity. Eighty percent of the country’s total water resources are attributed to winter precipitation. During the summer season, water resources are not enough to meet the water demand of crops [5]. The temporal gap between precipitation and peak demand is currently more or less closed by the fact that a high share of precipitation is snow that melts in late spring or summer; however, this rather advantageous pattern is expected to dwindle due to climate change, with the basin expected to receive less snow but more rainfall, leading to tendency for a quicker reaction of the basin in terms of runoff rainfall. This would lead to more mismatch in water availability against a peak demand that enlarges the gap.



Afghanistan’s total arable area is around 12%, of which around 46% is irrigated and the rest is rainfed [6]. Most arable regions for permanent crops are situated in the northern and southern regions of Afghanistan. The rainfed and irrigated agricultural areas vary based on winter snowfall and rainfall in the cropping period. Irrigation currently uses about 98% of Afghanistan’s overall water consumption, which accounts for 85% of the total agricultural production, but even then, the irrigation performance at the basin level is poor [7,8].



The Kabul River Basin (KRB) is spread over 12% of Afghanistan’s territory and contributes about 26% of the country’s total annual streamflow [9]. This basin performs poorly in irrigation under the presently available management and infrastructure conditions [7]. The inefficiencies of the irrigation system are further compounded by the diversion of large amounts of water under inadequate infrastructure (earthen or broken canals, uneven fields, and missing hydraulic structures) and inadequate technologies, which are the key hurdles to increasing agricultural productivity in Afghanistan [10]. The up-to-date data on Afghanistan’s land and water resources are either limited or otherwise too old [11]; this requires additional care to be used for broader planning initiatives and management interventions. The data quality and quantity on water and land resources are poor, highlighting the need for basic research at the basin level, quantifying water resources, and performing technical engineering analyses to manage these tremendously critical natural assets. Consequently, the information gap highlighted here is in contrast with the urgent need for action.



To develop sustainable plans for water resources management under a changing climate, there is a dire need to extract information on water and land resources’ use in the KRB. Under such circumstances, we need tools and models that can efficiently simulate streamflow in the data-scarce environment and function in changing climate scenarios successfully. For streamflow estimation over space and time, various models are used [12,13,14,15]. The choice of these models is usually based on the size of the watershed, details of the inputs available/to be used, the type of outputs needed, and the quality and frequency of the outputs. Most of these models are distributed and data-intensive. However, models such as the SWAT can simulate water flows with limited data sets and still generate reliable results.



The SWAT model is physically based and spatially semi-distributed and can be used to predict the discharge of an ungauged basin [16]. It is a potential tool for the simulation of runoff in mountainous watersheds [17]. It has the potential to simulate biophysical processes in data-scarce basins around the world [18], making it potentially useful in the context of the KRB. The research findings of [19] suggest the suitability and applicability of the SWAT model to identify controlling factors needed to simulate hydrologically acceptable scenarios in ungauged basins. The results, therefore, supplement the SWAT model’s applicability for data-scarce and complex river basins.



Thus, the objective of this study is to analyze the climate change impacts on future streamflow in the KRB. For this purpose, the SWAT model was calibrated and validated, and RCPs 4.5 and 8.5 were then used to see the streamflow response in 2014–2030 against the changing temperature and precipitation. This study will provide a basis for future investment plans for expanding the agricultural area, increasing the productivity of land and water resources. It will also help in the inter-sectoral distribution of water across the KRB, thereby supporting decision makers to achieve the UN Sustainable Development Goals (SDGs). The impacts of climate change on streamflow under RCPs 4.5 and 8.5 simulated in this study provide additional information to relevant agencies and policymakers to critically construct coping strategies and sustainably reduce the future negative impacts of climate change on water resources in a basin known for its data scarcity, given its inefficient hydraulic infrastructure and the deficient scientific studies on water resources and climate change. Evaluating the impacts of climate change on streamflow is also vital for a country such as Afghanistan, where around 44.7% of the population is (in)directly employed by the agriculture sector only [20].




2. Materials and Methods


2.1. Study Region


The transboundary KRB is located in the eastern part of Afghanistan and is part of the wider Indus Basin (Figure 1). This basin is host up to one-third of the country’s population, which exerts tremendous pressure on water resources. KRB is also known for its heterogeneity in terms of elevation, temperature, precipitation, and cropping patterns. The mean annual actual evapotranspiration across the KRB is in the range of 471–574 mm [21]. The climatic conditions broadly vary among the different spatial units of the KRB; the upstream heights usually receive precipitation as snow, up to 418 mm, while the downstream regions, especially in the lowlands, receive rainfall up to 327 mm [7]. The water use by source also varies between different upstream and downstream regions; extreme upstream users utilize water from springs and surface water supplies, while mid-stream users withdraw massive amounts of groundwater for their municipal and industrial consumption. The KRB’s mean annual temperature is predicted to rise by 1.8 °C, 3.5 °C, and 4.8 °C by the end of 2020, 2050, and 2080, respectively [22]. These projected increases in temperature highlight that the precipitation being received in the basin will certainly undergo rigorous change (in terms of amount and temporal pattern), which will have eventual impacts on streamflow in the future. Therefore, it is essential to explore and analyze the changes in streamflow under the changing climate conditions.




2.2. Methodological Framework


A methodological framework was established for simulating the streamflow at different stream-gauge stations across the basin, for which the SWAT model was used as the main processing engine [16] (Figure 2). The complete formulation of the SWAT model, including its parameterization, preparation of input data, discretization of the sub-basins, hydrological response units (HRUs), sensitivity analyses, and calibration and validation of the simulated data, is given in [16]. Upon validating the SWAT model, the climate change scenarios covering a period of 2014–2030 were used to assess its impacts over the streamflow at the designated streamflow gauging stations.



2.2.1. Establishing the SWAT model for the KRB


To evaluate the impacts of changes in climate on streamflow in the KRB, basic data such as the digital elevation model, LULC data, soil map, and climate data were prepared. In addition, the outflow points were identified, which could be used for flow monitoring and later on for calibration and validation. We describe the detailed processes of the SWAT model set up in the following subsections.




2.2.2. Model Inputs


Digital Elevation Model


The delineation of a catchment is one of the fundamental processes for setting up the SWAT model; for this purpose, SRTM’s digital elevation model (DEM, 90 m) (Figure 3), pre-processed for clouds and voids by the USGS and was retrieved from the following domain: http://afghanistan.cr.usgs.gov (accessed on 11 February 2017). The entire watershed was delineated automatically; as a result, 32 sub-basins and 1065 hydrological response units (HRUs) were created. The watershed slope was extracted from the DEM through the Spatial Analysis tool embedded within the ArcGIS software. The SWAT model translated elevation (derived from the DEM) into a slope projection (by employing DEM as an input raster).




Soil, Land Use, and Land Cover Information


The various types of soil of the study region were masked from the soil database of the FAO [23]. Most of the study region’s soils are rocky and alkaline, with seven major soil types covering the entire area. Figure 4 below depicts the spatial distribution of these soil types.



Besides the LULC map, the soil map is another critical input of the SWAT model, which was utilized for determining the relevant hydrological parameters required for the crop database. The KRB’s LULC map [24] was used in this study, with a spatial resolution of 250 m prepared from the Normalized Difference Vegetation Index (NDVI) time series (i.e., MOD13Q1 and MYD13Q1) [25].




Climate and Streamflow Data


Among the climate dataset used in the SWAT model, daily rainfall data for 2008–2013 were collected from the 25 meteorological stations located at different sections of the KRB (Figure 5). The remaining parameters such as temperature, solar radiation, relative humidity, and wind speed were retrieved from the Climate Forecast System Reanalysis (CFSR) [26,27]. The monthly streamflow data were obtained from the six streamflow gauging stations in the KRB. The criteria used for the selection of these stations were to make sure: (1) no storage areas or reservoirs upstream of the station were made, and that (2) no major upstream diversions could influence the amount of streamflow at the streamflow gauging station.



The calibration and validation periods of the designated stations from where the observed streamflow data were collected are mentioned in the following table (Table 1).






2.3. Metrics Used for the Evaluation of the SWAT Model’s Performance


To verify the robustness and strength of the SWAT model, it is vital to evaluate its simulated results against actual observations by employing some known metrics. We, therefore, used the NSE [28] and R2; the NSE is often recommended for assessing the performance of the SWAT model for simulating streamflow against the observed streamflow. The NSE and R2 are already integrated with the SWAT Calibration and Uncertainty Programs (SWAT-CUP). The quality of fitness (observed and simulated streamflow) is computed by the NSE using the Equation (1):


  NSE = 1 −     ∑   i = 0  n    (  Q  o b s , i   −  Q  s i m , i   )  i 2      ∑   i = 0  n    (  Q  o b s , i   −   Q ¯   o b s     )  i 2     



(1)




where Qobs, Qsim, and    Q ¯  o b s   are the observed, simulated, and observed mean streamflow, respectively.



R2 was used to assess the correlation of the observed and simulated streamflow for calibration and validation.


   R 2  =      [    ∑   i = 1  n   (   Q  o b s , i   −   Q ¯   o b s    )   (   Q  s i m , i   −   Q ¯   s i m    )     ]   2      ∑   i = 1  n   (   Q  o b s , i   −   Q ¯   o b s    )     2      ∑   i = 1  n   (   Q  s i m , i   −   Q ¯   s i m    )     2     



(2)




where    Q ¯  s i m   is the simulated mean streamflow.



The SWAT Calibration and Uncertainty Programs


The Sequential Uncertainty Fitting (SUFI-2) algorithm integrated into SWAT-CUP was chosen to identify parameters that affect the streamflow [29]. The inconsistency between simulated and measured streamflow indicates uncertainty. The SUFI-2 links the uncertainty analyses and calibration to determine parameters’ uncertainties, resulting in errors in prediction and bracketing maximum observed data points (P factor) of the observed streamflow. The targeted output’s cumulative distribution is achieved by employing the Latin hypercube sampling method [30]. During calibration, the ranges of previously used parameters were rearranged to calculate the sensitivity matrix in each iteration [31]. The new set of sensitive parameters was adjusted; the newly adjusted value range was smaller than the previous ones. The following simulations were positioned around the best simulation achieved. The final simulations were then further assessed using specific criteria for the SWAT model’s performance evaluation [32]. Considering these rules, three statistics (quantitative) are proposed: NSE, PBIAS, and the RSR (ratio of RMSE and the standard deviation of the actual or observed data). Based on the acceptability ranges as suggested, the modeled streamflow results can be considered satisfactory only if NSE > 0.50.





2.4. Future Climate Change Scenarios


The climate change scenarios, covering 2014 to 2030, were extracted from the South Asian domain of the Coordinated Regional Downscaling Experiment (CORDEX) [33]. CORDEX has produced an ensemble of regional projections of climate change for the South Asia region (50 km spatial resolution), thereby downscaling numerous CMIP5 (Coupled Model Inter-comparison Project phase 5) and AOGCMs (Atmosphere-Ocean Coupled Global Climate Models) outputs using multiple RCMs. The South Asian domain of CORDEX is managed and hosted by the Center for Climate Change Research (IITM). For extraction of the data for RCP 4.5 and 8.5, the regional circulation model (RegCM4-4) was used. The variables selected were mean daily temperature and precipitation. These scenarios were used in the validated SWAT model to simulate the future streamflow (e.g., 2014–2030) at the designated flow measurement stations in the KRB compared to the base period (e.g., 2008–2013). The changes in future streamflow were analyzed at annual time steps.





3. Results and Discussion


3.1. Calibration of the SWAT Model in Monthly Time Steps


The calibration outcomes of the SWAT simulations indicate that the NSE for Nawabad and Pul-e-Qarghayi streamflow gauging stations during the calibration period (2008–2010) were 0.81 and 0.74, respectively. Similarly, for Tangi-e-Gulbahar, the NSE was 0.81, while for Pul-e-Ashawa, it was 0.70. The R2 values for the aforementioned stations were 0.86, 0.79, 0.83, and 0.87, respectively. For seasonal and smaller discharging rivers at the Sultanpur and Tangi-e-Saidan and streamflow gauging stations, the NSE values were 0.64 and 0.62, respectively, while the R2 values were 0.75 and 0.81, respectively. Moriasi et al. (2007) suggest the NSE range, i.e., 0.50 < NSE < 0.65, for simulating the streamflow at monthly time steps is “satisfactory” and be accepted. The peak hydrograph from June to August at the Nawabad streamflow gauging station is due to an interplay between the early snowmelts and rainfall during the monsoon period (Figure 6). The peak hydrograph was observed during May–July at the Tangi-e-Gulbahar streamflow gauging station; the Pul-e-Ashawa experienced the same conditions (i.e., peak hydrograph during May–July), as this is the time where most of the snow has been melted. Ref. [34] reported a decrease in the mean annual streamflow in the Chitral watershed during 1989–2014; the sub-basin in Figure 1 has the same physiographic conditions (for being the neighboring watershed); therefore, the precipitation quantity and eventual climatic variation received at this sub-basin are the same. This decrease was attributed to the summer cooling, reduced snowmelt, and partial decrease in summer precipitation [34]. The results show that in 2008, the annual rainfall was below the average, and hence, 2008 can be considered a dry year. However, the hydrograph data show that the main part of the KRB received enough rainfall in 2009. The correlation of the estimated and observed streamflow of all the streamflow gauging stations is given in Figure 6.




3.2. Uncertainty Analysis


During the SWAT model’s calibration, 14 parameters were found to be very sensitive concerning the meteorological, topographical, geographical, and specific soil conditions in the KRB. The top four most sensitive parameters include CN2, SOL_BD, Alpha_BF, and GW_Delay; their relevant sensitivity rankings were 1–4, respectively. Table 2 provides the complete list of sensitive parameters used for validating the SWAT model. The rest of the parameters had no substantial effect on the results and were therefore ignored for the remaining iterations.




3.3. Validation of the SWAT Model in Monthly Time Steps


After reaching the objective function (i.e., NSE >0.50), the sensitive parameters were used for validating the streamflow for major streams covering the period of 2011–2013. During the validation process, a decline in the R2 and NSE between the estimated and observed streamflow was witnessed at most of the streamflow gauging stations (Figure 7). Therefore, the resulting NSE values for Tangi-e-Gulbahar, Pul-e-Ashawa, Nawabad, and Pul-e-Qarghayi, were 0.71, 0.61, 0.73, and 0.62, respectively; similarly, the R2 values of those stations were 0.79, 0.72, 0.77, and 0.86, respectively. For the rivers with seasonal and smaller discharge, such as Sultanpur and Tangi-e-Saidan, the NSE was 0.59 and 0.52, respectively, while the R2 values were 0.65 and 0.74, respectively. The overall range of R2 and NSE achieved in this study was in agreement with other similar studies performed at large heterogenic basins [35].



The model showed maximum uncertainty at the peak hydrograph stages, except for the Pul-e-Ashawa and Tangi-e-Saidan streamflow gauging stations. The uncertainty is most apparent at streamflow gauging stations that dry up during the months of June–December. Throughout the KRB, 2013 was marked the wettest with peak hydrograph, while 2011 was the driest year because of relatively low precipitation received. The relatively lower R2 and NSE during the calibration and validation period are because the streamflow gauges are either installed at non-representative sites or otherwise one or fewer gauging stations only at the outlet that measures the streamflow for a large heterogenic watershed and therefore causes uncertainty and errors in the streamflow simulation [36]. One of the SWAT model’s limitations in large catchments with dominant snowmelt and heterogenic topographic characteristics is the early start of the recession and rising hydrograph limb [37]. Moreover, the observed precipitation may not represent a whole (sub-) basin due to the aforementioned highly heterogenic landscape and natural features of the KRB; therefore, discrepancies arise between the simulated and actual streamflow. The SWAT model utilizes precipitation data from the nearest station to the centroid of the individual sub-basin (Thiessen polygon method) for calculating rainfall for each sub-basin. As a result, potentially imprecise representation of the precipitation for each sub-basin introduces bias due to the study region’s poor spatial distribution of rain gauges. According to [38], most of the alluvial fan regions across Afghanistan have watercourses and channels that are partly unlined, resulting in limited precision of streamflow measurement because there is no fixed cross-section. Despite the installation of streamflow gauging stations across the river network [8], there have been no proper maintenance plans that address consistent delays in publishing the hydrologic yearbook by the relevant public entity. The newly installed streamflow gauging stations can simultaneously measure more parameters (i.e., water level, rainfall, water quality, relative humidity, sunshine duration, temperature) [8]. It took two decades to train the relevant staff on handling, troubleshooting, and maintenance in case of instrumental glitches experienced by these devices. The usage and monitoring of these stations require careful handling while preparing the applicable investment plans and strategies for water resources management. The hydraulic infrastructure and hardware extension (i.e., dam, reservoir, canal, etc.) gain partial consideration at the policy and planning stage, but the data concerns often receive poor attention.




3.4. Impacts of Climate Change Scenarios on Streamflow


The impact of climate change scenarios on the streamflow from 2014 to 2030 at different gauging stations shows a 3.6–5% reduction in the mean annual streamflow, except for Nawabad station, where a 2.4% increase is projected under RCP 4.5, which can be attributed to the melting of glaciers and snowpacks. Similarly, a 1.1–8.5% reduction in the mean annual streamflow is projected under RCP 8.5, except for the Nawabad station, for which a 3.3% increase in streamflow is forecast (Table 3).



Under the RCP 4.5, the Nawabad station and its catchments would receive increased precipitation in a range of 827 ± 204 mm; the ranges at each station are shown in Figure 8. The extreme events in precipitation may be due to increased precipitation over the monsoon regions of Hindukush and Himalaya projected in both RCP 4.5 and 8.5 [39]. Since Nawabad and its entire watershed are within the monsoon-affected region, increased rainfall patterns in the future may increase the streamflow at these gauging stations. Similarly, under RCP 4.5 and during the proposed period (2014–2030), Pul-e-Ashawa and Tangi-e-Gulbahar catchment areas may receive mean annual precipitation of 427 ± 120 mm followed by catchment areas of Pul-e-Qarghayi and Sultanpur (610 ± 159 mm) and Tangi-e-Saidan (460 ± 119 mm). Pul-e-Qarghayi and Sultanpur catchment areas are also situated within the monsoon region and perhaps this is the reason for the forecasted increased rainfall pattern over the future decade. Overall, under the RCP 4.5, the in Pul-e Ashawa, Pul-e-Qarghayi, Tangi-e-Saidan, Tangi-e-Gulbahar, and Sultanpur station catchments, the precipitation is expected to reduce by 8.1%, 5.7%, 9.6%, 8.1%, and 5.4%, while Nawabad is expected to experience no considerable change. Similarly, under the RCP 8.5, the same stations are likely to experience reductions of 2.1%, 3.3%, 5%, 2.1%, and 3.3% in mean annual precipitation, while Nawabad is expected to receive around 6.2% of increased precipitation.



The increased streamflow (i.e., 3.3%) under RCP 8.5 at the Nawabad station is also attributed to the increased precipitation pattern over the monsoon regions of South Asia, which includes larger parts of the wider Indus Basin. While looking at the projected precipitation changes of the pre-mentioned streamflow gauging stations and their respective catchments (Figure 9), the Nawabad catchment would receive a wide range of precipitation without extreme events. While looking at the seasonal pattern of precipitation, Pul-e-Ashawa and Tangi-e-Saidan are expected to experience around 27% and 25% increases in winter precipitation under the RCP 4.5 and 8.5, respectively (Table 4); both the stations are likely to experience around 8% and 6% increases in summer precipitation under the RCP 4.5 and 8.5, respectively. Tangi-e-Saidan is expected to receive around 9.1% and 5.7% more summer precipitation. Almost all the stations are expected to experience a reduction in spring precipitation under both scenarios in the range of 0.5–15% except Pul-e-Qarghayi, Tangi-e-Saidan, and Sultanpur stations, which are likely to experience increases in precipitation by 6%, 19.4%, and 6%, respectively, under the RCP 8.5.



Figure 9 shows that under the RCP 4.5, the mean annual temperature at Pul-e Ashawa, Pul-e-Qarghayi, Tangi-e-Saidan, Tangi-e-Gulbahar, Sultanpur, and Nawabad stations is expected to increase by 0.7 °C, 0.7 °C, 0.8 °C, 0.7 °C, 0.7 °C, and 0.6 °C, respectively; similarly, under the RCP 8.5, the respective increase at these stations might be 0.8 °C, 0.8 °C, 1.0 °C, 0.8 °C, 0.8 °C, and 0.7 °C.



The increased temperatures may accelerate snow melting, temporally shift the hydrograph, and lead to higher rainfall intensities. Therefore, flash floods might challenge the existing agriculture and hydraulic infrastructure and cause erosion of the fertile soil layers. The situation might further escalate in case of changes in the LULC of the KRB. The relatively lower decrease in the mean annual streamflow can be attributed to the increment in the evapotranspiration rate due to increased temperature across the KRB. Meanwhile, the growing degree days might change the basin both up- and downstream, resulting in changes in crop growth periods.





4. Summary and Conclusions


Here, we demonstrated a methodology of how remote sensing derived products can feed into hydrological models to simulate the climate change impacts on streamflow in data-scarce environments. The modeling of future streamflow scenarios shows that Pul-e-Qarghayi, Pul-e-Ashawa, Tangi-e-Gulbahar, and Tangi-e-Saidan stations are likely to experience mean annual streamflow reductions of 4.3%, 3.6%, 3.8%, and 4.2%, respectively. In comparison, Nawabad is projected to experience an annual increase of 2.4% in streamflow under the RCP 4.5. Similarly, under the RCP 8.5, Pul-e-Qarghayi, Pul-e-Ashawa, Tangi-e-Gulbahar, and Tangi-e-Saidan are expected to experience decreases of 8.5%, 1.1%, 2.2%, and 3.7%, respectively, in mean annual streamflow. In comparison, Nawabad is expected to observe a 3.3% increase in the mean annual streamflow.



The increase in mean annual streamflow can be attributed to the melting of glaciers and snowpacks as well as a partial increase in the mean annual precipitation. The reduction in mean annual streamflow in the future highlights the vulnerability of the snow cover and the consequences for water availability in the KRB. Furthermore, part of the precipitation that used to occur in winter is being shifted to summer or monsoon rains; this shift is visible especially in the eastern part of the KRB. Table 4 shows that Pul-e-Ashawa, Tangi-e-Saidan, and Tangi-Gulbahar are likely to experience increases of 8%, 9.1%, and 8.% in summer precipitation under the RCP 4.5, respectively, and increases of 6%, 5.7%, and 5.5% under the RCP 8.5, respectively. Tangi-e-Siadan and Tangi-e-Gulbahar are likely to experience the highest decreases in autumn precipitation of 39.2% and 36.7%, respectively.



An essential feature of the water resources mismanagement in Afghanistan is the inadequate attention of the decision makers towards hydrological issues and the lack of reliable and high-quality data banks, which are imperative for sustainable management of water under SDG-6. The existing hydro-meteorological platforms measure fewer variables than required for accurate design and planning of water resources. For the time being, the association of global products and minimum ground data availability could partly tackle the urgent needs. However, the improvement of the hydro-meteorological network with a measurement facility for multiple variables is crucial.



The shift of precipitation from winter to summer will significantly impact the cropping pattern across the KRB. As depicted in this research, the extreme dependency on snowmelt indicates that irrigated agriculture may be the hardest hit in the future. This research, therefore, highlights the need for an engineering response to the anticipated water scarcity by carefully monitoring the water availability and establishing storage, reservoirs, and dams to be exploited during the peak demand period. Using remote sensing approaches, simulating different scenarios with the validated SWAT model can support adaptive water management of anticipated climate changes in data-scarce regions.
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Figure 1. Map of the Kabul River Basin with river network and delineated watersheds. 






Figure 1. Map of the Kabul River Basin with river network and delineated watersheds.



[image: Sustainability 13 14025 g001]







[image: Sustainability 13 14025 g002 550] 





Figure 2. Methodological framework for the streamflow estimation in the Kabul River Basin. 
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Figure 3. Elevation map of the Kabul River Basin. 
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Figure 4. Spatial distribution of different soil types (a) and land use and land cover classes (b) across the Kabul River Basin. 
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Figure 5. Location of the streamflow and meteorological stations across the Kabul River Basin. 
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Figure 6. Calibration of simulated streamflow referring to gauging stations in the Kabul River Basin. 
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Figure 7. Validation of simulated streamflow referring to gauging stations in the Kabul River Basin. 
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Figure 8. Projected changes (%) in precipitation under the RCP 4.5 and 8.5 (2014–2030) compared to the base period (2008–2013). 
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Figure 9. Projected changes (°C) in the mean annual temperature under the RCP 4.5 and 8.5 (2014–2030) compared to the base period (2008–2013) 
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Table 1. Calibration and validation period of the monitoring points.
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	S. No.
	Station
	River
	Calibration Period
	Validation Period





	1
	Nawabad
	Kunar
	2008–2010
	2011–2013



	2
	Pul-e-Qarghayi
	Laghman
	2008–2010
	2011–2013



	3
	Pul-e-Ashawa
	Ghorband
	2008–2010
	2011–2013



	4
	Tangi-e-Gulbahar
	Panjshir
	2008–2010
	2011–2013



	5
	Tangi-e-Saidan
	Kabul
	2008–2010
	2011–2013



	6
	Sultanpur
	Surkhrod
	2009–2011
	2012–2013
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Table 2. Sensitive parameters used for calibration of the streamflow at the Kabul River Basin (KRB).
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S. No.

	
Parameter

	
Sensitivity Ranking

	
Fitted Value

	
Parametric Range




	
Min Value

	
Max Value






	
1

	
* r__CN2.mgt

	
1

	
−0.49

	
−0.49

	
−0.48




	
2

	
r__SOL_BD().sol

	
2

	
−0.02

	
−0.02

	
−0.01




	
3

	
** v__ALPHA_BF.gw

	
3

	
0.19

	
0.18

	
0.22




	
4

	
v__GW_DELAY.gw

	
4

	
160.64

	
160.34

	
166.11




	
5

	
v__REVAPMN.gw

	
5

	
19.89

	
19.51

	
19.93




	
6

	
v__GWQMN.gw

	
6

	
43.49

	
43.43

	
44.24




	
7

	
v__EPCO.bsn

	
7

	
0.28

	
0.27

	
0.28




	
8

	
v__ESCO.bsn

	
8

	
0.49

	
0.44

	
0.50




	
9

	
v__CH_N2.rte

	
9

	
0.19

	
0.18

	
0.19




	
10

	
v__SMTMP.bsn

	
10

	
−3.61

	
−3.70

	
−3.55




	
11

	
v__SMFMX.bsn

	
11

	
13.41

	
12.55

	
13.60




	
12

	
v__SMFMN.bsn

	
12

	
8.90

	
8.55

	
9.25




	
13

	
v__TIMP.bsn

	
13

	
0.15

	
0.15

	
0.16




	
14

	
v__SURLAG.bsn

	
14

	
1.76

	
1.52

	
1.97








* r_: an existing parameter value is multiplied by (1 + a given value). ** v: the existing value is replaced by the new value.
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Table 3. Impact of RCP 4.5 and RCP 8.5 scenarios on streamflow by 2030.
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RCP 4.5

	
RCP 8.5




	
Station

	
Mean Annual Observed Streamflow During the Base Period (2008–2013) (Mm3)

	
Streamflow by 2030 (Mm3)

	
Change (%) in Streamflow

	
Streamflow by 2030 (Mm3)

	
Change (%) in Streamflow






	
Nawabad

	
13,584

	
13,910

	
2.4%

	
14,033

	
3.3%




	
Pul-e-Qarghayi

	
1611

	
1542

	
−4.3%

	
1474

	
−8.5%




	
Pul-e-Ashawa

	
729

	
707

	
−3.6%

	
721

	
−1.1%




	
Tangi-e-Gulbahar

	
1387

	
1332

	
−3.8%

	
1357

	
−2.2%




	
Tangi-e-Saidan

	
127

	
122

	
−4.2%

	
135

	
−3.7%




	
Sultanpur

	
121

	
115

	
−5.0%

	
113

	
−6.3%
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Table 4. Seasonal variation in precipitation under the RCP 4.5 and 8.5 (2014–2030) compared to the base period (2008–2013).






Table 4. Seasonal variation in precipitation under the RCP 4.5 and 8.5 (2014–2030) compared to the base period (2008–2013).





	
Name of the Station

	
Winter (December–February)

	
Spring (March–May)

	
Summer (June–August)

	
Autumn (September–November)




	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5

	
RCP 4.5

	
RCP 8.5






	
Pul-e-Ashawa

	
27%

	
25%

	
−3%

	
−1%

	
8%

	
6%

	
−37%

	
−17%




	
Pul-e-Qarghayi

	
−0.2%

	
−16.8%

	
−4.5%

	
6.0%

	
−4.8%

	
−4.0%

	
−8.7%

	
−5.0%




	
Tangi-e-Saidan

	
−0.5%

	
−2.9%

	
−6.4%

	
19.4%

	
9.1%

	
5.7%

	
−39.2%

	
−33.8%




	
Tangi-e-Gulbahar

	
26.8%

	
25.2%

	
−2.9%

	
−0.5%

	
8.3%

	
5.5%

	
−36.7%

	
−17.4%




	
Sultanpur

	
−0.2%

	
−16.8%

	
−4.5%

	
6.0%

	
−4.8%

	
−4.0%

	
−8.7%

	
−5.0%




	
Nawabad

	
−5.0%

	
−18.6%

	
−14.6%

	
−2.1%

	
−9.0%

	
−8.2%

	
−8.9%

	
6.9%
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