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Change in seasonal snowfall and glaciers ablation control year-to-year variations in streamflows of the Upper Indus Basin (UIB) and hence ultimately impacts the water availability in downstream areas of UIB. This situation calls for an urgent response to study the long-term variations in runoff components in response to climate change. The current study investigates the spatiotemporal variations in runoff and runoff components in response to climate change to the streamflows of the Gilgit River from 1981 to 2020 by using the University of British Columbia Watershed Model (UBC WM). Three statistical indices such as the Nash–Sutcliffe efficiency (NSE), the coefficient of determination (R2), and the correlation coefficient (CC) were used to evaluate the performance of UBC WM in simulating the streamflows against observed streamflows. According to statistical indices, the UBC WM performed fairly well during both calibration (1981–2000: R2 = 0.90, NSE = 0.87, and CC = 0.95) and validation periods (2001–2015: R2 = 0.86, NSE = 0.83, and CC = 0.92). Trend analysis revealed a significant increase in all runoff components with large interannual variations in their relative contributions to streamflows from 1981 to 2020. From 1981 to 2020, the average relative contribution of snowmelt, glacier melt, rainfall-runoff, and baseflow was estimated to be 25%, 46%, 5%, and 24%, respectively to the streamflows of the Gilgit River. Seasonal analysis showed that about 86% of total runoff was contributed to the Gilgit River during the summer season (April–September) while only 14% in the winter season (October–March). Further analysis of runoff at a spatial scale revealed that approximately 76% of the total runoff of Gilgit River is generated between elevations from 3680 to 5348 m while 19% of total runoff is generated at an elevation <3680 m and only 5% at an elevation >5348 m. Moreover, it was observed that groundwater contribution from soil lower zone (i.e., 76%) to streamflows was found greater than soil upper zone (i.e., 24%). The outcomes of this study will help the water resource managers and hydrologists to manage the water resources in downstream areas of the UIB for local consumption, industrial use, and agriculture.
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1 INTRODUCTION
One-third of the world’s population directly or indirectly is dependent on the water coming from the rivers originating from High Mountain Asia (HMA) (Li et al., 2021). The Hindu Kush, Karakoram, and Himalaya (HKH) Mountain ranges encompass some of the world’s largest glaciers (Sharma et al., 2019), and half of the ice volume of the HMA exists in the Himalaya–Karakoram (HK) mountain ranges. In South Asia, the HK region is regarded as one of the most vulnerable and glacierized mountainous regions (Azam et al., 2021). The glaciers of the HK mountain ranges control the supply of fresh water to almost 869 million people within the Tarim, Brahmaputra, Indus, and Ganges River basins. However, since the mid-20th century, the rising temperature had temporarily increased the summer meltwater runoff and on the other hand, it had continuously decreased the ice storage volume, particularly in the Himalayas (Nie et al., 2021). Moreover, a substantial increase in glacier melt and permafrost thaw was observed since the mid-1990’s in rivers originating from HMA (Li et al., 2021). The Himalayan glaciers which feed a large number of river systems in the Indian sub-continent are now experiencing adverse effects on their melting rates because of global warming (Boral and Sen, 2020) and it has been projected to increase in glacier melt runoff and total river runoff until the 2050’s in rivers originating from HK region (Azam et al., 2021). Similarly, few other studies such as those (Kääb et al., 2012; Yao et al., 2012; Shean et al., 2020) found the greatest loss of glaciers in the Himalayas and Nyainqêntanglha Mountains in the 21st century. However, the glaciers in the Pamir, western Kunlun, and Karakoram Mountains were found stable or displayed abnormally little change as compared to the rest of the world’s mountain glaciers (Bolch et al., 2012; Kääb et al., 2012; Minora et al., 2013; Kapnick et al., 2014; Bolch et al., 2017; Brun et al., 2017; Shean et al., 2020) and this abnormal conduct of Karakoram glaciers is generally denoted as the Karakoram Anomaly (Hewitt, 2005). The diverse behavior of HK glaciers is not only affecting the hydrological regime of the region but also the intensity and frequency of glacier-related hazards such as glacial retreat and detachments, debris flow, landslides, rock-ice avalanches, and Glacial Lakes Outburst Floods (GLOFs) (Carrivick and Tweed, 2016; Hock et al., 2019; Wang et al., 2019; Li et al., 2022). The ice loss from the HK glaciers has been increasing substantially for several decades (Bolch et al., 2012; Azam et al., 2018; King et al., 2019; Maurer et al., 2019) which has triggered the amount of summer meltwater release that has already reached at its peak in few basins (Huss and Hock, 2018).
The Indus River flows through the HKH mountain ranges and covers an area of 1.12 × 106 km2 whereas the glaciers cover approximately 2.3% of the basin. The major part of the glacier area (i.e., 60%) is located in the Karakoram while the Himalayas comprised less than 30% and the Hindu Kush consists of about 10% part of the glacier cover area (Bolch, 2019). The snow and glacier-fed river catchments of the Karakoram region produce a major part of the flow in the Indus River system which is located in the western Himalayas (Tahir et al., 2011). In general, 90% of agricultural production in Pakistan is dependent on the Indus Basin Irrigation System (IBIS) and it contributes nearly 22% to Pakistan’s Gross Domestic Product (GDP) (Yu et al., 2013) whereas about 30% of the energy demand of the country is fulfilled through hydropower produced from the Indus River at Tarbela Dam (Roca, 2012). About half of the surface water availability of Pakistan is fulfilled through withdrawals from the Upper Indus Basin (UIB) coming from the HKH mountain ranges which are essential for hydropower generation, domestic and industrial use, and agricultural production as well (Hasson et al., 2017). The combined meltwater of snow and ice contributes to nearly 80% of the total runoff in the Indus River (Faruqui, 1997; Immerzeel et al., 2009; Garee et al., 2017) so the water coming from the UIB is highly important for the well-being of the Pakistan (Forsythe et al., 2010). Lutz et al. (2014) observed that the meltwater coming from the glaciers of the UIB contributes nearly 40% to the total runoff of the Indus River and it drains into arid plains (Bolch, 2019). But erratic glacier melt and ambiguous future precipitation regimes made it the most susceptible to variation in water availability (Immerzeel et al., 2015; Bolch et al., 2017; Pritchard, 2019). And, besides climate change; mismanagement of river flows and excessive groundwater pumping has led Pakistan to the list of water-stressed countries (Döll et al., 2009; Wada et al., 2011; Schlosser et al., 2014; Kirby et al., 2017).
Change in seasonal snowfall and glacier ablation control the year-to-year variations in streamflows of the UIB (Forsythe et al., 2017), and hence ultimately impact the water availability in downstream areas of UIB. Moreover, it has been found great variations in the relative contributions of runoff components to river runoff across the HKH mountainous ranges. The glacial melt was found to far outweigh snowmelt in the rivers draining the Karakoram and Zanskar ranges while snowmelt contribution was found dominant in rivers draining the Himalayan ranges (Mukhopadhyay and Khan, 2015a). However, rainfall-runoff contribution to the total streamflows was observed dominant followed by snowmelt and baseflow at downstream stations (i.e., Maqu and Tangnaihai) of the source-region of the Yellow River while glacier melt contribution was found negligible (Zhang et al., 2022). Moreover, few previous studies, i.e., Li et al. (2020) and (2021) revealed a substantial increase in annual runoff and annual sediment fluxes in headwaters regions of HMA since 1990. Similarly, it has been observed a shift in the magnitude and peak of water availability at a seasonal scale due to the earlier onset of snow/glacier melting in 15 headwater basins of HMA which may ultimately impact the food and energy security, biodiversity, and livelihoods of people in downstream areas (Khanal et al., 2021). So this situation encourages us to further investigate the long-term variations in runoff components such as snowmelt, glaciers melt, rainfall-runoff, and baseflow at the spatiotemporal scale in UIB. Till now, there is a poor understanding of the hydrologic processes of the alpine basins in UIB which is the main source of uncertainty in the assessment of regional hydrological impacts of climate change. Under current circumstances, it is indispensable to accurately estimate the long-term variations in runoff components for scientific planning, management, and sustainable use of water resources in downstream areas. However, the quantification of runoff components has always been a problematic issue in hydrological studies and different methods have been used for this purpose such as the stable water isotope modeling approach (Boral and Sen, 2020), statistical and empirical approaches (Mukhopadhyay and Khan, 2014; 2015a) and hydrological modeling (Lutz et al., 2014, 2016; Adnan et al., 2017; Ali et al., 2018; Latif et al., 2020; Khanal et al., 2021; Zhang et al., 2022). However, among these, hydrological modeling has an advantage in runoff segmentation because of its modular approach to hydrological processes (Wu et al., 2021).
The current study was conducted on the Gilgit River basin which is a sub-catchment of the UIB (Figure 1). The Gilgit River basin is located in the north-western Karakorum and it receives combined streamflows of Gilgit and Hunza Rivers at Alam Bridge gauging station just before joining the Indus River. The selected study area is very important for the economic development of both Pakistan and China because part of the trade route that starts from China is passing through this region. This route is also known as the China-Pakistan Economic Corridor (CPEC) and it is an integrated part of the “One Belt One Road” initiative policy (Gao et al., 2021). The study area is highly glaciated and has several potentially dangerous glacial lakes. Several GLOFs events and surges have been observed in the basin, especially, along the CPEC route (Saifullah et al., 2020; Gao et al., 2021). GLOFs mainly occur in the spring and summer seasons and their hazard-causing process is short-lived. However, ice-dammed lakes have the highest frequency of flooding which is closely related to the sudden advancement of surge-type glaciers in the Hunza basin (Gao et al., 2021). Therefore, it is vital to understand the state and fate of these glaciers as well as meltwater runoff originating from these glaciers for long-term progress and planning in this area (Ashraf et al., 2012; Westoby et al., 2015). Though, the previous hydrological modeling studies lack credible information about the relative contributions of meltwater (i.e., snow and glacier melt) runoff to the streamflows of the Gilgit River basin. Most of the previous studies investigated the hydrological characteristics of the Gilgit and Hunza sub-catchments by using hydrological models which lack glacier modules such as the Snowmelt Runoff Model (Tahir et al., 2011; Adnan et al., 2017; Hayat et al., 2019; Latif et al., 2020) and Soil and Water Assessment Tool (SWAT) model (Thakuri and Salerno, 2016; Garee et al., 2017) whereas others used satellite data (Forsythe et al., 2010; Reggiani and Rientjes, 2015; Bolch et al., 2017; Hussain et al., 2019; Gilany et al., 2020) and statistical tools (Farhan et al., 2020) to study the hydrological characteristics of these basins. The previous hydrological modeling studies have also neglected the quantification of baseflow contributions to the streamflows of the Gilgit River which is an important part of winter streamflows. Though, few studies available where a high-resolution cryospheric-hydrology model such as the Spatial Processes in Hydrology model (SPHY) was used to simulate the relative contribution of runoff components to the streamflows of the source-region of Yellow River (Zhang et al., 2022) and 15 upstream rivers of HMA (Khanal et al., 2021). The SPHY model is capable of simulating the separate contribution of snowmelt, glacier melt, rainfall-runoff, and baseflow to the total streamflows.
[image: Figure 1]FIGURE 1 | The geographical location of the study area.
To fill the gaps in previous studies, the current study will employ the University of British Columbia Watershed Model (UBC WM) to simulate the runoff components of the Gilgit River basin. The UBC WM is capable of simulating the separate contributions of snowmelt, glacier melt, rainfall-runoff, and baseflow to streamflows. The main objectives of this study include: 1) to calibrate and validate the UBC WM and to identify the sensitive parameters to streamflows, 2) to investigate the response of runoff, runoff components, and climatic variables to climate change, and 3) to estimate the spatiotemporal variations in relative contributions of runoff components to the streamflows of the Gilgit River.
1.1 Study area
The Gilgit River basin is the sub-catchment of the UIB located in the western part of the Karakoram mountain range (Figure 1). The Gilgit River basin is stretched between latitude 35.71°–37.09°N and longitude 72.51°–75.78°E and has a mean elevation of 4230 m (Hussain et al., 2019). The drainage area of the Gilgit River basin is 27,272 km2 whereas the area of glaciers in the Gilgit River basin is about 5456 km2 which covers nearly 20% part of the total area of the basin. There are 8 meteorological stations such as Gilgit, Gupis, Yasin, Ushkore, Hunza, Naltar, Khunjerab, and Ziarat, and 3 stream gauging stations such as Gilgit, Dainyore, and Alam Bridge in the Gilgit River basin (Figure 1).
The area elevation curve displayed that the major part of the basin i.e., nearly 46% exists between elevations 4000–5000 m as shown in Supplementary Figure S1. The Hunza River flows from north to south while the Gilgit River flows from the northwest to southeast before joining together at Alam Bridge just downstream of Gilgit town. The Gilgit River joins the Indus River at Bunji/Partab Bridge in Jaglot town. The basin snow cover area in winter varies from 70% to 80% whereas in summer it decreases to 20%–30%. According to the streamflows data from 1981 to 2015, the Gilgit River mean annual discharge at the Alam Bridge gauging station was about 617 m3/s. The minimum value of discharge observed at Alam Bridge was about 66.1 m³/s while the maximum discharge was observed at 4834 m³/s during the specified period. Moreover, ∼26% of the total runoff volume of the Gilgit River is contributed to the Indus River in July and ∼24% in August (Supplementary Table S1). The study area falls in the cold desert climate system (Adnan et al., 2017). There are two climatic fronts responsible for the precipitation in this region; the monsoon (which originates from the Bay of Bengal in summer) and the westerlies (which originates from the Caspian Sea and Mediterranean region during winters and springs). Most of the annual precipitation falls in winter and spring in the form of snow because of westerly disturbances (Hewitt, 2011; Ul Hussan et al., 2020).
Variations in monthly average precipitation of the Gilgit River basin with respect to altitude are displayed in Figure 2A. Figure 2A shows that low altitude stations such as Gilgit and Gupis receive maximum monthly precipitation in the spring season (March–May) while high altitude stations such as Ziarat and Khunjerab receive the maximum amount of precipitation in July and August. Variations in monthly average temperature with respect to altitude are displayed in Figure 2B. Figure 2B showed that the lowest monthly average temperature was observed in January and the highest in July and August at all meteorological stations of the Gilgit River basin. The highest monthly average temperature from low (Gilgit) to high (Khunjerab) altitude station varies from 26.5 to 5.6°C in July whereas the lowest temperature varies from 3.8 (Gilgit) to −16.7°C (Khunjerab) in January (Figure 2B).
[image: Figure 2]FIGURE 2 | Variations in monthly average, (A) precipitation, and (B) Temperature with respect to altitude in the Gilgit River basin.
According to the data record from 1998 to 2012, the maximum relative humidity in the eastern part (Hunza) of the Gilgit River basin varies from 59% (March) to 91% (August) whereas the minimum relative humidity varies from 23% (March) to 52% (December). The basin receives a large number of solar radiation in May (5148 W/m2) and small numbers of solar radiation in December (2563 W/m2) (Adnan et al., 2021). The land-cover classification of the Gilgit River basin is displayed in Supplementary Figure S2. The study area was reclassified into seven major classes. The main land-cover class of the Gilgit basin is bare soil/rock (48.8%) followed by snow/glaciers (31.4%), alpine grasses and shrubs (17.4%), and agricultural land (1.34%). The minor land cover classes include dense & sparse coniferous and mixed forests (0.82%) while water bodies (0.25%) of the basin as given in Supplementary Figure S2.
2 MATERIALS AND METHODS
2.1 Datasets
The data sets used in the current study are displayed in Table 1. Their detailed description is given below:
TABLE 1 | List of datasets used in the current study.
[image: Table 1]2.1.1 Terrain data
The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Global Digital Elevation Model (GDEM) was used for delineation of the catchment boundary of the Gilgit River basin. The ASTER GDEM version-3 data was acquired from the website: https://lpdaacusgs.gov/tools/data-pool/. The grid resolution of the GDEM was 30 m and tiles were in Geo-TIFF format. The terrain features of the study area are described in Supplementary Table S2. The glaciers data were taken from the Randolph Glacier Inventory 6.0 repository and Pakistan’s land cover data of 30 m grid resolution was acquired from the International Centre for Integrated Mountain Development (ICIMOD) data archive as listed in Supplementary Table S2.
The DEM was divided into 8 elevation zones. The elevation of the study area ranges from 1178 to 7850 m. Overall, 20% of the Gilgit River basin is covered by glaciers. About 45.78% (or 2496 km2) of the total glacier area is located between elevations 4514 and 5328 m whereas nearly 27.4% of the total glacier area is located between elevations 5348 and 6182 m (Supplementary Table S2).
2.1.2 Hydro-meteorological data
The daily streamflows and meteorological data were acquired from the Surface Water Hydrology Project of Water and Power Development Authority, Pakistan (SWHP-WAPDA) and Pakistan Meteorological Department (PMD) for the period 1981–2015 (Table 2). The daily meteorological data includes minimum and maximum temperature, average temperature, and precipitation. The daily data of 4 meteorological stations located in the Gilgit River basin and streamflow data of the Gilgit River at the Alam Bridge gauging station were used in the current study (Table 2). ERA5 hourly data (0.25° grid resolution) of precipitation and minimum, maximum, and mean temperature was downloaded from the “Copernicus Climate Date Store” from 1981 to 2020 to fill the gaps of missing values in the observed meteorological data. The time series ERA5 precipitation data were bias-corrected by an empirical relation presented by Sperna Weiland et al. (2010) given below:
[image: image]
where [image: image] and [image: image] specifies the mean observed and modeled precipitation, respectively, and [image: image] represents the daily modeled precipitation for the study period. The temperature data were bias-corrected by using an empirical relation Eq. 2 presented by Cheng and Steenburgh (2007);
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Where [image: image] and [image: image] denote the daily modeled and observed temperature, respectively; [image: image] represents the corrected temperature; [image: image] specifies the mean daily modeled temperature whereas [image: image] designates the mean daily observed temperature.
TABLE 2 | List of hydro-meteorological stations used in the study.
[image: Table 2]2.2 Hydrological modeling
The current study has employed UBC WM to study the runoff and runoff components feature with reference to climate change in the Gilgit River basin. A detailed description of this model is explained below.
2.2.1 UBC watershed model
The UBC WM was initially developed by Quick and Pipes (1973) in British Columbia for daily streamflows forecasting of the Fraser River system. The process flow diagram of the UBC WM is displayed in Supplementary Figure S3. The model was originally developed for streamflow forecasting from the mountain catchments therefore the concept of area-elevation bands was introduced in it. The model uses observed hourly or daily minimum and maximum temperature, precipitation, and streamflows data for the estimation of simulated runoff and snowpack accumulation and depletion. The sub-division of runoff such as fast, medium, slow, and very slow is controlled by soil moisture and groundwater characteristics, and various components of runoff are routed to the stream by using storage routing systems and unit hydrographs. Moreover, the watershed model is suitable for the estimation of the total contribution from snow and glacial melt as well as rainfall-runoff and baseflow/groundwater in alpine catchments. The amount of rain and snowmelt input to each watershed band is further sub-divided based on priority. The priority is to satisfy the soil moisture deficit which is continuously depleted due to variation in evaporation demand. The model uses an energy balance approach instead of the degree-day method for the calculation of snowmelt however this approach is suitable when more detailed radiation, albedo, and wind speed data is provided to the model as input. This energy balance approach is simplified when only temperature data is given as input to the model. The model can be applied to catchments of any size ranging from a few square kilometers to several thousand square kilometers (Quick and Pipes, 1973).
In UBC WM, the watershed can be divided up into 12 elevation bands however selection of 4–8 bands is ideal. And the physical features of the catchment such as mean band area, mean band elevation, glacier area, north-south orientation, forested area, forest density, and an impermeable fraction of soil are defined distinctly for each elevation band under the set of variable parameters. The daily data of precipitation, streamflows, and minimum and maximum temperature is used as input in UBC WM. The precipitation distribution and snowmelt rate at different elevations are controlled in the model by the temperature lapse rate. Moreover, the precipitation inputs depend on temperature and elevation systems. In other words, the area-elevation band theory is used by the model to deal with the orographic gradient of precipitation and temperature. The UBC WM extrapolates the point measures of temperature and precipitation data to the mid-elevation of each elevation band of the watershed. Moreover, this model also controls the glacier extent and snow melting cover area. The UBC WM includes three sub-models.
2.2.1.1 Meteorological model
The first model is associated with meteorological data and it extrapolates the point measures of temperature and precipitation data to the mid-elevation of each elevation band of the watershed. Moreover, this model also controls the glacier extent and snow melting cover area.
2.2.1.2 Soil moisture model
The second model is associated with the soil moisture and it divides the catchment runoff into four parts such as fast (surface runoff), medium (interflow), slow (upper groundwater), and very slow (deep groundwater).
2.2.1.3 Routing model
In the routing model, water allocated to each of the components of runoff, namely fast, medium, slow, and very slow components are subjected to a routing procedure that produces a time distribution runoff. The routing procedure for each component is based on the same underlying concept, namely the linear storage reservoir. In linear storage reservoir theory, the storage of a linear reservoir is linearly related to the output via the storage constant which is also known as the time constant. The basic equation is given below:
[image: image]
In Eq. 3, S represents the storage in the reservoir, k denotes the time constant while q denotes the outflow from the reservoir (dimension = length/time).
This theory is based on certain assumptions where a given precipitation excess can be routed through a series of linear reservoirs where the outflow from the first reservoir is being taken as the inflow to the second, and so on. However, the last reservoir is taken as the overall response of the watershed to the precipitation excess input. This model generates the distribution of runoff components.
The output file of the UBC WM includes simulated total runoff, snowmelt, glacier melt, rainfall-runoff, and baseflow/groundwater. In order to calculate the relative contribution of each runoff component, we have added up all the runoff components to get the total runoff, and then by simple calculation, we have determined the relative contribution of each runoff component (in percentage) to the total runoff. The output file of UBC WM also provides information about the relative contribution of runoff components from different elevation bands. Similarly, we have added up the contribution of runoff components from 8 elevation bands and then by simple calculation, we have calculated the relative contribution of each runoff component (in percentage) from individual elevation bands separately. The contribution of glacier melt runoff to total runoff varies with respect to the percentage of glacier cover area within each elevation band.
2.2.2 Model setup
In UBC WM, there is a limitation to using 1–5 meteorological station data as input to force the hydrological model. So for the preparation of forcing data, we have selected four meteorological stations of the Gilgit River basin installed at low to high elevations (Gilgit, 1460 m; Gupis, 2156 m; Ziarat, 3020 m; Khunjerab, 4440 m) to represent the meteorological characteristics of the whole basin. The UBC WM was divided into 8 elevation bands and 4 aspect classes as shown in Supplementary Figure S4. The mean elevation, band area, glacier area, forest density, canopy, impermeable area, and north/south orientation of each elevation band were determined. Daily maximum and minimum temperature, precipitation, and streamflow data were prepared according to model format and then input to UBC WM for simulation of streamflows.
2.2.3 Calibration and sensitivity analysis
The UBC WM was calibrated for the period 1981–2000 and validated for the period 2001–2015. The UBC WM was run to forecast streamflows from 2016 to 2020 in the absence of observed streamflows data for this period. In UBC WM, the parameters were optimized after running three iterations (or 4500 simulations). The UBC model was calibrated over the Gilgit River basin with a set of 26 parameters listed in Supplementary Table S3. In the UBC model, the calibration procedure involves three stages. In stage one calibration, the parameters related to precipitation were calibrated whereas in stage two the parameters related to water were calibrated. Stage three involves the calibration of routing parameters (Supplementary Table S3). The parameters related to precipitation (E0LMID, E0LHI, P0SREP, P0RREP, P0GRADL, P0GRADM), water (P0PERC, P0DZSH, P0AGEN, C0IMPA), and routing (V0FLAS, P0DZTK, P0UGTK) were found more sensitive during calibration. Few other parameters such as indexes for temperature and precipitation lapse rates (IGRADP, LAPSER) and potential evapotranspiration factor (AOEDDF) were also found sensitive during calibration.
2.2.4 Performance evaluation criteria
The performance of simulated streamflows against observed streamflows for UBC WM was evaluated by using statistical indices such as the Nash–Sutcliffe efficiency (NSE), the coefficient of determination (R2) (Nash and Sutcliffe, 1970), and correlation coefficient (CC). The mathematical representation of these statistical indices is given in Eqs 4–6;
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Where, [image: image] and [image: image] represent simulated and observed streamflows, respectively.
3 RESULTS
3.1 Regional climate change and runoff progression
Climate change has significantly impacted the hydrological regime of UIB, Pakistan. Figure 3 represents the anomalies of annual mean temperature, annual precipitation from 1981 to 2020, and annual maximum, minimum, and mean discharge from 1981 to 2015 in the Gilgit River basin. Figure 3A displayed that the annual mean temperature exhibited an increasing trend since 2000 while an abrupt change was observed from 2006 to onward. Trend analysis displayed that the annual mean temperature in the Gilgit River basin is increasing with a magnitude of 0.24°C/decade. The annual precipitation anomaly has displayed mix trend before 2010 but it had displayed a significantly increasing trend from 2010 to onward as shown in Figure 3B. Trend analysis revealed that annual precipitation in the Gilgit River basin is increasing with a change rate of 8.7 mm/decade. It has been observed more increase in high altitude precipitation as compared to low altitude precipitation in the Gilgit River basin. Figure 3C showed the anomaly of annual maximum discharges in the Gilgit River basin at Alam Bridge gauging station. It has been observed to increase in annual maximum discharge anomaly from 1981 to 1994 but it was found to decline in maximum discharge anomaly from 1995 to 2004 and then observed an increase from 2005 to 2013. Moreover, it has been observed an increase in the annual minimum discharge anomaly since 2008 as represented in Figure 3D.
[image: Figure 3]FIGURE 3 | Regional anomalies of hydro-meteorological variables of the Gilgit River basin.
The mean annual discharge anomaly of the Gilgit River also displayed an increasing trend with a magnitude of 1.1 m³/s from 1981 to 2015 as shown in Figure 3E. Figure 3E showed that mean annual discharge began to increase from the year 1998 while a substantial increase in discharge was observed from the year 2008 to onward. A study conducted by Li et al. (2021) has also observed an increasing trend in the discharge of HMA’s Rivers from the year 1998 to onward.
3.2 Calibration and validation of UBC WM
The UBC WM was successfully calibrated (1981–2000) and validated (2001–2015) against observed streamflows of Gilgit River at Alam Bridge as shown in Figures 4, 5, respectively. In the absence of observed streamflows data, the UBC WM also successfully forecasted streamflows of the Gilgit River from 2016 to 2020 as shown in Figure 5A. The statistical indices for calibration (R2 = 0.90, NSE = 0.87, and CC = 0.95) and validation (R2 = 0.86, NSE = 0.83, and CC = 0.92) displayed that UBC WM performed satisfactory at Gilgit River basin. During calibration and validation periods, the model successfully simulated low and peak flows very well.
[image: Figure 4]FIGURE 4 | (A) Calibration of UBC WM from 1981 to 2000 at Alam Bridge gauging station; (B) Scatter plot between observed and simulated streamflows during the calibration period.
[image: Figure 5]FIGURE 5 | (A) Validation of UBC WM from 2001 to 2015 at Alam Bridge gauging station; (B) Scatter plot between observed and simulated streamflows during the validation period.
The scatter plot diagrams (Figures 4B, 5B) also displayed a good correlation between observed and simulated streamflows during both calibration and validation periods.
The performance of UBC WM was also evaluated by comparing the observed and simulated streamflows (i.e., from 1981 to 2015) on a monthly time scale as shown in Figure 6. The model perfectly simulated low and high flows (Figure 6A). The scatter plot also displayed a good correlation (i.e., R2 = 0.98) between observed and simulated streamflows as shown in Figure 6B.
[image: Figure 6]FIGURE 6 | (A) Performance evaluation of UBC WM at a monthly time scale; (B) Scatter plot between observed and simulated streamflows at the monthly time scale.
3.3 Temporal variations in simulated runoff components of Gilgit River
The total runoff obtained from the UBC WM is composed of four components such as glacier melt, snowmelt, baseflow, and rainfall-runoff. Amongst them, the baseflow is mainly generated by the recharge of groundwater from rainfall and glacier meltwater. The four simulated runoff components displayed different responses to climate change and there have been observed interannual variations in each runoff component from 1981 to 2020 as shown in Figure 7. It has been observed an increasing trend in snowmelt runoff with a magnitude of 0.40 m3/s per year from 1981 to 2020. It was found significant increase in snowmelt runoff from 2008 to onward as shown in Figure 7A. However, it has been observed a substantial increase in glacier melt runoff from 1981 to 2020 as shown in Figure 7B. The trend analysis showed an increase of 0.63 m3/s per year in glacier melt runoff. Figure 7B showed that glacier melt runoff had significantly increased from 1981 to 2008 and then observed a slightly decreasing trend from 2009 to 2016 and after that, it was found to be increased. Figure 7C displayed an increasing trend in simulated rainfall-runoff with a magnitude of 0.30 m3/s per year from 1981 to 2020. The rainfall-runoff was found to be significantly increased from 2010 onward. Similarly, it has been observed an increasing trend in baseflow with a magnitude of 1.48 m3/s per year from 1981 to 2020 as shown in Figure 7D. The interannual variations in baseflow were found quite analog to snowmelt runoff and rainfall-runoff. It was observed relatively low baseflow during 1996–2001 while it significantly increased from 2002 to onward.
[image: Figure 7]FIGURE 7 | Temporal variations in simulated runoff components of Gilgit River from 1981 to 2020.
3.4 Monthly variations in simulated runoff components and their relative contribution to streamflows
Variations in simulated runoff components at the monthly time scale are represented in Figure 8A. It showed that glacier melt runoff is dominant in the Gilgit River basin followed by snowmelt, baseflow, and rainfall runoff. In terms of runoff amount; snowmelt runoff is contributed between April and September and reaches its peak in July while glacier melt runoff is contributed between April and October and reaches its peak in August in the Gilgit River basin. Similarly, rainfall-runoff contribution reaches its peak in August whereas baseflow reaches its peak in July and August because it is largely dependent on rainfall-runoff and recharge from glacier melt. Overall, nearly 26%–27% of total runoff is generated in July and approximately 66%–70% of total runoff of Gilgit River is generated between June and August as shown in Figure 8A.
[image: Figure 8]FIGURE 8 | (A) Monthly variations in simulated runoff components and, (B) Relative contribution of runoff components to streamflows at the monthly time scale.
Figure 8B shows the relative contribution of runoff components to streamflows of the Gilgit River simulated by UBC WM. It was observed that the relative contribution of baseflow was found dominant over snowmelt, glacier melt, and rainfall-runoff in winter (October–April) whereas it was found low during summer (May–August) because of the rise in snow and glacier melt runoff. From April to June, the relative contribution of snowmelt runoff to the total runoff of the Gilgit River was observed dominant over glacier melt while glacier melt contribution to the total runoff was found dominant over snowmelt from July to October. However, the relative contribution of rainfall-runoff to total runoff of the Gilgit River was found dominant in April because low-altitude areas of the basin receive a large amount of precipitation in the form of rainfall during this month (Figure 8B).
3.5 Annual variations in simulated runoff components and their relative contribution to streamflows
The annual variations in runoff components of the Gilgit River simulated by UBC WM for the calibration period (1981–2000) are displayed in Figure 9. Figure 9A shows the annual variations in simulated runoff components from 1981 to 2000. On average (i.e., from 1981 to 2000), the UBC WM has simulated that the major contributor to the total runoff of the Gilgit River is glacier melt (48%), followed by snowmelt (25%), baseflow (23%), and rainfall-runoff (4%) as shown in Figure 9B. The interannual analysis showed that the relative contribution of snowmelt, glaciers melt, rainfall, and baseflow runoff varied from 13% to 33%, 30% to 75%, 1% to 9%, and 8% to 33%, respectively, from 1981 to 2000. The maximum contribution of snowmelt, glacier melt, rainfall, and baseflow runoff was observed in the years 1983, 2000, 1992, and 1989–1993–1995, respectively (Figure 9B).
[image: Figure 9]FIGURE 9 | (A) Annual variations in simulated runoff components from 1981 to 2000 and, (B) Relative contribution of runoff components to streamflows at the annual time scale.
The annual relative contribution of runoff components to the total runoff of the Gilgit River during the validation period (2001–2020) is presented in Figure 10. Figure 10A shows the annual variations in simulated runoff components from 2001 to 2020. It was observed that on average (i.e., from 2001 to 2020), the relative contribution of glacier melt, snowmelt, baseflow, and rainfall-runoff to the total runoff of the Gilgit River was 45%, 24%, 27%, and 5%, respectively (Figure 10B). The Interannual analysis displayed that the relative contribution of snowmelt, glacier melt, rainfall-runoff, and baseflow to the total runoff of the Gilgit River varied from 11% to 41%, 29% to 63%, 1% to 14%, and 15% to 32%, respectively, during 2001–2020. The maximum contribution of snowmelt, glacier melt, rainfall, and baseflow runoff was observed in the year 2011, 2008, 2010, and 2017, respectively (Figure 10B).
[image: Figure 10]FIGURE 10 | (A) Annual variations in simulated runoff components from 2001 to 2020 and, (B) Relative contribution of runoff components to streamflows at the annual time scale.
3.6 Seasonal contribution of runoff components to the total runoff of the Gilgit River
The relative contribution of runoff components in different seasons simulated by UBC WM is shown in Figure 11. It was observed that relative contributions of snowmelt, glacier melt, rainfall-runoff, and baseflow were 30%, 45%, 7%, and 18%, respectively to the total summer (April–September) runoff and 3%, 1%, 46%, and 50%, respectively to the total winter (October–March) runoff of the Gilgit River as presented in Figure 11A. Overall, it was observed from the analysis that on average, 86% part of the total annual runoff is contributed to the Gilgit River in the summer (April–September) season while only 14% is contributed in winter (October–March).
[image: Figure 11]FIGURE 11 | Relative contribution of runoff components to streamflows in different seasons.
The relative contribution of runoff components was further investigated in detail at a seasonal scale as shown in Figure 11B. It was observed that in winter (DJF), the baseflow contribution to total winter runoff was found dominant (i.e., nearly 100%) while in spring (MAM) season; the snowmelt runoff contribution to the total runoff was found more dominant than other runoff components as shown in Figure 11B. However, in the summer (JJA) season, the glaciers’ melt runoff contribution to the total runoff was found dominant followed by snowmelt, baseflow, and rainfall-runoff. Moreover, in the autumn (SON) season, the relative contribution of glacier melt and baseflow to the total runoff were found dominant and nearly equal to each other followed by snowmelt and rainfall-runoff as displayed in Figure 11B.
3.7 Spatial contribution of runoff components to the total runoff of the Gilgit River
Overall, eight elevation bands of the study area were created in UBC WM settings to estimate the relative contribution of runoff components from individual elevation bands (Figures 12A,B). Figure 12A showed the relative contribution of runoff components from individual elevation bands. It was observed negligible contribution of runoff components from the first elevation band (1178–2012 m) while in the second elevation band (2012–2846 m); the contribution of glacier melt runoff was found significant followed by rainfall-runoff and baseflow. In the third elevation band (2846–3680 m), the major contribution of runoff was due to glacier melt followed by rainfall, baseflow, and snowmelt runoff. In the fourth elevation band (3680–4514 m), the glaciers’ melt runoff contribution to the total runoff was dominant followed by baseflow, snowmelt, and rainfall-runoff. The fifth elevation band (4514–5348 m) was found as a major contributor of runoff to the total runoff of the Gilgit River. All the runoff components contribute the maximum amount of runoff from the fifth elevation band (Figure 12A). The glacier melt contribution above the fifth elevation band is zero while the snowmelt contribution becomes zero above the seventh elevation band (6182–7016 m). The runoff contribution from the eighth elevation band (7016–7850 m) was observed at zero as shown in Figure 12A.
[image: Figure 12]FIGURE 12 | Relative contribution of, (A) runoff components and, (B) runoff to streamflows from different altitudes.
Figure 12B showed the relative contribution of total runoff from individual elevation bands of the Gilgit River basin. It can be seen that the relative contribution of runoff from the first elevation band (1178–2012) m was <1% while it was ∼1.4% from the second elevation band (2012–846) m. The major part of the total runoff nearly 46.3% is contributed from the fifth elevation band (4514–5348) m. In total, approximately 76% of the total runoff of the Gilgit River basin is generated between elevation ranges of 3680–5348 m whereas nearly 5% of the total runoff is generated at an elevation >5348 m and 19% < 3680 m as shown in Figure 12B.
3.8 Temporal variations in groundwater contribution from soil upper and deep zone
Temporal variations in groundwater contribution from soil upper and deep zone to streamflows at monthly and annual time scales are presented in Figures 13A,B. In UBC WM, the groundwater percolates into the soil and is divided into two components by the soil moisture model: 1) slow; which is an upper zone component, and, 2) very slow; which is a lower zone component. Both of these groundwater components are routed using a single linear reservoir which accumulates each day’s inflow and releases a fixed percentage of the total storage each day. Figure 13A showed that groundwater contribution from the soil lower zone was greater than soil upper zone from January to December. It can be seen from Figure 13A that the maximum amount of groundwater was contributed to streamflows from the soil upper zone in July and August because of groundwater recharge from rainfall-runoff and glacier melt. Figure 13B displayed the interannual variations of groundwater contribution from soil upper and lower zone to the streamflows of Gilgit River from 1981 to 2020. It was observed that the groundwater contribution from soil upper zone to streamflows varied from 3% to 42.5% whereas from soil lower zone it varied from 57% to 97% from 1981 to 2020. On average (i.e., from 1981 to 2020), approximately 24% of groundwater is contributed to streamflows from the soil’s upper zone while 76% is contributed from the soil’s lower zone as shown in Figure 13B.
[image: Figure 13]FIGURE 13 | Temporal variations in groundwater contribution from soil upper and deep zone to streamflows, (A) at monthly time scale; (B) at the annual time scale.
4 DISCUSSION
The current study focuses on investigating the long-term variations in runoff and runoff components of the Gilgit River in response to climate change simulated by UBC WM. This study is unique because it investigates the long-term variations in simulated runoff components at a spatiotemporal scale which were missing in previous studies. A few previous studies (Tahir et al., 2011; Adnan et al., 2017; Hayat et al., 2019; Latif et al., 2020) simulated the streamflows of the Gilgit River basin at Gilgit by using the SRM and other researchers (i.e., Garee et al., 2017; Khan et al., 2020) simulated streamflows of the Hunza River basin at Dainyor by using the SWAT model which lacks glacier module. Moreover, another study conducted by Hussain et al. (2019) studied the cryosphere dynamics and its implications on Gilgit River runoff at Alam Bridge by using MODIS and observed hydro-meteorological data. The previous studies did not investigate the hydrological characteristics of the Gilgit River basin in detail and failed to describe the spatiotemporal variations in runoff components especially, in glacier melt runoff and baseflow.
The current study employed UBC WM for simulating the runoff and runoff components from 1981 to 2020. The model was successfully calibrated (1981–2000) and validated (2001–2015) against observed streamflows of the Gilgit River and both low and peak flows were captured very well by the hydrological model. The UBC WM also performed well at the monthly time scale and there was observed good correction between observed and simulated streamflows with R2 = 0.98. However, a similar study conducted by Ali et al. (2018) simulated streamflows of the Hunza River basin from 1995 to 2010 by the HBV model. There was found poor correlation between observed and simulated streamflows, especially in 1997 and from 2005 to 2010 and the model did not well capture high flows. Another study conducted by Ismail et al. (2020) used the SRM+G model to simulate the streamflows of the Hunza River but the hydrological model underestimated the streamflows in the first half of the year when snowmelt was dominating whereas it overestimated discharges from July to September when the glacier melt runoff was the dominant factor. Another, hydrological model such as the VIC-Glacier used by (Ismail et al., 2020) underestimated the base flows and overestimated the peak flows of the Hunza River in many of the calibration years (Ismail et al., 2020). Another study conducted by Zhang et al. (2022) used the SPHY model to investigate the response of runoff components to climate change in the source region of the Yellow River on the Tibetan plateau. The model is capable of simulating snowmelt, glacier melt, rainfall-runoff, and baseflow. Overall, the model well captured low flows but failed to capture peak/high flows. However, the UBC model used in our current study well captured both low and peak flows. The UBC WM not only successfully simulated the streamflows of the Gilgit River but also perfectly simulated the separate contribution of runoff components to the total runoff of the Gilgit River. The four simulated runoff components displayed different responses to climate change and there have been observed interannual variations in each runoff component. The trend analysis revealed an increase in all runoff components but it was observed a substantial increase in baseflow, followed by glacier melt, snowmelt, and rainfall-runoff. A similar study conducted by Guo et al. (2022) on the Upper Shule River basin on the northeast Tibetan Plateau observed a substantial increase of 2.14 times in groundwater/baseflow contribution to streamflows from 1954 to 2018 because of an increase in glacier melt, temperature, and precipitation. Likewise, another study conducted by Liu et al. (2009) observed a substantial increase in glacier melt runoff in the source region of the Yangtze River since the 1990’s. Furthermore, the studies conducted by Li et al. (2020 and 2021) also confirmed a substantial increase in annual river flows, glacier melt, and sediment fluxes in major rivers of HMA due to climate change since the 1990s. Moreover, it was observed that from 1981 to 1995, glacier melting and rainfall were mainly responsible for the increase in baseflow contribution whereas from 2010 to onward, an increase in rainfall-runoff was responsible for the rise in baseflow contribution. The interannual variations in baseflow were found quite analog to snowmelt and rainfall-runoff.
The current study has also determined the variations in simulated runoff components and their relative contribution to streamflows of the Gilgit River at a monthly time scale. It was observed that glacier melt runoff was dominant in streamflows of the Gilgit River followed by snowmelt, baseflow, and rainfall-runoff. It was revealed that the snowmelt runoff peak is achieved in July while glacier melt runoff reached its peak in August. Nearly, 26% of total runoff is contributed to the Gilgit River in July whereas 66%–70% of total runoff is contributed from June to August. In the case of the relative contribution of runoff components to the total runoff, the baseflow contribution was found dominant in autumn (SON) and winter (DJF) months while rainfall-runoff contribution was observed dominantly in April streamflows of Gilgit River. The snowmelt runoff contribution to the streamflows of the Gilgit River was observed dominantly in May and June while glaciers melt contribution was found dominant from July to September. A study conducted by Mukhopadhyay and Khan (2015a) also observed that glacier melt contribution was dominant in August and September in the Gilgit River basin. Moreover, the current study has a good correlation with the study conducted by Ali et al. (2018) on the Hunza River. They also observed the maximum contribution of snowmelt to streamflows in May and June and glaciers melt to streamflows in July and August. Similarly, another study conducted by Mukhopadhyay and Khan (2014) observed maximum contribution of snow and glacier melt to the streamflows of Gilgit River in July and August whereas baseflow was found dominant in winter (October–March) which is consistent with our study.
The temporal variations of simulated runoff components and their relative contribution to the streamflows of the Gilgit River were also analyzed at an annual time scale from 1981 to 2020. It was found large inter-annual variability in the relative contribution of runoff components. It was observed that on average (i.e., from 1981 to 2020), the relative contribution of snowmelt, glacier melt, rainfall-runoff, and baseflow to the total runoff of the Gilgit River was 25%, 46%, 5%, and 24%, respectively. Moreover, it was unveiled that the interannual contribution of snowmelt, glacier melt, rainfall-runoff, and baseflow to the streamflows of Gilgit River varied from 13% to 41%, 29% to 75%, 1% to 14%, and 8% to 33%, respectively. Our study results were found consistent with a study conducted by Mukhopadhyay and Khan, (2015a). They observed that glacier melt (36%) is a major contributor to streamflows of the Gilgit River at Alam Bridge followed by snowmelt (35%) and baseflow (29%). Another study conducted by Mukhopadhyay et al. (2015b) observed that glacier melt contribution was dominant, i.e., 43% in Hunza River (a tributary of Gilgit River) followed by snowmelt (31%), and baseflow (26%). However, Lutz et al. (2014 and 2016) observed that the relative contribution of glacier melt to the streamflows of Gilgit River at Alam Bridge ranged from 70% to 80%, followed by snowmelt of 10%–20%, and rainfall of 0%–10%. Our study has a good correlation with their studies because we also observed that glacier melt, snowmelt and rainfall runoff contribution to the streamflows of the Gilgit River varied from 29% to 75%, 13% to 41%, and 1% to 14%, respectively. Similarly, Biemans et al. (2019) also observed that snow and glacier melt combined contribution ranged from 80% to 90% to the streamflows of Gilgit River at Alam Bridge. The results of their study were found consistent with our study.
The relative contribution of runoff components in different seasons was also determined in the Gilgit River basin. It was observed that in winter (DJF) nearly 100% of runoff in Gilgit River is generated as a result of baseflow whereas in spring (MAM) season snowmelt runoff (46%) was found dominant followed by glacier melt (22%), baseflow (22%) and rainfall-runoff (9%). However, in the summer (JJA) season, the glacier melt runoff (45%) was found dominant followed by snowmelt (36%), baseflow (13%), and rainfall-runoff (6%) in the streamflows of the Gilgit River. In the autumn (SON) season, the baseflow (44%) was observed as a major contributor to the streamflows of the Gilgit River followed by glaciers melt (42%), rainfall (7%), and snowmelt (7%). Overall, it was observed that on average; 86% part of the total runoff is contributed in the summer (April–September) season while only 14% is contributed in winter (October–March). The results of our study related to seasonal contributions of runoff components were found consistent with the studies of Mukhopadhyay and Khan (2014) and (2015a). They also observed baseflow as a major contributor in winter (DJF) and autumn’s (October–November) streamflows. They also found that snowmelt contribution was dominant from May to July while glaciers melt contribution was observed dominantly in August and September. All their results have a strong correlation with our study’s results.
The Gilgit River basin was divided into eight elevation bands and the relative contribution of runoff components from each elevation band was determined. It was observed nearly zero contribution of runoff components from the first (1178–2012 m) and eighth (7016–7850 m) elevation bands whereas it starts from the second (2012–2846 m) elevation band and reaches its peak in the fifth (4514–5348 m) elevation band. The fifth elevation band contributes (about 46.3% of total runoff) a major part of runoff to the streamflows of the Gilgit River. Similarly, Mukhopadhyay and Khan (2014) observed a major contribution of runoff (i.e., 41%–54%) from the elevation band (i.e., from 3500 to 5300 m) to the main stem of the Indus. Overall, approximately 76% of the total runoff of the Gilgit River basin is generated between elevations 3680 and 5348 m whereas nearly 19% of the total runoff is generated at an elevation <3680 m. However, only 5% runoff is generated at an elevation >5348 m.
The groundwater contribution from the soil’s upper and deep zone to the streamflows of the Gilgit River was also determined on a monthly and annual time scale. It was observed that groundwater contribution from the soil lower zone was greater than the soil upper zone from January to December. The groundwater contribution from the upper zone gradually increases from May (i.e., from 10%) and reached its peak in July (i.e., 44.4%). The groundwater contribution from the soil upper zone was high in the summer months because of high percolation to the aquifer as a result of the rise in rainfall-runoff and glaciers melting. The other studies conducted by Orlova and Branfireun (2014) and Spencer et al. (2021) have also confirmed that the contribution of water from the soil deep zone is dominant in the dry period while the contribution of water from the soil shallow zone is dominant in the wet season. Moreover, it was observed that deep soils with large storage capacities control the baseflow during dry periods (Shanley et al., 2015; Floriancic et al., 2018). The results of their studies were found consistent with our study. Further analysis revealed that groundwater contribution from soil upper and lower zones varied from 3% to 42.5% and 57% to 97%, respectively from 1981 to 2020. Moreover, it was unveiled that on average (i.e., from 1981 to 2020), about 24% of groundwater is contributed to streamflows from the soil’s upper zone while 76% is contributed from the soil’s lower zone.
5 CONCLUSION
Mountain glaciers are an important element in the UIB. Nearly 70%–80% of runoff of the Indus River originated from the melting of seasonal snow and glaciers melt. Pakistan’s agriculture, industry, livelihoods, and large population are highly dependent on the water coming from the Indus River basin. Gilgit River basin being the sub-catchment of the UIB had recently gained more importance because of its topography and water reserves. Moreover, there are many hydropower and construction projects in progress in this region with the cooperation of the Chinese government so this region is very important for both China and Pakistan’s development. However, the construction of more reservoirs is very critical in HMA because of the high vulnerability of disasters related to glacial retreat and detachments, landslides, rock–ice avalanches, debris flows, and GLOFs. Such types of disasters bring a large amount of sediment that can fill up reservoirs and may cause dam failure so sustainable sediment management solutions are required to tackle these issues (Li et al., 2022). Moreover, any change in runoff components of this region will directly impact the streamflows and ultimately water availability in downstream areas. Therefore, the accurate estimation of the runoff and runoff components and their relative contribution to the streamflows is indispensable in this region. However, it is a quite challenging problem to assess and quantify the relative contributions of seasonal snows and glaciers separately along with other runoff components. The current study presents a comprehensive analysis of the hydrological regime of the Gilgit River basin at Alam Bridge which was not investigated in detail in previous research. The main outcomes of this study are given below:
1) The UBC WM model was successfully calibrated (1981–2000) and validated (2001–2015) against observed streamflows of the Gilgit River basin. The model perfectly simulated both low and peak flows and there was found strong correlation between observed and simulated streamflows with R2 = 0.98 at a monthly time scale.
2) The annual mean temperature anomaly exhibited an increasing trend since 2000 whereas an abrupt change was observed from 2006 to onward while the annual precipitation anomaly has displayed a significantly increasing trend from 2010 to onward. However, the mean annual discharge anomaly exhibited an increasing trend since 1998 while an abrupt change was observed from the year 2008 to onward. Moreover, trend analysis of simulated runoff components revealed a significant increase in all runoff components specifically, in baseflow followed by glacier melt, snowmelt, and rainfall-runoff.
3) The temporal analysis of runoff components revealed that on average (i.e., from 1981 to 2020), the relative contributions of snowmelt, glacier melt, rainfall-runoff, and baseflow to the total runoff were 25%, 46%, 5%, and 24%, respectively. However, the seasonal analysis disclosed that about 86% of the total runoff of the Gilgit River basin was contributed in summer (April–September) whereas only 14% in winter (October–March). At spatial scale, about 76% of the total runoff is generated between elevations range (i.e., from 3680 to 5348) m of the Gilgit River basin while nearly 19% of the total runoff is generated at an elevation <3680 m. However, only 5% runoff is generated at an elevation >5348 m.
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