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In the high altitude Hindukush Karakoram Himalaya (HKH) mountains, the complex weather system, inaccessible terrain and sparse measurements make the elevation-distributed precipitation and temperature among the most significant unknowns. The elevation-distributed snow and glacier dynamics in the HKH region are also little known, leading to serious concerns about the current and future water availability and management. The Hunza Basin in the HKH region is a scarcely monitored, and snow- and glacier-dominated part of the Upper Indus Basin (UIB). The current study investigates the elevation-distributed hydrological regime in the Hunza Basin. The Distance Distribution Dynamics (DDD) model, with a degree day and an energy balance approach for simulating glacial melt, is forced with precipitation derived from two global datasets (ERA5-Land and JRA-55). The mean annual precipitation for 1997–2010 is estimated as 947 and 1,322 mm by ERA5-Land and JRA-55, respectively. The elevation-distributed precipitation estimates showed that the basin receives more precipitation at lower elevations. The daily river flow is well simulated, with KGE ranging between 0.84 and 0.88 and NSE between 0.80 and 0.82. The flow regime in the basin is dominated by glacier melt (45%–48%), followed by snowmelt (30%–34%) and rainfall (21%–23%). The simulated snow cover area (SCA) is in good agreement with the MODIS satellite-derived SCA. The elevation-distributed glacier melt simulation suggested that the glacial melt is highest at the lower elevations, with a maximum in the elevation 3,218–3,755 masl (14%–21% of total melt). The findings improve the understanding of the local hydrology by providing helpful information about the elevation-distributed meltwater contributions, water balance and hydro-climatic regimes. The simulation showed that the DDD model reproduces the hydrological processes satisfactorily for such a data-scarce basin.
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1 INTRODUCTION
Precipitation is one of the key drivers of the hydrological cycle, but is also among the significant unknowns at high elevations (Immerzeel et al., 2012; Ragettli and Pellicciotti, 2012). Similar to other mountain basins globally, precipitation is the main uncertainty in the Hindukush Karakoram Himalaya (HKH) region, yet critical for understanding high altitude hydrology (Immerzeel et al., 2012). The relationship between precipitation and elevation in the region is poorly defined due to the area’s remoteness, inaccessible terrain and sparse measurements (Bookhagen and Burbank, 2006; Immerzeel et al., 2015).
In high elevation mountain basins, snow and glaciers significantly contribute to the river flow (Barnett et al., 2005). Snow is an integral part of the climatic system, significantly influencing atmospheric processes because of its low thermal conductivity and high albedo (Hall and Riggs, 2007). The snow and glaciers in the HKH region sustain the freshwater availability in the Himalayan and adjacent plains. Seasonal snow and glaciers from the HKH region provide freshwater in the downstream areas from April-October (Hasson et al., 2014). Meltwater from the HKH region is critical for the irrigation, hydropower production, and drinking water needs of millions of people in Southeast Asia. This meltwater is also associated with high water levels in lakes and reservoirs and subsequent increased risk of downstream flooding (Qureshi et al., 2017). Due to the lack of precipitation data in the Indus Basin, the snow cover area (SCA), snow water equivalent (SWE), and glacier mass balance are not fully known (Bolch, 2017). The current understanding of snow and glacier melt contribution to the Indus runoff is hence based on insufficient analysis and very limited data (Nazeer et al., 2021).
The agro-based economy in Pakistan depends on water supplied from the River Indus and its tributaries for irrigation (Raza et al., 2012). The water for the Indus Basin Irrigation System (IBIS), the largest irrigation system in the world, originates from the HKH region and is regulated by two major reservoirs, i.e., Tarbela on River Indus and Mangla on River Jhelum. The rainfall in the plains of the IBIS is, in general small (<200 mm/year) (Ali et al., 2009), so the upstream snow and glaciers are critical to sustain this irrigation system. The Hunza Basin is one of the main sub-basins of the Upper Indus Basin (UIB). It contributes about 12% of the total flow of the River Indus upstream of the Tarbela reservoir (Shrestha et al., 2015). In the Hunza Basin, the area above 5,000 masl receives maximum snowfall and is considered the most active hydrological zone of the basin (Young, 1985). With only three installed gauges in the basin below 5,000 masl, it is challenging to get realistic precipitation and its spatial distribution (Saroj Shrestha 2019). Moreover, the basin has extensive glaciers (about 30% of its total area) that contribute significantly to the river flow. These glaciers cannot persist unless precipitation in the basin is much higher than what is observed by the existing gauges (Immerzeel et al., 2011).
Different studies (Tahir et al., 2011; Immerzeel et al., 2012; Ragettli and Pellicciotti, 2012; Lutz et al., 2014; Shrestha et al., 2015; Shrestha and Nepal, 2019) used different data (e.g., gauges data with precipitation lapse rates, APHRODITE, virtual weather stations (VWSs), ERA-Interim) to estimate precipitation at high altitudes. The mean observed annual precipitation was 660 mm at Naltar (2,810 masl), 292 mm at Ziarat (3,669 masl) and 165 mm at Khunjrab gauge (4,730 masl) in the Hunza basin from 2000 to 2004 (Shrestha et al., 2015). Since the mean annual flow is 730 mm for the same period (750 mm for 1997–2010) in the Hunza River, it may suggest that these three stations are insufficient to estimate precipitation of the entire basin and/or there is a significant contribution to the runoff from glacier storage. In addition, there appears to be a negative precipitation gradient in the Hunza Basin, with maximum precipitation at lower elevations (Naltar station) and the minimum at higher elevations (Khunjrab station). So, deriving precipitation for higher elevations using simple lapse rates may introduce uncertainty in assessing the hydrological processes.
Models are primarily used for investigating hydrological processes and predicting fluxes. The model that provides accurate results using the least parameters and with the least complexity is ranked as the best (Skaugen and Weltzien, 2016). Various hydrological models with diverse applications, ranging from small catchments to the global scale, have been developed (Skaugen and Weltzien, 2016). Maskey (2022) has reviewed a wide range of catchment hydrological models, which include models that simulate snow accumulation and melt processes. Hydrological models can be classified as lumped, semi-distributed and distributed, on a spatial scale basis. Many approaches have been developed within conceptual and distributed hydrologic modelling frameworks to better represent the snow and glacier processes (Shrestha et al., 2015). These models are, in general hydrological models but also simulate the snow/glacier and hydrological dynamics and associated climate change implications (for example,; SRM (Martinec (1975), DDD (Skaugen and Onof, 2014), SPHY (Terink et al., 2015), GDM (Kayastha and Kayastha, 2020). There are two basic approaches to simulate snow and glacier melt: degree day and energy balance. The degree day approach only uses temperature for melt simulations. The energy balance model considers the overall energy budget of the system for estimating snow and glacier melt. Energy balance-based snow and glacier melt modelling is generally better suited to accurately describe the hydrologic processes (Shrestha et al., 2015). In this study, two versions of the Distance Distribution Dynamics (DDD) model with energy balance (EB) and degree day (DD) based sub routines are used for estimating glacial melt. The former is more physically based and has no parameters to be calibrated, whereas the latter uses the degree-day factor as a calibration parameter. DDD is a hydrological model specially designed for snow and glaciers dominated catchments and is applied in Norway (Skaugen and Onof, 2014). More details about this model are discussed in Section 2.3. In the earlier research by Nazeer et al. (2021), the DDD model was applied in the Gilgit Basin (another sub basin of the UIB), and showed its potential for reasonably simulating the hydrological regime of the UIB.
Many recent attempts have been made to simulate the hydrological regime of the Hunza Basin/Upper Indus Basin/Hindukush Karakoram Himalaya region using a variety of input data and modelling approaches. Tahir et al. (2011) applied the snowmelt runoff model (SRM) coupled with MODIS snow cover data to simulate the Hunza’s daily flow under climate change scenarios. They concluded that new reservoirs are required to meet future water needs (e.g., irrigation, hydropower generation, and drinking water supply) and flood control. Mukhopadhyay and Khan (2014) estimated flow for the UIB and concluded there would be long-term reductions in river flows under climate change. Mukhopadhyay and Khan (2015) concluded that glacier melt contribution is higher than snowmelt in the rivers of the Karakoram. Hasson et al. (2014) suggested a decreasing annual snow trend for the westerlies-influenced sub-basins and an increasing trend for the monsoon-influenced sub-basins of the Indus.
This study complements the earlier studies in the data-scarce Hunza Basin in the following ways: i) simulating the elevation-distributed hydro-climatic dynamics (in particular snow and glacier melt runoff and rainfall runoff from 10 different elevation zones) using a comparatively new modelling approach which was tested in river basins in Norway (Skaugen and Onof, 2014), ii) comparing snow and glacier melt simulations from the energy balance (EB) and degree day (DD) approaches, and iii) quantifying the components of runoff and the water balance for the Hunza Basin. So the overarching objective of this study is to analyse the elevation-distributed SCA, snow and glacier melt (GM), SWE, flow simulations and water balance of the Hunza Basin. This will increase the understanding of the flow regime and hydrological processes of such a scarcely monitored, high altitude glaciated and snow-fed basin.
2 MATERIALS AND METHODS
2.1 Study area
The Hunza Basin (13,713 km2) extends from 74.04 to 75.77°E and 36.05–37.08°N and is located in the Karakoram mountains of the HKH region (Figure 1). About 80% of the total flow into Tarbela reservoir originates from the snow covered and glaciated parts, which is less than 20% of the total basin area of the Indus (Archer and Fowler, 2004). The Hunza Basin is a high altitude (1,425–7,889 masl) basin with a mean elevation of 4,600 m (Table 1; Supplementary Figure S1). The basin has a dense river network with the Hunza River as the main tributary (232 km long) and Shimshal, Verjerab, Hispar, Hoper, Naltar Rakaposhi, Khunjrab and a few others as minor tributaries (Garee et al., 2017). The 1966–2010 flow data recorded at the Danyore gauge (the outlet of Hunza River) by the Water and Power Development Authority (WAPDA) of Pakistan shows an average flow of 304 m3/sec (∼710 mm/year). The Hunza River has minimum flow during the snow accumulation seasons (Nov to early April). Flow increases with temperature and reaches a maximum in July/August (Shrestha et al., 2015). The climate in the Hunza Basin is arid to semiarid and divided into four seasons; winter (Dec-Feb), spring (March-May), monsoon (June-Sep), and post-monsoon season (Oct-Nov) (Nazeer et al., 2021). The HKH region has two primary sources of precipitation; summer monsoon and winter westerlies. The Hunza Basin receives precipitation from both sources, although the winter westerlies contribute about two-thirds of the total precipitation (Bookhagen and Burbank, 2010). At the seasonal snow maximum in winter, almost 85% of the total area is covered with snow (Shrestha et al., 2015). The glacier coverage is about 30% of the total area and is found between 2,300 and 7,889 masl [RGI v6.0 (Arendt et al., 2017),]. The basin hosts extensive glacier systems, including Hispar (339 km2), Batura (238 km2), Virjerab (112 km2), Khurdopin (111 km2) and a few others.
[image: Figure 1]FIGURE 1 | Location of the study area, glacier cover, river network and meteorological stations.
TABLE 1 | Hypsometry of the Hunza Basin (divided into ten elevation bands of equal area) and glacier cover (Source: SRTM 30 m DEM & RGI 6.0).
[image: Table 1]2.2 Data
The Hunza Basin has three meteorological stations (Naltar 2,810 masl, Ziarat 3,669 masl, Khunjrab 4,730 masl) installed and managed by WAPDA. The meteorological stations record daily temperature and total precipitation. The mean temperature and precipitation data from 1997 to 2010 are used in the current study. The Naltar and Ziarat stations record monthly maximum precipitation in April and minimum in November. The Khunjrab station records monthly maximum precipitation in August and minimum in October. The Naltar station records maximum annual precipitation of 701 mm, and the Khunjrab station recorded a minimum of 190 mm (average values from the 1997–2010 data).
The annual average temperature is 6.6°C, 3.0°C and −5.01°C at Naltar, Ziarat and Khunjrab stations respectively. The monthly mean temperature is maximum in July and minimum in January at all stations. The flow gauge of the Hunza Basin is installed at Danyore Bridge (1,456 masl). The Hunza River has a low flow period from October to March and a high flow period from April to September. The high flow period is further divided into snowmelt dominated (April to June) and glacier melt dominated (late June to September) periods (Hasson, 2016).
The European reanalysis 5 Land (ERA5) data (Table 2) (Muñoz Sabater, 2019) were used to derive elevation-distributed precipitation for the Hunza Basin from 1997 to 2010 due to their good performance assessed through hydrological modelling by Nazeer et al. (2021) and their high resolution. The dataset is freely available at https://cds.climate.copernicus.eu/. The Japanese reanalysis (JRA-55) (Kobayashi et al., 2015) data were used for the same reasons as ERA5. The dataset is freely available at http://jra.kishou.go.jp/JRA-55/. The Asian Precipitation-Highly Resolved Observational Data Integration towards Evaluation of Water Resources (APHRODITE) (Yatagai et al., 2012) data are used to derive the temperature lapse rate for the higher elevation where no gauge/reference data are available in the Hunza Basin. The dataset is freely available at http://www.chikyu.ac.jp/precip/. The Climate Hazards Group InfraRed Temperature with Station data (CHIRTS) (Funk et al., 2019) data were also used to derive the temperature lapse rate for the higher elevations where no gauge/reference data are available in the Hunza Basin. The dataset is freely available at https://www.chc.ucsb.edu/data/chirtsdaily.
TABLE 2 | Background information for selected gridded data sets.
[image: Table 2]The Shuttle Radar Topography Mission (SRTM) DEM, the Randolph Glacier Inventory (RGI V6), the Landsat-8 and Moderate Resolution Imaging Spectroradiometer (MODIS) satellite datasets are used for the current study. The SRTM DEM data were developed by the United States National Aeronautics and Space Administration (NASA) with 30 m spatial resolution. The current study used the DEM data for catchment delineation, hypsometry, river network, and hydrological model parameters (see Supplementary Table S2). The Global Land Ice Measurement from Space (GLIMS) develops the RGI dataset to monitor the glacier cover globally, with 30 m spatial resolution. The RGI data are used to derive the elevation-distributed glacier cover in the Hunza Basin (Figure 1). Landsat-8 data are developed by the Landsat Data Continuity Mission (LDCM) with 30 m spatial and 16 days temporal resolution. The Landsat-8 data are used to derive the land cover and the distances from the bogs and soil to the nearest stream of the Hunza Basin (Skaugen and Weltzien, 2016). The MODIS snow data were accessed from Muhammad et al. (2019) for the Hunza Basin. These elevation-distributed snow data were used to validate the SCA simulations by the DDD model. The DEM, RGI (V6), and Landsat-8 data are freely available and were acquired from their respective websites.
2.3 Methods
2.3.1 Model description and setup
The Distance Distribution Dynamics (DDD) model was developed by Skaugen and Onof (2014) of the Norwegian Water Resources and Energy Directorate (NVE). The model is a semi-distributed rainfall-runoff model written in the programming language Julia (Bezanson et al., 2012). The model simulates river flow, the elevation-distributed SCA, SWE, GM, actual evapotranspiration (ET) and subsurface water storage (Skaugen and Weltzien, 2016). The model is data and parameter parsimonious and only needs precipitation and temperature as input. The model has several parameters, but most are derived from digitised maps and are hence not calibrated against runoff. The model has two approaches for calculating evapotranspiration, snow and glacier melt. One with energy balance based sub-routines for snowmelt and evapotranspiration and a degree day based sub-routine for glacier melt. The second with energy balance based sub-routines for all three variables. Combined with temperature, the energy balance elements are calculated using information about geographical location, Julian day, and algorithms used in Skaugen and Saloranta (2015) and Walter et al. (2005). The model requires the basin to be divided into ten elevation zones of equal areas (a1–a10) (Supplementary Figure S1. The runoff dynamics in the Hunza Basin are described using unit hydrographs, which are determined from the GIS derived distance statistics and calibrated subsurface flow velocity (Skaugen and Mengistu, 2016). The shape parameter of gamma distribution of snow (a0) and decorrelation length (D) are derived from spatial variability in the precipitation following Skaugen and Weltzien (2016). Supplementary Table S1 shows the model’s calibration parameters with the calibration range and values used for the current simulations. Supplementary Table S2 shows the model’s parameters derived using GIS and some parameters with fixed values. Further details on the model’s description and setup can be found in Skaugen and Onof (2014) and Nazeer et al. (2021). Note that since the application in the Gilgit Basin (Nazeer et al., 2021), the DDD model was updated adding the energy balance method for glacier melt simulation.
The DDD model requires elevation-distributed temperature and precipitation inputs. Elevation-distributed precipitation is derived from 1997 to 2010 from ERA5 and JRA-55 using climate data operators (CDO), a Linux based command line suite. About 170 ERA5 and 10 grids of JRA-55 data cover the whole Hunza Basin. To extract the precipitation data for each zone precisely and to better derive the data for the basin’s edges, both datasets were resampled to a higher resolution (1 km2), applying the nearest neighbour resampling algorithm (Nazeer et al., 2021).
2.3.2 Precipitation and temperature inputs
The gauged data and the temperature lapse rate for each zone are required to derive the elevation-distributed temperature. The gauged data was used as a reference and was assigned to the appropriate elevation zone. Naltar’s data was used for a1, Ziarat’s data for a2 and a3 and Khunjrab’s data for all remaining zones (a4–10). The average lapse rate using three stations installed at elevations 2,810, 3,669, and 4,730 masl was calculated as −6.0 C/km and applied for elevation zones a1–a6 with mean elevations from 2,321–4,745 masl. Because there are no observed temperature data for elevation zones a7-a10, the lapse rates for these elevation zones are used as a calibration parameter in the model. The range of the lapse rates for calibration is from −1 to −3 C/km, based on the analysis of the global datasets CHIRTS and APHRODITE. The calibrated lapse rate was −2.26 C/km for a7–a10.
2.3.3 Calibration and validation
The DDD model was set up for the Hunza Basin from 1997 to 2010. The period from 1997 to 2005 was used for calibration, and 2006–2010 for validation. The model was applied separately with the two methods for glacial melt: the energy balance (EB) and degree day (DD). In both cases, the model was forced with ERA5 and JRA-55 precipitation inputs separately, with the same temperature input data in all simulations. The modelling results hence include four simulations: European reanalysis 5 Land—energy balance (ERA5-EB), European reanalysis 5 Land—degree day (ERA5-DD), Japanese reanalysis 55—energy balance (JRA-EB) and Japanese reanalysis 55—degree day (JRA-DD). By applying rain and snow correction factors, the model corrects the biases in the precipitation estimates seen as over- or under-estimated runoff. All model simulations and calibration, and validation were performed on a daily time step. The model uses the first 3 months as a warm-up period, which is necessary to obtain reasonable initial soil moisture states. The Kling-Gupta efficiency (KGE) (Gupta et al. (2009) and Nash-Sutcliffe Efficiency (NSE) (Nash and Sutcliffe, 1970) were used to evaluate the model performance. Both; KGE (Eq. 1) and NSE (Eq. (2)) can take values from minus infinity to one. KGE addresses some shortcomings of the NSE (Knoben et al., 2019) and is increasingly being used for model evaluation.
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Where, [image: image] is the linear correlation between simulated and observed data, [image: image] and [image: image] are the standard deviations of simulations and observations, [image: image] and [image: image] are the means of simulations and observation, [image: image] i is the observed flow and [image: image] is the simulated flow, for day i[image: image]: mean observed flow over the number of days,
3 RESULTS
3.1 Temperature and precipitation distribution
Supplementary Figure S2A–C shows the comparisons between gridded and gauged data for 1997–2010. The mean daily temperature derived for the current study, together with APHRODITE, CHIRTS, and gauged mean temperature, are shown in Supplementary Figure S2D. The gridded temperature estimates match well in seasonality with the gauged data, but there are also significant differences. The temperature difference decreases with elevation increase. For instance, the temperature difference between the station and APHRODITE data at the lowest station is less at the median elevation station and becomes almost zero at the highest station.
Maximum daily precipitation of 48 mm was recorded on 27 April 1997, followed by 31 mm on 25 April 2003 by ERA5. For JRA-55, maximum precipitation of 44 mm was recorded on 25 April 2003, followed by 27 mm on 27 April 1997. For mean monthly estimates (Figure 2A) by ERA5, April received maximum precipitation of 83 mm, and October received a minimum of 35 mm. For JRA-55, February received a maximum of 152 mm and September a minimum of 45 mm. These monthly estimates match reasonably well with the station data, where the Naltar recorded maximum precipitation in April, followed by February and a minimum in October, followed by November. ERA5 seasonal estimates showed that the Hunza Basin receives 27, 29, 33, and 14% precipitation during the winter, spring, monsoon and post-monsoon seasons. The JRA-55 showed 34, 35, 19, and 13% precipitation during these seasons. The seasonal estimates by ERA5 data are in good agreement with the estimates by the Naltar station. The JRA-55 performed poorly for monsoon estimates. Also, JRA-55 overestimated the precipitation with more wet days than ERA5 and gauged data. The annual estimates (Figure 2B) from 1997 to 2010 showed maximum precipitation of 947 mm and 1,322 mm in 1999 by ERA5 and JRA-55 datasets, respectively. ERA5 recorded a minimum of 594 mm in 2001, and JRA-55 recorded 822 mm in 2007. The mean annual precipitation showed 760 mm and 1,103 mm by ERA5 and JRA-55 datasets, respectively.
[image: Figure 2]FIGURE 2 | Mean (A) monthly and (B) annual precipitation from ERA5, JRA-55 data vs runoff (observed) from 1997 to 2010.
The spatial distribution of mean annual and seasonal precipitation for the Hunza Basin from 1997 to 2010 are presented in Figures 3, 4. The spatial analysis indicates that the basin receives more precipitation in the southern parts and less in the northern parts (Figure 4). The Naltar gauge is located in the basin’s south and recorded the maximum precipitation (annual mean of 718 mm) compared to the other stations. Similarly, the Khunjrab station is located on the northern edge of the basin and records the least precipitation (annual mean of 206 mm). The spatial seasonal and annual precipitation estimates by global datasets are in good agreement with the gauged data.
[image: Figure 3]FIGURE 3 | Mean annual spatial precipitation (mm) from (A) ERA5 (B) JRA-55 from 1995 to 2010.
[image: Figure 4]FIGURE 4 | Mean seasonal spatial precipitation (mm) for (A1) ERA5 based Winter, (A2) ERA5 based Spring, (A3) ERA5 based Monsoon (A4) ERA5 based Post-monsoon, and (B1) JRA-55 based Winter, (B2) JRA-55 based Spring, (B3) JRA-55 based Monsoon (B4) JRA-55 based Post-monsoon seasons.
The altitudinal analysis of the ERA5 and JRA-55 precipitation indicated that the lower elevations received the most annual precipitation and the higher elevations received the least (Supplementary Figure S3A). The analysis further shows a negative precipitation gradient from a1 to a8 (2,321–5,159 masl), a slight negative gradient from a8 to a9 (5,160–5,407 masl), and then a strong positive from a9 to a10 (5,408–6,719 masl). These patterns are consistent in both datasets, but the seasonal analysis shows a slight negative gradient for JRA-55 (Supplementary Figure S3B) precipitation and a strong negative gradient for ERA5 (Supplementary Figure S3C) precipitation. However, monsoonal precipitation by JRA-55 indicates a slight positive gradient. At the annual/seasonal/daily scale, the gauged data show a negative precipitation gradient similar to ERA5 and JRA-55. For instance, the lower elevation gauge (Naltar, 2,810 masl) recorded its maximum annual precipitation of 832 mm in 2000, with an average of 701 mm from 1998 to 2010. The median elevation gauge (Ziarat, 3,669 masl) recorded its maximum of 578 mm in 2004, with an average of 242 mm from 1998 to 2010. The highest gauge (Khunjrab, 4,730 masl) recorded its maximum of 335 mm for 2010, with an average of 190 mm from 2003 to 2010. Similar precipitation patterns are evident for minimum precipitation records at all gauges in the Hunza Basin.
3.2 Runoff simulations
Flow simulations (Figure 5) were slightly better using ERA5-DD and achieved a KGE of 0.88 and NSE of 0.82. Simulations showed that the flow in winter is low and relatively constant at 30–35 m3/sec. The flow starts increasing in mid of April when the increase in temperature initiates the snowmelt from low-elevation areas. With further warming, snow at higher elevations and glaciers from lower elevations start contributing. With the maximum temperature in July and August, glacier melt from higher elevations starts contributing, and the flow peaks around August (1,100 m3/sec). The flow drops sharply in mid of August to less than 500 m3/sec (mean data) in mid of September. Such a sharp rise and fall in flow is also evident in the observed flow. The low flows last from December until March and are sustained by snowmelt from low elevations and groundwater discharge. The high flows last from April until November due to snow and glacier melt and peak in July/August. The 1997–2010 observed data show only 6.3% of total flow flows in the low flow period (Dec-March) and about 93.7% in the high flow period (April-Nov). These characteristic flow periods are reproduced in the simulations with slightly underestimated low flow (4%–5% of total flow) and slightly overestimated high flow (about 95% of total flow). The observed and simulated flow recessions are in good agreement for the whole period. The observed and simulated flow has several short-term peaks (mainly due to air temperature variations). The high peaks of observed flow were not simulated well by the model, but ERA5-DD is slightly better. The DDD model also simulates the actual evapotranspiration (ET) using an energy balance sub-routine based on the Priestley-Taylor equation, which is similar but simplified compared to the Penman-Monteith equation. Based on all four simulations, the minimum annual ET was from 196 to 199 mm for 2009, and the maximum was from 233 to 248 mm for 2007—the annual mean ET from 2006 to 2010 ranges from 213 to 227 mm.
[image: Figure 5]FIGURE 5 | Observed runoff vs simulated (m3/sec) using (A) degree day (DD) based ERA5 (B) energy balance (EB) based ERA5 (C) degree day based JRA-55 (D) energy balance based JRA-55 simulations for calibration (1997–2005) and validation (2006–2010).
3.3 Elevation-distributed SCA and SWE
Basin-scale and elevation-distributed estimates of SCA and SWE from 2006 to 2010 for the Hunza Basin based on all four simulations are shown in Tables 3, 4. The SCA and SWE start increasing in September and peak in February. With the temperature rise in March, snow starts melting, and it keeps contributing to the flow until August. The JRA-55 based simulations showed a slightly higher SCA and SWE than ERA5. The simulated SCA is compared with the MODIS SCA derived from Muhammad et al. (2019) for 2006–2010. On the basin scale, the model simulates ERA5 and JRA-55 maximum SCA for January (99%), followed by February (95%) and a minimum in August (10%), followed by July (20%). The MODIS data have a maximum in February (85%), followed by January (82%) and a minimum in July (34%), followed by August (38%). The model has a basin scale mean annual maximum SCA of 70% in 2009 in all four simulations, and MODIS has a maximum of 66.5%, also in 2009. The minimum SCA by the model was 61% for 2006, while MODIS had 57% in 2007. The SCA simulations are consistently slightly higher than the MODIS data. For SWE, February has a maximum of 270–320 mm, and August has a minimum of 10–15 mm for all four simulations. On an annual scale (Table 3), maximum SWE was simulated in 2009 and a minimum in 2007. The JRA-EB simulation showed an annual maximum SWE (278 mm), and the ERA5-DD showed a minimum (252 mm).
TABLE 3 | Basin scale annual mean snow cover area (SCA), snow water equivalent (SWE), and glacier melt (GM) simulated by model and MODIS SCA.
[image: Table 3]TABLE 4 | Elevation-distributed annual average zonal snow cover area (SCA), snow water equivalent (SWE), and glacier melt (GM) simulated by model and MODIS SCA.
[image: Table 4]The elevation-distributed estimates (Figure 6) of SCA are also consistent and in good agreement with MODIS data. The lowest elevation was snow covered for the winter months only, while the highest elevation was covered for almost the whole year. The snow accumulation starts in September, with the higher elevation zones snow covered first. In December, almost all elevation zones are snow covered. On an annual average, the lowest zone (a1) has 15% area covered with snow by all simulations, compared to 11% in the MODIS data. The highest elevation (a10) was 100% covered with snow by the DDD model compared to 90% by the MODIS data. SCA increases linearly from a1–a10 on a monthly and annual scale, consistent with the MODIS data. Compared to the MODIS data, the simulated SCA is slightly overestimated from zone a1–a5 and in a10. The elevation-distributed simulation of SWE follows the same melt and accumulation patterns as SCA. These simulations showed the minimum annual average SWE of 3–6 mm in the lowest elevation and a maximum SWE of 35–45 mm in zone 10. High SWE at higher elevations is associated with low temperature. At higher elevations with lower temperatures, more precipitation falls as snow. The precipitation amounts can still be less at higher elevations, but since it falls as snow, there is more SWE. Similar to SCA, the mean annual SWE rises from lower to higher elevations. SWE is simulated slightly more in the energy balance approach than in the degree day approach.
[image: Figure 6]FIGURE 6 | Elevation-distributed mean monthly simulated (A) snow cover area and MODIS SCA (%) (B) snow water equivalent (mm) based on all four simulations.
3.4 Elevation-distributed glacier melt
The glacier melt simulations are in good agreement with the overall seasonality and observed flow regime. According to the simulations, the glaciers contribute to the flow almost throughout the year except for the winter season (Dec–Feb). The glaciers start melting in spring, at the end of March, very insignificantly from lower elevations. When temperature increases, glaciers at higher elevations start contributing. The melt peaks in August and then declines sharply, and the contribution becomes negligible by the end of November. Based on all four simulations, the basin scale monthly average glacier melt is maximum for August with 137–148 mm. Maximum annual glacier melt to be 575 mm and 568 mm for 2006 by JRA-DD and ERA5-DD simulations. While the minimum is to be 350 mm and 335 mm for 2009 by JRA-EB and ERA5-EB simulations. The annual mean basin scale glacier melt (Table 3) is estimated as 474 and 452 mm, using ERA5-DD and ERA5-EB approaches. While it is estimated as 481 and 452 mm using JRA-DD and JRA-EB approaches.
The elevation-distributed glacier melts are presented in Figure 7. Glaciers are melting and significantly contributing to the flow from all elevations. The lowest zone (a1) starts contributing very early in spring and keeps contributing until the start of December. So, this zone contributes almost throughout the year except for the winter. After a1, a2 starts contributing at the start of April and continues until the end of November, and the glacier at higher elevations starts melting in a similar pattern. The highest zone (a10) contributes only for less than a month. These patterns of glacier melt from different elevations (Figure 7) are consistent for all simulations. However, the zonal melt contributions (Table 4) differ in the DD and EB approaches. In the degree day approach, a2 contributes the maximum (21%), followed by a3 (17%) of total glacier melt. While for the energy balance approach, a9 contributes the maximum (14%), followed by a3 (13%). For the minimum contributions, both approaches identified a10 (1%–2%) followed by a6 (7%–9%) in degree day and a1 (6%) in energy balance. The lower half of the basin (a1–a5), with 32% of the total glacier cover, is more active and contributes more than 50% of the total glacier runoff. More contributions from lower zones are consistent for all four simulations. However, the energy balance based sub-routine shows a slightly higher melt contribution from higher elevations.
[image: Figure 7]FIGURE 7 | Elevation-distributed mean monthly simulated glacier melt (mm) based on all four simulations.
3.5 Water balance
In a glaciated catchment, the water balance (WB) can be represented as;
[image: image]
Where [image: image] is precipitation, [image: image] is the glacier melt contribution, [image: image] is the runoff from the catchment (both surface and subsurface), [image: image] is the actual evapotranspiration and [image: image] is the change in storages.
Table 5 shows an analysis of the inflow/outflow composition and water balance (Eq. (3)) from all four simulations on the annual scale. Figure 8 shows the same on the mean monthly scale from 2006 to 2010. The inflow components are precipitation (rain and snow) and glacier melt. The outflow includes simulated flow and actual evapotranspiration. On the annual scale, the ΔS is assumed negligible in the water balance equation. The winter months have the minimum outflow because most precipitation falls as snow. This stored snow starts contributing to the runoff in spring, and the outflow rises significantly. With further temperature and energy rise, glacier melt also contributes significantly and flow peaks in July/August. ET also peaks in July and August. The outflow starts declining significantly in September and is at a minimum in December/January. The runoff contributions in low and high flow periods are consistent in all four simulations. The mean annual contribution of snowmelt to the runoff is estimated to be 30%–34%, and the contribution from rain precipitation is 21%–23.5%. On average, the JRA-EB and ERA5-DD simulations showed the maximum (33.8%), and minimum (30.7%) snowmelt contribution to the runoff, respectively. For the rainfall contribution, the ERA5-EB simulation showed the maximum (23.5%), and the JRA-EB simulation showed the minimum. Results further showed that the Hunza River receives 44%–48% of its total flow from glacier melt based on all four simulations. The maximum (47.6%) glacier melt contribution was simulated by JRA-DD, and the minimum (44.1%) by ERA5-EB. For the outflows (Q + ET), results showed a mean annual runoff 78%–79% and actual evapotranspiration 21%–22%.
TABLE 5 | Annual water balance of the Hunza Basin based on all four simulations.
[image: Table 5][image: Figure 8]FIGURE 8 | Mean Monthly water balance (mm) of the Hunza Basin based on all four simulations.
4 DISCUSSION
The temperature plays a critical role in the snow- and glacier-dominated basins like the Hunza. The very few and non-uniformly distributed temperature measurement stations proved a significant limitation for deriving accurate elevation-distributed temperature. However, a realistic, elevation-distributed temperature is essential for simulating hydrologic processes. Fixed lapse rate values ranging from −2.3 to −9.2 °C/km were applied in the Hunza Basin in previous studies (Tahir et al., 2011; Immerzeel et al., 2012; Ragettli and Pellicciotti, 2012; Shrestha et al., 2015; Garee et al., 2017). However, the lapse rate derived from the available temperature measurements does not support using a single (constant) lapse rate value for the entire elevation range, and there is no in situ measured temperature data to assess the lapse rate for elevations higher than 4,730 masl. In this study, two lapse rates were used. One for a1-a6 based on observed data and one for a7-a10, which is calibrated using lapse rate range from global datasets. The modelling approach (the DDD model) with elevation-distributed temperature and precipitation inputs gave reasonable results.
Precipitation is a major source of uncertainty in the Hunza basin. Mean annual areal precipitation estimated in the previous studies varies between about 700 and 1,000 mm, e.g., 731 mm for 2001–2003 (Shrestha and Nepal, 2019), 828 mm for 2001–2003 (Immerzeel et al., 2012), 733 mm for 1998–2012 (Dahri et al., 2021), and about 1,000 mm for 1971–2000 (Lutz et al., 2014). However, the basin-scale precipitation estimates suffer from inadequate and unevenly distributed in situ measurements. The use of the gridded data allowed us to show the variation of precipitation with elevation, which would not be possible using in situ observations from only three available stations. The temporal precipitation distribution indicates that the Hunza Basin receives significant precipitation as snow during the winter and spring seasons. The spatial estimates indicate a clear northeast to southwest increase in precipitation with a maximum on the southern edge of the basin. The Batura glacier acts as a precipitation dividing wall between the south and north of the Hunza Basin (Winiger et al., 2005). This barrier effect intensifies the southwest-northeast decrease of precipitation; consequently, the southwest part of the basin receives more precipitation.
The ERA5 and JRA-55 data used in the current study showed an overall negative precipitation gradient for the Hunza Basin. These patterns are consistent in both datasets at daily, monthly and seasonal scales. This find is consistent with previous reports. Hewitt (2011) concluded that the maximum precipitation in the Hunza Basin occurs between 5,000 and 6,000 masl. They associated glacier expansion in the basin with higher winter precipitation at higher elevations. Pang et al. (2014) suggest a decreasing precipitation gradient at elevations above 2,400 masl in the central Himalayas. Dahri et al. (2016) also concluded that the precipitation increases up to a certain elevation (around 2,500 masl) and decreases after that, so establishing any linear equation between precipitation and elevation in the HKH region is unsuitable. Immerzeel et al. (2012), in their study in the Nepalese Himalayas, concluded that it is difficult to establish a constant precipitation gradient due to the influence of local orographic effects and complex weather system.
The comparison of the observed and simulated runoff hydrographs and model performance indicators showed that the DDD model reproduces the inter- and intra-annual variability reasonably well. The simulation results using ERA5 and JRA-55 as precipitation input data suggest that these products are suitable alternatives to observations for such a high-altitude and data-scarce basin. The ERA5 simulation showed slightly better NSE and KGE, probably due to its higher spatial resolution. The flow in the Hunza Basin mainly comes from snow and glacier melt, as the basin lies in a westerlies-influenced region. The simulation results match the overall seasonality and observed flow of the Hunza River. The model performance indicators (NSE and KGE) achieved in all four simulations are reasonable and consistent. The flow recession matches very well in all simulations. The peak flow timing in the observed and simulated hydrographs is slightly different. Primary reasons for this are possibly the errors in the spatial distribution of snow and uncertainties in the input data (precipitation and temperature). However, uncertainties in the model parameters and structure may have contributed to this. The gridded data sets (ERA and JRA) also have temporal and spatial resolution limitations and limited ability to reproduce extremes (Kidd et al., 2013). In addition, these datasets (especially JRA-55) perform inadequately in capturing the monsoon rainfall. Consequently, the sharp flow peaks by the monsoon in summer are not reproduced well in the current simulations.
The observed and simulated hydrographs are shown on a daily time step. In general, the low flows are underestimated, but the results are mixed in the case of high/peak flows (some are overestimated, some are underestimated). Such a model performance (reasonably good for long-term overall performance indicated by reasonably high NSE values, but under/overestimation of low/high flows) is not unusual for a basin with very high intra-annual variation of daily discharge. The under/over estimations of low/high flows are usually a result of a several things, primarily the course resolution or lack of data and simplification or limitation of some aspects of the model. In this basin, the low flow occurs during the winter months, when the precipitation falls as snow and due to low temperature snow/glacier melt is almost nonexistence. Thus, the low flows in the winter are from the groundwater. The DDD model is aimed at snow/glacier fed runoff, and its groundwater simulation is not particularly strong. The high flows in this basin are driven by the snow/glacier melt and monsoon rainfall. In the case of high flows, the under/over estimations are more likely due to the lack of in suti measurement data (particularly at high elevation areas) than the model equations or parameters. However, the model parameterization also plays a role, because for the long-term continuous simulation, the parameters are not aimed only at getting the peak flows right but the overall performance (indicated by the NSE).
Tahir et al. (2011) also underestimated the peak flows for the Hunza Basin, and they associated this with their precipitation input. Such discrepancies in observed and simulated flow were also observed by Shrestha et al. (2015) for the Hunza Basin from 2003 to 2004, and they associated it with uncertainty in the input data. Dahri et al. (2021) also concluded that accurate assessments of hydrologic processes in the high-altitude Indus Basin are challenging because of the unavailability of reliable input data. Reggiani and Rientjes (2015) estimated the mean evapotranspiration as 200 ± 100 mm/year for the UIB from 1961 to 2009. Bhutiyani (1999) estimated this as 222 mm/year for the Siachen glacier (Nubra valley of eastern Karakoram) from 1986 to 1991. Hence, the current estimates of mean annual ET (213–227 mm) are similar to previous findings.
Simulating a realistic snow cover and snow water equivalent is essential for understanding the hydrological processes in the Hunza basin. Hasson et al. (2014) presented almost similar estimates to this study of SCA with 83% ± 4% during the winter/spring season and 17% ± 6% during the summer season from 2001 to 2012 for the Hunza Basin. Similar estimates were presented by Tahir et al. (2011), with SCA varying between 30% in summer and 80% in winter for the Hunza Basin from 2000 to 2004. Shrestha and Nepal (2019) presented SCA estimates between 30% in summer and 87% in winter for the Hunza Basin from 2000 to 2010. The DDD model slightly overestimates the SCA compared with the MODIS data for the winter season. Although precipitation by global datasets were corrected by the model using correction factors, precipitation still may have uncertainties. This overestimation may also be associated with limitations in the model’s structure, where the model estimates the entire elevation zone as snow covered in case of snow event. Moreover, only 10% of the Hunza’s area is located under an elevation of 3,217 m, so due to low temperature in winter, the whole basin would be snow covered if it rains in winter. As mentioned before, this basin is located in westerlies influenced region where most of the precipitation falls in winter as snow. For summer, the simulations show that the basin has about 10% SCA, while MODIS has about 40%. This discrepancy is due to the presence of permanent glaciers (RGI 6.0) in the basin that have been classified as snow cover in the MODIS data. The DDD model keeps track of SCA and glaciers separately. Also, the MODIS snow data has coarse temporal (8-day) resolution, but the snow cover area may change day by day when melting starts.
The significant glacier melt contribution from the least glaciated lowest zones (a1, a2) and the least from the highly glaciated zone (a10) show how temperature impacts more significantly than the glacier extent. There are some differences in the glacier melt contributions from different elevation zones in the two sub-routines (Table 4). The degree day sub-routine melts more from lower elevations with a maximum from zone a2. The energy balance approach produces slightly more than the DD sub-routine from higher elevations with maximum melts from zones a2 and a9. The degree day based sub-routine is based on a calibrated degree-day factor and is totally dominated by temperature. The energy balance subroutine does not involve any calibrated parameter and simulates the glacier melt using radiation and temperature. In both sub-routines, the highest zones (a10) with maximum glacier coverage melts least because of the very low temperature at such higher elevations (5,550–7,889 masl).
Snowmelt is significant from spring to late summer (mid-April to mid-October), and some snowmelt continues throughout the year. Simulations showed a time overlap in snow and glacier melts (Supplementary Figure S4). That means that the glacier melt from lower elevations starts contributing when there is still snow left at higher elevations of the basin. The glacier cover of the Hunza Basin starts at 2,300 masl (Hewitt, 2014), so temperature rise in spring/early summer at these elevations can melt glaciers. Also, if the precipitation falls as snow in the glacier melt season on some elevation zones, the snow may quickly melt while the glacier is also melting in snow free zones. Similar overlap patterns are evident in the accumulation season. The snow accumulates, and the glacier melt contribution decreases with temperature decline, but glaciers from lower elevations are still melting. So separating these snow and glacier melt regimes based on the month, as done by Mukhopadhyay and Khan (Mukhopadhyay and Khan, 2014, Mukhopadhyay and Khan, 2015), does not apply in the current study.
Mukhopadhyay and Khan (2015) presented flow composition based on generic flow regimes analysis and hydrograph separation using historical monthly flow data for the Hunza River for two periods. From 1966 to 1979, they estimated the base flow (flow due to precipitation as rain plus remnant melt) contribution as 22.5%, snowmelt as 31.85%, and glacier melt as 45.65%. From 1980 to 2010, they estimated base flow as 27.98%, snowmelt as 32.52%, and glacier melt as 39.49%. Shrestha and Nepal (2019) presented the annual mean flow composition for the Hunza Basin from 2001 to 2003 as snowmelt with 45%, glacier melt with 47%, and rain with 9%. Shrestha et al. (2015) presented these contributions as 50% by snowmelt, 33% by glacier melt, and 17% by precipitation as rain for the Hunza Basin. The flow composition from the current study substantiates the previous findings, where glacier melt contributed 44%–48%, snowmelt 30%–34%, and rain as precipitation 21%–23.5% to the runoff. Moreover, the current study also quantified the snow and glacier melts from different elevation zones.
4.1 Limitations of the study
The quality and reliability of input data (mainly temperature and precipitation) are crucial in hydrological modelling. Also, the accuracy of the modelling results largely depends on the modelling framework. As typical of data-scarce basin, this study also has several limitations associated with input data and model structure. In the HKH region, it is very challenging to get consistent long-term data which become one of the main limitations. Temperature inputs are very critical in a melt dominant catchment like the Hunza. However, the temperature for higher elevations is based on coarse assumptions such as the linear change in temperature with elevation. The zonal precipitation was derived using global products with a low spatial resolution (particularly the JRA-55), given the high spatial variability in the basin and limited ability to capture extremes. Hence, the precipitation estimates may still have biases and including more observed data can bring us closer to the truth. The flow data used for calibration/validation are assumed to be sufficiently accurate compared to climatic data, considering the measurement techniques and data quality. However, the flow data may still have uncertainties due to measurement errors. Nespak-Aht-Deltares (2015) evaluated river/canal flow measurement protocols of the Indus River system and observed overall 3%–8% uncertainties at five canal headworks.
The DDD hydrological model used in the current study is validated and applied with four different sets of inputs/sub-routines, and no significant drawbacks are found in the modelling structure. The simplified equations in the energy balance sub-routines for snowmelt, glacier melt and evapotranspiration have shown promising results. Yet, the model has a coarse representation of topography, neglects wind speed and the model seem to overestimate the SCA. The calibrated parameters in the model are not validated against observations from the study area. In the current DDD model setup, debris-covered and debris-free glaciers are not distinguished. The melt rate for debris-covered glaciers usually differs from debris-free glaciers, which is of one the sources of uncertainty in glacier melt simulation.
5 CONCLUSION
The modelling framework included four simulations based on two glacier melt approaches and two precipitation inputs. The data parsimonious precipitation-runoff model, Distance Distribution Dynamics (DDD), was applied to the Hunza Basin. The elevation-distributed precipitation and melt simulations and the overall water balance of the basin were analysed. The key findings are as follows:
• Elevation-distributed precipitation estimates are presented based on recently developed and better performing gridded products. Most of the precipitation (57%–69%) in the Hunza Basin falls in the winter and spring season (Dec-April/May). The analysis showed more precipitation at lower elevations than at higher. A simple linear elevation-dependent precipitation gradient is unsuitable for high-altitude basins like the Hunza, with a complex topography and multiple weather systems.
• The modelling results showed that the DDD model could reproduce the runoff satisfactorily, with KGE ranging from 0.84 to 0.88 and NSE ranging from 0.80 to 0.82. The DDD model is found to be reliable for such high altitude, snow- and glacier-dominated and data-scarce basins.
• The river flow in the study area depends more on glacier melt (45%–48%), followed by snowmelt (30%–34%) and rainfall (21%–23%). The annual mean actual evapotranspiration is 21%–22% of the total outflow. The study presents more realistic elevation-distributed GM simulations where the lower half of the basin, with 32% of the total glacier cover, is more active, with more than 50% of the total glacier melt. The elevation-distributed simulated SCA was validated with an independent SCA from MODIS, and the results are in good agreement.
• Elevation-distributed glacier melt analysis indicates the glacier has a significant impact on the flow regime of the area. Although the degree day sub-routine based simulation slightly improves efficiency, the energy balance sub-routine seems more realistic; because the energy balance subroutine does not involve any calibrated parameter and simulates the glacier melt using radiation and temperature.
• The snow and glacier melts appear simultaneously from April to October. As the glaciers are distributed throughout the basin, the temperature increases in early summer, melting glaciers at lower elevations and snow at higher elevations. Also, if the precipitation falls as snow during the glacier melt season at higher altitudes, it may start contributing to the river flow while glacier melt continues in the lower elevation.
• Based on the findings from a comparatively new modelling framework and gridded precipitation data, an improved understanding of the hydrology of the Hunza Basin is presented. Our results showed that the glaciers at lower elevations with less coverage contribute more to the river runoff than those at higher elevations. Moreover, the validation of the simulated elevation-distributed snow cover area using the independent satellite data supported the accuracy of the modelling approach. The simulation showed that the DDD model reproduces the hydrological processes satisfactorily for such a data-scarce basin. The findings improve understanding by providing helpful information about the water balance and hydro-climatic regimes. Lutz et al., 2016.
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