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Abstract

:

In this paper, a glacial module based on an enhanced temperature-index approach was successfully introduced into the Soil and Water Assessment Tool (SWAT) model to simulate the glacier runoff and water balance of a glacierized watershed, the mountainous region of the Yarkant River Basin (YRB) in Karakoram. Calibration and validation of the SWAT model were based on comparisons between the simulated and observed discharge with a monthly temporal resolution from 1961 to 2011 for the Kaqun hydrological station. The results reaffirmed the viability of the approach for simulating glacier runoff, as evidenced by a Nash–Sutcliff Efficiency (NSE) of 0.82–0.86 as well as a percentage bias (PBIAS) of −4.5% to 2.4%, for the calibration and validation periods, respectively. Over the last 50 years, the total discharge and glacier runoff both exhibited increasing trends with 0.031 × 109 m3·a−1 and 0.011 × 109 m3·a−1. The annual glacier runoff contribution to the streamflow was between 42.3% and 64.5%, with an average of 51.6%, although the glaciers accounted for only 12.6% of the watershed drainage area in the mountainous YRB. The monthly contribution of the glacier runoff ranged from 11.0% in April to 62.1% in August, and the glacier runoff from June to September accounted for about 86.3% of the annual glacier runoff. Runoff from the mountainous regions above 5000 m a.s.l. accounted for 70.5% of the total discharge, with glacier runoff contributions being approximately 46.4%.
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1. Introduction


Affected by climate change, over the last few decades most glaciers around the world have appeared to be retreating at an accelerated rate [1,2,3,4], with a profound effect on the global water cycle. This has led to a considerable change in the hydrological processes within the respective watersheds that are supplied with snowmelt and glacier runoffs [5,6,7,8]. Understanding the spatial and temporal variations of snowmelt and glacier runoff is important because snowmelt and runoff are usually the pivotal sources of water supply at a regional scale [9,10,11,12]. Glacier runoff contributions to the total watershed discharge are also an essential part of climate change risk assessment and sustainable water management in the glaciated watersheds [13,14]. However, it is a challenging task to quantify the exact contribution of glacier runoff because of the complex interactions of the hydrological processes and the huge diversity of sources contributing to the stream runoff, as well as the mountainous topography and sophisticated accumulation and ablation processes on the glaciers in the glaciated alpine basins [15]. In terms of their contributions, the spatial and temporal variations of glacier runoff to the total discharge rate are highly uncertain for regional glacier systems [16,17,18].



In recent years, several studies have evaluated the contribution of glaciers to the hydrological cycle based on different methodological approaches including: direct discharge measurements [19,20], glaciological approaches [21,22], hydrological balance equations [10], hydrochemical tracers [23,24,25,26], and hydrological modeling [27,28]. Amongst them, hydrological modeling is the most frequently used approach for quantifying the contribution of the glacier runoffs [29]. Several models have been applied to study the contribution of runoff to the total watershed discharge [30], including but not limited to: Snowmelt Runoff Model (SRM) [4,26], Hydrologiska Fyrans Vattenbalans Model (HBV) [31,32], Glacier Evolution Runoff Model (GERM) [33,34], Flash-flood Event-based Spatially-distributed rainfall-runoff Transformation (FEST-WB) [28], J-2000 [35], Precipitation Runoff EVApotranspiration Hydrological response unit model (PREVAH) [15], Water flow and balance Simulation Model (WaSiM-ETH) [36], Variable Infiltration Capacity (VIC) [13], Topographic Kinematic Approximation and Integration Model (TOPKAPI) [11,37], Processes of Radiation, Mass and Energy Transfer (PROMET) [27], and the Soil and Water Assessment Tool (SWAT) [38,39]. In these hydrological models, the glacier runoff module can be classified into two kinds: energy balance models and temperature-index models [40]. Energy balance models, e.g., VIC, describe the physical processes of ablation with a high degree of precision and high degree of temporal resolution, but they need more detailed field observations and generally have a higher computational cost.



In the temperature-index models (e.g., SRM, GERM, FEST-WB, J-2000, PREVAH and SWAT), the melting rate is calculated from empirical formulas, neglecting some physical processes in some extent. However, the classical approaches applied to simulate the snow and ice melt, like the application of the distributed temperature-index method [40,41] or enhanced temperature-index method [42], are also the most common approaches. This is mainly because of their robustness in data-scarce regions [43], overall performance accuracy, and computational simplicity on a catchment scale. The SWAT model has been used for glacio-hydrological studies, for example by Luo et al. [38] and Rahman et al. [39,44]. However, the glacier melt algorithm in those studies was based on a classical degree-day model in the study of Luo et al. [38] which could not account for the spatial heterogeneities caused by local topography. Moreover, in the study of Rahman et al. [44] the glacier surface area was presumably static for a long time series, while the glacier surface area in the present study was dynamic, and thus provided a more robust simulation method.



Estimation of the long-term temporal and spatial variation of the glacier runoff contribution to total discharge for large basins offers signficant challenges because several hydrological models utilise coarse spatial resolution to simulate the water mass balance, whilst modeling the glaciers no doubt requires high resolution and detailed input data. The lack of observed data of high spatial resolution is also a significant obstacle [9]. Considering these pertinent issues, the objective of this study was to develop an approach for estimating the long-term temporal and spatial variation of glacier runoff contribution to total watershed discharge in the mountainous region of the Yarkant River Basin (YRB) in Karakoram, a large catchment with an area of 46,670 km2. In this paper, the glacier module was based on enhanced temperature-index methods while the SWAT model was applied to simulate the glacier runoff and water balance. According to Radić and Hock [45], there are several concepts about ‘glacier runoff’ in literature. The glacier runoff mentioned in our study included all of the estimated runoff from the glacierized areas which encompassed snow and glacier melt runoff, rainfall runoff as well as all the other secondary runoffs. This outcomes of this study therefore, can serve as a useful guideline for assessing the climate change risks and sustainable water management issues in glaciated watersheds not only in the present region, but also in other regions worldwide where the glacial phenomenon exists.




2. Materials and Methods


2.1. Study Area


Yarkant River Basin is situated in the western Tarim River Basin, on the northern slope of Karakoram [46,47]. The geographical range of the present study region extends from 35°24′ to 38°18′ N and 74°28′ to 80°54′ E, as shown in Figure 1. Elevation of YRB decreases gradually from south to north ranging from 1317 to 8569 m a.s.l. Many high mountains are located in the upper reaches of the YRB, which forms one of the world’s most developed mountain glacier regions. Valley glaciers are the main category of glaciers of the YRB [48]. Glaciers are distributed from 4000 to 8500 m a.s.l. There are as many as ten glaciers which are longer than 20 km and the areas covered by these glaciers are larger than 70 km2, amongst which the Yengisogat Glacier (area is about 359 km2), is considered as the largest known glacier in China [46]. According to the first China Glacier Inventory (CGI), there are 3070 glaciers in the study regions with a total area of 5894.86 km2 and a total volume of 690.25 × 109 m3 [49].



The glacier runoffs of the YRB has been the primary supply for the Yarkant River [50]. According to the observation data of Kaqun hydrological station, the maximum and the minimum annual discharge of the YRB has been about 9.553 × 109 m3 and 4.468 × 109 m3, respectively, over recent decades. The total discharge is extremely unevenly distributed during a typical year, with about 74% of the annual discharge occurring from June to August and 26% in the other nine months [51]. The equilibrium line altitude for the region has an annual temperature of about −10.5 °C. The precipitation of YRB is greatly affected by the mountainous terrains, which results in an annual precipitation of 500 to 700 mm, 300 mm, and 150 mm, respectively, for high, middle, and low mountain belts [52].




2.2. Meteorological and Hydrological Data


In YRB, there was a single meteorological site (known as the Tashikuergan station) from which the observed meteorological data, including daily maximum and minimum temperatures, precipitation, relative humidity, wind speed, and sunshine durations required for solar radiation calculations, were made available. Considering the sophisticated terrain and spatial extent of the present study area, the application of observation data from only one meteorological site can result in a high degree of uncertainty for any hydrological model. Therefore, the daily gridded precipitation and temperature data with a spatial resolution of 0.5 × 0.5 degrees were also acquired from the China Meteorological Administration (http://cdc.nmic.cn/). These datasets were developed by interpolating the 751 stations observations within China [53,54]. It is important to note that 0.5-degree gridded datasets are an official product checked through cross-validation and error analysis. Latest research [54] also showed that these 0.5 degrees gridded precipitation datasets can be considered as a good data product for representing the spatial characteristics of precipitation in significantly large terrains in northwest China.



In this research we compared the observation data recorded at Tashikuergan meteorological station with the data of the corresponding nearest grids using monthly air temperature and precipitation values. The results indicated that the coefficient of determination (R2) and the Nash–Sutcliff Efficiency (NSE) for mean, maximum and minimum temperatures were all greater than 0.90, and the R2 and NSE values for precipitation were about 0.85 and 0.83, respectively. On the other hand, the bias of the mean monthly maximum temperature, minimum temperature, mean temperature and precipitation were about 0.11%, −6.75%, 1.85% and −1.27%, respectively, between Tashikuergan meteorological station and the nearest grid points. In Figure 2 we compare the meteorological station air temperature and precipitation data with the nearest grid point values.



In terms of meteorological station-based and gridded product, the temporal range of data in this paper was from 1 January 1961 to 31 December 2011. As such, there were 23 grids covered within the study area, which are generalized in Figure 1. Moreover, the daily relative humidity, wind speed, and solar radiation data were also acquired from the China Meteorological Forcing Dataset (available online: http://westdc.westgis.ac.cn/data/7a35329c-c53f-4267-aa07-e0037d913a21). It is noteworthy that this data has been proven to be the a suite of new, high-resolution dataset with a spatial resolution of 0.1 × 0.1 degrees [55]. In this study, the daily relative humidity, wind speed, and solar radiation data from the China Meteorological Forcing Dataset were upscaled to the 23 grids based on areal-mean method. Therefore, the 23 grid points could effectively be viewed as the virtual meteorological stations presenting daily maximum and minimum temperature, precipitation, relative humidity, wind speed, and solar radiation values.



Observed daily discharge data for the YRB were available at the watershed outlet of the Kaqun hydrological station. Among these data, the time series ranged from 1 January 1961 to 31 December 2008, with the missing data spanning from 1 January 1994 to 31 December 2000. Figure 1 shows the actual meteorological station, virtual meteorological station, and the corresponding hydrological station.




2.3. Underlying GIS-Referenced Data


SRTM 90-m digital elevation data were used as a digital elevation model (DEM) for the study area. GIS-referenced soil and land use data were downloaded from the portal of the Environmental and Ecological Science Data Center for West China (http://westdc.westgis.ac.cn), and extracted from a 1:1,000,000 soil map and a 1:1,000,000 vegetation map of China, respectively. There were 10 soil types and 11 land-use types in the study area. The soil and land use maps of the foreign portions (as shown in Figure 1) of the YRB were obtained from a Harmonized World Soil Database (HWSD) version 1.1 dataset and the Global Land Cover Database (GLC2000) dataset, respectively.




2.4. Glacier Data


Two periods for digital vector map of glaciers were obtained from the first and second China Glacier Inventory (CGI), based on aerial photos acquired during the period 1962–1977 for the first CGI, and remote sensing Landsat TM/ETM+ and ASTER images over the period 2004–2011 for the second. The first CGI data were used to determine the initial spatial distribution of the glaciers for the calibration period, while the second CGI data were similarly used for the validation period. There were 3070 glaciers in the study area with a total area of 5894.86 km2 and a total volume of 690.25 × 109 m3 for first CGI, and 3503 glaciers, with a total area of 5113.27 km2, and total volume of 592.19 × 109 m3 for the second CGI. The extent of glaciers for first CGI has been shown in Figure 1. In order to use accurate distribution map of the glaciers to drive the SWAT model, the CGI glacier map for the two periods were merged with the land use map for generating the hydrologic response unit in the SWAT model. Based on the underlying GIS-reference data and the glacier data, the study watershed was divided into 114 sub-watersheds and 2379 hydrologic response units (HRUs) including 182 glacier HRUs for the calibration period and 2382 HRUs including 185 glacier HRUs for the validation period.



The ice temperature melt factor was a crucial characteristic for glacier. We have collected several observed data in or around the study area (in the Tarim River Basin), as shown in Table 1.




2.5. Description of SWAT


SWAT is essentially a watershed-scale, which is a physically based, continuous-time distributed simulation model [56]. The primary model components include: weather, water balance, energy balance, and soil temperature and its respective properties plant growth and land management [57]. In SWAT, a watershed is divided into multiple sub-watersheds, which are then further subdivided into hydrologic response units that consist of homogeneous land use, soil type, and the slope. The overall hydrologic balance is simulated for each HRU, including: the canopy interception of precipitation, partitioning of precipitation, snowmelt water, redistribution of water within the soil profile, evapotranspiration (ET), lateral subsurface flow from the soil profile, and the return flow from shallow aquifers. SWAT has been widely applied in a range of climatic, topographic, soil, and management conditions around the world to investigate a broad range of hydrological and environmental topics [58], including the cases of snow hydrology studies [59,60,61] and the glacial hydrology studies [38,39,44].



Elevation is considered as one of the most important variables in SWAT and it is intrinsically related to the meteorological parameters [62], especially in high alpine mountainous areas with sophisticated topography. Generally, SWAT allows the sub-watershed to be split into a maximum of ten elevation bands, and the temperature and precipitation for each band to be adjusted using tlaps and plaps, respectively. A detailed description has been reported in the model documentation [61]. SWAT2005 is used in this study.



After preparation of forcing data, four major steps must be performed to set up the model: (1) watershed discretization and sub-watershed characteristics derivation; (2) definition of the HRU; (3) running of the model and analysis of the parameter sensitivity; and (4) calibration and validation of the SWAT model, including uncertainty analysis.




2.6. Glacier and Snow Melt Algorithm


2.6.1. Snow Melt Algorithm


SWAT distinguishes precipitation as being either rain or snow in terms of the mean daily temperature. The threshold temperature used to categorize precipitation either as rain or snow is defined by the user. If the mean daily air temperature is lower than the threshold temperature, then the precipitation will be modeled as snow, and the water equivalent will be added to the snow pack. If the mean daily air temperature is higher than the threshold temperature, then the precipitation will be modeled in the form of liquid rain. The snow pack will thus increase with the additional snowfall or will decrease with the snowmelt or sublimation process, while the water stored in the snow pack will be reported as a snow water equivalent.



In this case study, the temperature index with an elevation band approach was applied to simulate the snowmelt [39,40]. Snowmelt in the SWAT can be calculated as a linear function of the difference between the average snow pack-maximum air temperature and the threshold temperature for snowmelt. A detailed description has been reported in the model documentation [57].




2.6.2. Glacier Melt Algorithm


An enhanced temperature-index approach was applied for glacier melt modeling. This is able to calculate the melting of glacial ice based on a linear relationship between ablation and positive air temperature, and includes the effect of potential solar radiation, thus accounting for the spatial heterogeneities induced by topography [40]. The local melt rate, M, is calculated in the daily resolution using:


   M =  {    (  F M  +  r  i c e    I  p o t   ) ⋅ ( T −  T  m l t , i c e   )   :   T >  T  m l t , i c e       0   :   T ≤  T  m l t , i c e         



(1)




where FM is the ice temperature melt factor, rice is the ice radiation melt factor, FM + riceIpot is called the ice melt factor hereinafter and Ipot denotes the potential solar direct radiation, with T as the mean daily air temperature whereby the temperature below Tmlt,ice can indicate that no melting has occured. Daily air temperature for each elevation band is computed using a constant temperature lapse rate, tlaps, and similarly, the precipitation lapse rate, plaps, is also computed assuming a linear increase with increasing elevation. The potential direct solar radiation, Ipot, is calculated as a function of the top-of-atmosphere solar radiation, atmospheric transmissivity, solar geometry, and the topographic characteristics [63] using:


    I  p o t   = S    (     d m   d   )   2   ψ   P   P 0  cos Z      [  cos θ cos Z + sin θ sin Z cos  (   ϕ  s u n   −  ϕ  s l o p e    )   ]    



(2)




where S = 1360 W·m−2 is the solar constant, (dm/d)2 is the eccentricity correction factor of the Earth’s orbit, ψ = 0.75 is the mean atmospheric clear-sky transmissivity, P is the atmospheric pressure, P0 is the mean atmospheric pressure at sea level, Z is the zenith angle (approximated as a function of latitude, solar declination, and hour angle), θ is the slope angle, φsun is the solar azimuth angle, and φslope is the slope azimuth angle (aspect).



In the simulation algorithm, the potential direct solar radiation is set to zero between the sunset and sunrise period and for the surface that is shaded by the surrounding topography. By including the potential direct solar radiation Ipot in Equation (1), both the diurnal and spatial variations for calculating the melt are taken into account.



The refreezing can be calculated via defining a ratio of melt water, and the refreezing ratio has been set to 0.2, determined at an observed glacier, Qiyi Glacier, in the Qilian Mountains in Northwest China [64].




2.6.3. Glacier Area Changes


According to the measurements conducted over sixteen glaciers based on radar technology in northwest China by Liu et al. [65], the relationship between the glacial surface area and the volume can be represented by:


    V g  = 0.04 ⋅    A g    1.35     



(3)




where Ag is glacial surface area (km2) and Vg is the glacial volume (km3).



The data assembled by Meier and Bahr [66] suggested a similar relationship between the area and volume, with a mean exponent value of 1.36. The relationship between the glacier volume, glacier area and the depth of water equivalent of a glacial mass can be expressed as:


    V g  =    W g  ⋅  A g     ρ i      



(4)




where Wg is the equivalent water depth of ice and ρi is the bulk density of ice (usually, 900 kg·m−3).



Of note, the initial value of Wg can be calculated by the glacial surface area obtained from the CGI data. Next, the glacial water equivalent can be adjusted according to the respective day’s M value, so that the glacial area can be easily derived using Equations (3) and (4).




2.6.4. Glacier Accumulation Rate


Glaciers are almost always dynamic, and therefore, they are characterised by an accumulation and ablation process, with the accumulation occurring in the cold season and the ablation and accumulation both taking place during the warm season. To capture the seasonal and gradual patterns of the accumulation process and while maintaining the simplicity of the method, Luo et al. [38] proposed an algorithm to account for the accumulation of glacier mass by simulating the glacier process in the Tianshan Mountain of Western China. The turnover of the snow to an ice form is represented as a ratio of the water equivalent of the snow over ice and can be given as:


   F = β ⋅  W s    



(5)




where Ws is the water equivalent of snow over ice in mm, and β is an accumulation coefficient (assumed to be changing seasonally), given as below:


   β =  β 0   {  1 + sin  [    2 π   365   ( t − 81 )  ]   }    



(6)







In Equation (6), β0 is the basal accumulation coefficient. It is imperative to note that the accumulation rate changes seasonally to the high value on 21 June and the low value on 21 December, implying that a greater proportion of the snow water may change into ice in the summer compared to the winter period.





2.7. Model Performance Evaluation


Several studies have proposed a standard hydrological model performance criterion. For this study we followed NSE, Root Mean Square Error (RMSE)-observations standard deviation ratio (RSR), and percentage bias (PBIAS) as the model evaluation statistic [67]. Model performances were considered ‘very good’ which was the best level stipulated by 0.75 < NSE ≤ 1.0, and 0.0 ≤ RSR ≤ 0.50, and PBIAS < ±10, respectively. Note that the NSE is a normalized statistic that can determine the relative magnitude of the residual variance (“noise”) in the modelled data compared to the measured data variance (“information”). The NSE can also indicate how well the plots of observed versus simulated data fit the 1:1 line of agreement where Qobs,i is the observed data value at time, i, and Qsim,i is corresponding the simulated data value. NSE values lie between −∞ and +1 where +1 indicates an optimal model performance.


   N S E = 1 −     ∑  i = 1  n      (   Q  o b s , i   −  Q  sim , i    )   2        ∑  i = 1  n      (   Q  o b s , i   −  Q  o b s , a v g    )   2        



(7)






   R S R =   R M S E   S T D E  V  o b s     =       ∑  i = 1  n      (   Q  o b s , i   −  Q  s i m , i    )   2            ∑  i = 1  n      (   Q  o b s , i   −  Q  o b s , a v g    )   2          



(8)






   P B I A S =     ∑  i = 1  n    (   Q  sim , i   −  Q  o b s , i    )        ∑  i = 1  n    Q  o b s , i       × 100   



(9)







The RMSE-observations standard deviation ratio (RSR) is calculated as the ratio of the RMSE (Root Mean Square Error) and the standard deviation of the observed (measured) data. Note that the RMSE is one of the most commonly used error index statistics, whereby a lower value indicates a better model performance. In fact, the RSR value standardizes the RMSE value using the observations standard deviation, and therefore, it incorporates the benefits of the error index statistics and standard deviation of the measured data. In terms of its magnitude, the RSR varies from an optimal value of 0, which indicates zero RMSE or zero residual variation and a perfect model simulation, to a large positive value that represents an inaccurate model simulation. A low RSR is expected to result from a low RMSE, and therefore, will indicate good model simulation performance.



Applied for error assessments, the PBIAS statistic (in %) can be used to assess the average tendency of the model simulated data to be larger or smaller than their corresponding observed values. PBIAS can be utilized as an indicator of the under- or over- estimation of the observed data; and in fact, negative PBIAS values can indicate an underestimation of the model results relative to the measured conditions.





3. Results and Discussion


3.1. Calibration


In this paper, there was only one meteorological station located within the study area, so the gridded temperature and precipitation datasets with a spatial resolution of 0.5 × 0.5 degrees were selected to force the simulation model. However, the region covered by each grid extended several tens of square kilometers. Uncertainty derived from input data were reduced by adjusting the temperature and precipitation via the setting up of tlaps and plaps parameters as well as dividing the sub-watersheds into several elevation bands. Every sub-watershed was divided into ten elevation bands in this study. The tlaps (5.0 °C/km) and plaps (155 mm/km) were calculated and then optimized from the statistical relationships of elevation with annual temperature, and annual precipitation data of the 23 virtual meteorological stations.



The ice melt factor (FM + riceIpot) in Equation (1) was set to vary continuously according to the temporal and spatial variations. We also calculated the spatial distribution of ice melt factor for the 182nd day in a year as an example, as shown in Figure 3a. It was obvious that the ice melt factor was different because of the different slopes, aspect, latitude, and so on. Figure 3b shows the partially enlarged drawing, to provide a clear view of the spatial heterogeneities of the ice melt factor. The temporal variation of ice melt factor for the dots represented in Figure 3b was also calculated and has been shown in Figure 3c to provide a demonstration of the temporal variation of the ice melt factor in a year.



The hydrological model was calibrated for the time series from 1 January 1961 to 31 December 1988, with the period from 1 January 1961 to 31 December 1964 as a ‘warm-up’ phase. Glacier coverage was based on the first CGI. We applied a ‘trial-and-error’ method to calibrate the model including the glacial module parameters FM, rice, and β0. The parameter set of the previous related studies in or around the study area were also referenced. It is also important to mention that the ice temperature melt factor was a crucial parameter for the glacier module. According to the results of the ice temperature melt factors of different observed glaciers in the Tarim River Basin (Table 1) [68], we set the nominal value of FM to be 5.5 mm d−1·°C−1. Following the study of Manas River Basin in the Tianshan Mountains in Northwest China [38], the value of β0 was adoted to be 0.003 in our work. The radiation coefficient for ice was set to 14.4 × 10−6 m3·W−1·d−1·°C−1, according to a study performed in the source region of Yangtze River in western China [69]. Table 2 shows the calibrated parameters and their optimized values.



After determining the optimal calibrated values (mainly based on the stream discharge and observed glaciers) for all selected parameters, the calibrated values were then reused in the validation period from 1 January 1985 to 31 December 2011, with a warm-up period from 1 January 1985 to 31 December 1988. The glacier coverage during the validation period was based on the second CGI and the model performance was evaluated by calculating the set of objective functions (i.e., NSE, RSR, and PBIAS as per Equations (7)–(9)).




3.2. Model Performance


The statistical performance indices, NSE, RSR, and PBIAS, were employed to compare the simulated and measured monthly discharge values (Table 3) including the calibration, validation, and overall periods. The two ‘warm-up periods’ in the calibration and validation periods were excluded from any statistical analyses.



Table 3 shows that the simulation results of the calibration period were slightly better than the results of the validation period, however, the results of both periods were ‘very good’ as rated following the rules given in Moriasi et al. [67]. In particular, the PBIAS index seemed to suggest that streamflow was slightly underestimated during the calibration period, and slightly overestimated in the validation period. From the statistical indices for the long time-series (i.e., the overall period), we show that the model achieved a ‘very good’ result, and that the streamflow was underestimated only by a small margin (i.e., 1.75%). In fact, the work of Peng and Xu [70] simulated streamflow in the Tarim River basin (including Aksu, Yarkant, and Hotan River basins) by using a modified semi-distributed monthly water balance model, to attain an NSE value between 0.60 and 0.69, and a relative error between −19% and 19%. According to the value of their NSE and PBIAS (which is a similar metric to their relative error), the results of our study can be considered as relatively better.



The monthly discharge curves based on the simulated and measured data in the calibration and validation periods (Figure 4), demonstrate a close alignment of the two discharge curves, except for several underestimated values in the month of July in 1971, 1977, 1978, 1984, and 2006. Correlations of monthly measured and simulated discharge were also analyzed by the seasons, as shown in Figure 5. The oblique line in this figure shows that the measured discharge in fact equals the simulated discharge value, where the optimal results are located on the oblique line. The points located above the line indicate some degree of overestimation, while the underestimated values are shown below the line. Hence, it is evident that the discharge values were underestimated in the spring season. In accordance with Figure 5a–d and the correlation coefficients (R2), we can infer that the results of the summer and autumn seasons were satisfactory, and that the model performances in winter and spring seasons were unsatisfactory.




3.3. Annual Glacier Runoff Variation and Contribution


The simulated annual values as well as the linear trends of the total runoff, glacier runoff, and the glacier runoff contributions are shown in Figure 6. In accordance with this, it was clear that the total runoff exhbited a slowly increasing trend over the 50-year period of study. In the overall simulation period, the maximum and minimum runoff values of 10.64 × 109 m3 and 4.456 × 109 m3 occurred in the year 1994 and 1972, respectively. The multi-year average total runoff recorded a value of 6.84 × 109 m3, with a rising trend of about 0.031 × 109 m3·a−1.



Figure 6 illustrates that the glacier runoff data also exhibited an increasing trend during the period of study. As such, the fluctuations of the glacier runoff hydrograph and the total runoff hydrograph were consistent with each other. The maximum and minimum simulated annual glacier runoff volumes were 5.621 × 109 m3 and 2.230 × 109 m3, respectively, and the multi-year average runoff was 3.527 × 109 m3, contributing to 51.6% of the multi-year average total runoff. The increasing rate of glacier runoff, which was 0.011 × 109 m3·a−1, may be largely attributable due to the regional climate change factors that act to enhance the ablation of glaciers. The results showed that the total glacier area in YRB has decreased by 6.1% in the last forty years based on the results of remote sensing interpretations (e.g., [71]). In the past half century, however, the glacier runoff contribution to the total runoff volume appeared to be more or less consistent, from about 42.3% to 64.5% as shown in Figure 6c. Contrary to the increase in total and glacier runoff amounts, the glacier runoff contribution showed a slight decline by 0.046% a−1. It is inferred that this may be caused by the different increasing rates of temperature and precipitation. This is in accordance with Chen et al. [72] in that the annual temperature showed a slightly increasing trend (0.24 °C) in the 1990s; however, the annual precipitation increased more significantly, rising by 20.7% between 1980s and the 1990s.



In an earlier study, Zhang et al. [21] employed a modified monthly degree-day model to estimate the glacier runoff in the Yarkant River Basin from 1961 to 2006. They reported that the total runoff in glacial areas exhibited an increasing rate of about 0.023 × 109 m3·a−1, similar to the result of our study. According to the study by Gao et al. [73], the glacier runoff accounted for 51.3% of the total runoff in the Yarkant River basin, which was nearly consistent with our calculated results that the glacier runoff contribution was 51.6% over the period from 1965 to 2011. Moreover, the impacts of temperature and precipitation on runoff in the Tarim River during the past 50 years indicated that both represented continuous increases of 0.04 °C 10 a−1 and 11.2 mm 10 a−1 for the Yarkant River basin, respectively [74], and meanwhile, the annual runoff exhibited an increasing trend. In this study, simulated annual and total precipitation increased by 10.5 mm 10 a−1 and 0.045% 10 a−1, respectively. According to the study in the Tarim River Basin [73], the river flow increased by 12.8% during the period from 1961 to 2006, of which approximately 1.8% was contributed by the increases in precipitation, and the others amounting to 11.0% originated from the glacier runoffs. That means that the increased glacier runoff accounted for as much as 85.7% of the increased river flows. Moreover, it is conceivable that the increased glacier runoff was caused by the increase of temperature.




3.4. Multi-Year Monthly Average Glacier Runoff Contribution


The multi-year (1965–2011) monthly average measured runoff, simulated runoff, glacier runoff, and monthly glacier runoff contribution to annual glacier runoff are plotted in Figure 7. The monthly glacier runoff contribution to the monthly simulated total runoff ranged from 11.0% to 62.1%, with a minimum in April and a maximum in August. The value of the glacier runoff contribution gradually increased from April to August along with the rising temperatures, as shown in the monthly glacier runoff contribution to annual glacier runoff line chart. However, the monthly glacier runoff contribution continuously decreased until the April of the next year. Glacier runoff from January to May was almost negligible, amounting to only 0.099 × 109 m3 in total, and accounted for only 2.8% of the annual glacier runoff. It is important to also note that the glacier runoff mainly occurred from the months of June to September during an average year, with 86.3% of the annual glacier runoff accounted for by 9.6% in June, 34.0% in July, 31.8% in August, and 10.9% in September.



The seasonal contribution of glacier runoff is known to significantly affect the regional water supply, especially in regions of High Asia [75]. Indeed, the work of Schaner et al. [13] produced global estimations of the monthly glacier runoff contribution to the total streamflow, and indicated that the maximum monthly contribution of glacier runoff was larger than 50% in the YRB. In our study, we calculated the maximum monthly contribution as about 62.1% in August. In the study of seasonal melt contributions of glacierized watersheds that originated in the Canadian Rocky Mountains [76], the results found that the glacier runoff contribution in July to September ranged from 73% to 83% for their watersheds, with a greater than 10% glacierized area; however, in our study, the glacierized area accounted for 12.6% of the glacier runoff contribution in July and 76.6% in September. We also calculated that the greatest glacier contributions that were in July and August, with estimations of 34.0% and 31.8%, respectively. However, a previous study [32] performed in the Mica basin (i.e., 5% glacier covered) showed that the greatest contributions were about 25% in August and 35% in September. These differences might be caused by the different geographic locations between the previous and our study (i.e., the Mica basin is further north of the YRB region).




3.5. Glacier Runoff Contribution of Different Elevation Bands


In this paper, we divided the study area into three elevation bands using the 4000-m and 5000-m contour lines, as shown in Figure 8. The percentage areas of elevation from band one to three were 30.2%, 35.1%, and 34.7%, respectively. According to the first CGI, the glacier coverage was only 0.89 km2 in elevation band one, which could be neglected when statistical analysis was performed according by the different elevation bands. However, the glacier coverage was 630.52 km2 in elevation band two, accounting for an elevation band area and total glacier area of 3.9% and 32.53%, respectively, while the glacier coverage was 5263.45 km2, accounting for 32.5% of the area within elevation band three and 89.3% of the total glacier area. Annual runoffs from the three elevation bands are shown in Figure 9. It was evident that the landscape that was lower than 4000 m hardly generated any runoff and the landscape higher than 5000 m was the main area generating the majority of the runoff volume. As determined from the simulated results, the multi-year average runoff contribution for the three elevation bands to the total runoff was about 3.3%, 26.2%, and 70.5% in elevation bands one, two and three, respectively, among which the glacier runoff contribution to the total runoff was about 5.2% and 46.4% in elevation bands two and three, respectively.



In context of the present research, quantifying the spatial and temporal contribution of glacier runoff has contributed to an improved understanding of streamflow generation processes within the alpine mountainous watersheds [25]. However, it should be noted that there were seemingly no prior studies that discussed the spatial hydrological responses in the YRB, except for the several temporal-related discussions (e.g., [77,78]). Therefore, in this sub-section of our simulation results, we calculated the spatial and annual contribution of different elevation bands to total runoff and glacier runoff based only on the simulated results because of the lack of observed data.





4. Summary


In this study, a glacial module based on the enhanced temperature-index approach was successfully incorporated into the Soil and Water Assessment Tool (SWAT) model to quantify the spatial and temporal contribution of glacier runoff to the watershed discharge in the Yarkant River Basin. In general, taking into account the glacial processes in the simulation model, the results closely matched the observed discharge data, indicating that the performance of the model was very good.



In accordance with the present results, over the last 50 years, the total discharge in the Yarkant River Basin has shown an increasing trend. Although the glaciers accounted for only 12.6% of the watershed drainage area, the contribution of annual average glacier runoff to streamflow was more than 50%. Meanwhile, the runoff volume of the Yarkant River Basin mainly originated from the high elevation regions above 5000 m a.s.l. and this accounted for more than 70% of the total runoff volume.



In summary, it is assertained that large watersheds and long-term glacier hydrological processes in the cold alpine regions are significant under the influence of climate change. Therefore, the simulation approach presented in this paper can likely be used to effectively help hydrologists in modeling large glaciated watersheds around the world, especially in data-scarce regions where observation records are relatively limited.
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Figure 1. Location of the meteorological and hydrological sites with the grid points. GCI: China Glacier Inventory. 
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Figure 2. Comparison of the meteorological station-based air temperature and precipitation with the nearest grid data; (a) mean monthly air temperature; (b) mean monthly precipitation; (c) correlation between the meteorological station monthly air temperature and that of the nearest grid data; (d) correlation between the meteorological station monthly precipitation and that of the nearest grid data. R2: coefficient of determination. 
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Figure 3. The spatial and temporal variation of ice melt factor; (a) The spatial distribution of ice melt factor for the 182nd day in a year; (b) The partial enlarged drawing; (c) The temporal variation of ice melt factor for the representative dot in a year. 
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Figure 4. Comparison of simulated versus measured monthly streamflow processes; (a) Calibration period: January 1965 to December 1988; (b) Validation period: January 1989 to December 2011; with measured data missing in the periods from January 1995 to December 2000, and January 2009 to December 2011. 
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Figure 5. Coefficient of determination (R2) for overall period at seasonal statistics by monthly results; (a) Spring (March–May); (b) Summer (June–August); (c) Autumn (September–November); (d) Winter (December–February). 
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Figure 6. Simulated annual total runoff, glacier runoff, glacier runoff contribution, as well as their variation trends. 
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Figure 7. Multi-year monthly average observed and simulated total runoff, glacier runoff as well as its monthly contributions. 






Figure 7. Multi-year monthly average observed and simulated total runoff, glacier runoff as well as its monthly contributions.



[image: Water 09 00159 g007]







[image: Water 09 00159 g008 550] 





Figure 8. Elevation bands of the YRB. 
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Figure 9. Annual runoff of different elevation bands. 
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Table 1. Ice temperature melt factors of different observed glaciers in the Tarim River Basin.
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Watershed

	
Glacier

	
Ice Temperature Melt Factor (mm·d−1·°C−1)

	
Altitude (m)

	
Observation Period






	
Yarkant River

	
Batura

	
3.4

	
2780

	
June–August 1975




	
Teram Kangri

	
5.9

	
4630

	
25 June–7 September 1987




	
6.4

	
4650

	
6 June–7 September 1987




	
Tailan River

	
Qirbulake

	
2.6

	
4750

	
6 June–30 July 1960




	
Yangbulake

	
4.3

	
4800

	
1–5 July 1987




	
Qiongtailan

	
4.5

	
3675

	
17 June–13 July 1978




	
7.3

	
4100

	
25 June–31 July 1978




	
8.6

	
4200

	
21 June–31 July 1978




	
Aksu River

	
Keqicar Baxi

	
4.5

	
3347

	
28 June–12 September 2003




	
7.0

	
4216

	
11 July–13 September 2003
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Table 2. Calibrated parameters and their optimized values.







Table 2. Calibrated parameters and their optimized values.







	
Model Routine

	
Parameter

	
Description

	
Range

	
Optimized Value






	
Snow

	
SMFMX

	
Melt factor for snow, 21 June (mm/°C-day)

	
0, 10

	
6.5




	
SMFMN

	
Melt factor for snow, 21 December (mm/°C-day)

	
0, 10

	
1.0




	
SFTMP

	
Snowfall temperature (°C)

	
−5, +5

	
1.0




	
SMTMP

	
Snow melt base temperature (°C)

	
−5, +5

	
0.5




	
TIMP

	
Snow pack temperature lag factor

	
0.1, 2.0

	
1.0




	
Glacier

	
FM

	
Melt factor for ice (mm/°C-day)

	
2.6, 13

	
5.5




	
rice

	
Radiation factor for ice

	
0, 0.1

	
14.4 × 10−6




	
β0

	
Basal accumulation coefficient

	
0.001, 0.006

	
0.003




	
Runoff

	
ESCO

	
Soil evaporation compensation factor

	
0.01, 1.0

	
0.55




	
ALPHA_BF

	
Baseflow alpha factor (days)

	
0.1, 1.0

	
0.036




	
CN2

	
Initial SCS CN II value

	
50, 80

	
Multiply 70%




	
CH_K2

	
Effective hydraulic conductivity in channel (mm/h)

	
0, 50

	
4




	
GWQMN

	
Threshold depth of water in shallow aquifer (mm)

	
1, 200

	
100




	
GW_DELAY

	
Groundwater delay (days)

	
0, 180

	
45
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Table 3. Monthly streamflow (m3·s−1) calibration and validation results for Yarkant River Basin (YRB), Northwest China. NSE: Nash–Sutcliff Efficiency; RSR: Root mean square error-observations standard deviation ratio; PBIAS: percentage bias.







Table 3. Monthly streamflow (m3·s−1) calibration and validation results for Yarkant River Basin (YRB), Northwest China. NSE: Nash–Sutcliff Efficiency; RSR: Root mean square error-observations standard deviation ratio; PBIAS: percentage bias.







	
Periods

	
NSE

	
RSR

	
PBIAS (%)






	
Calibration (January 1965–December 1988)

	
0.86

	
0.37

	
−4.51




	
Validation (January 1989–December 2011)

	
0.82

	
0.42

	
2.38




	
Overall (January 1965–December 2011)

	
0.85

	
0.39

	
−1.75
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