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Abstract

:

Due to the scarcity of field observations and geodetic measurements in catchments in the Karakoram Mountains in Western China, obtaining precipitation data for the high mountains involves large uncertainties and difficulties. In this study, we used a functional relationship between the annual glacier accumulation and summer temperature at the equilibrium line altitude (ELA) to derive precipitation lapse rates (PLAPSs) in a data-scarce watershed. These data were used in a modified Soil and Water Assessment Tool (SWAT) model with a glacier module to simulate glacio-hydrological processes in the Yarkant River basin in the Karakoram. The PLAPS based on the widely-used grid datasets considerably underestimated precipitation, yielding an unreasonable watershed water balance and inaccurate glacier changes. However, the ELA-based PLAPS improved the simulation significantly. In the Yarkant River basin, the annual precipitation reached a peak of 800–1000 mm at approximately 5300 m a.s.l. The model simulations indicated that the contributions of glacier melt and ice melt to total runoff were 52% and 31%, respectively. Moreover, a significant precipitation increase and a non-significant temperature increase during the melt season may be the major reasons for the decreased ice melt and slower glacier shrinkage on the northern slope of the Karakoram during the period of 1968–2007.
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1. Introduction


The Karakoram Mountains are natural water towers for arid regions in Pakistan and Western China. In recent years, this region has been of interest to researchers due to its significance and the “Karakoram anomaly” [1]. This phenomenon deserves further investigation to clarify the relation between climate forcing and glacier responses in the region [2]. However, because of the complex terrain and high elevations of this area, sufficient hydrological and meteorological data are lacking in the high-elevation regions [3]. The lack of observed data is a major constraint for research studies.



Due to the scarcity of observed hydrological data, distributed hydrological models are considered useful tools for investigating the intra- and inter-annual dynamics of the hydrological process due to the high temporal resolutions over long time periods and the different spatial scales of the models [4]. Some hydrological models have been upgraded with glacial process modules and are widely used in snow- and glacier-dominated regions [5,6,7,8]. These models provide a solid foundation for studies in the Karakoram, in which a large area is covered by glaciers. However, as the availability of hydrometeorological data at high elevations is extremely limited, hydrological modeling is a challenging task in glacierized mountainous regions. To a large degree, the performance of a glacio-hydrological model depends on the forcing data for these catchments [9]. At high elevations, air temperature influences snow and glacier melting [9,10], and precipitation controls mass accumulation [3,11,12,13]. Therefore, the temperature and precipitation at high elevations have a large impact on the outputs of glacio-hydrological models. The temperature lapse rate (TLAPS) is one of the most important variables for modeling meltwater runoff using the T-index method [9,14]. Immerzeel et al. [9] proposed that larger TLAPS values in specific months led to an increase in glacier melt of 400%. However, relative to precipitation, temperature is more stable and less spatially variable [15]. Temperature and elevation exhibit a highly linear correlation with seasonal gradients [9,16,17]. Precipitation is generally more uncertain due to orographic effects in catchments and the fact that most rain gauges are located at lower elevations [18]. Bookhagen and Burbank [19] confirmed a strong relationship between topography and monsoon rainfall, illustrating two topography-related zones of high rainfall and an approximately exponentially-decreasing trend at higher elevations based on Tropical Rainfall Measuring Mission (TRMM) data in the Himalayas.



Currently, gridded precipitation products are generally used as forcing data in hydrological assessments [6,20], such as the Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE) and National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) re-analyses. However, gridded data products always underestimate high-elevation precipitation in mountainous areas [4,20]. An underestimation of precipitation can be offset in a model by an overestimation of glacier melt [21,22]. In hydrological modeling, model performance is typically assessed using observed runoff data, and vertical precipitation gradients are generally derived based on the observed runoff [23]. If the precipitation is underestimated, good model performance can be achieved by increasing glacier melting. However, this process distorts the actual roles of glaciers and results in unrealistic losses of glacier area. The magnitude of precipitation required to sustain large glacier systems is much higher than that implied by gridded precipitation products [20]. Therefore, the similarity between observed and simulated glacier changes may be another potential way to correct mountain precipitation in addition to the traditional method based on observed streamflow. Long-term changes in glaciers indicate the relationship between glacier mass accumulation and ablation. In recent years, observed glacier mass balance changes were used to effectively quantify precipitation at high elevations in the Hunza and Indus River basins [13,20]. However, in glacierized regions with no observed glacier mass balance data, other quantification methods related to glacier change are necessary.



In our study, the Yarkant River basin on the northern slope of the Karakoram was chosen as the study area. We used a functional relationship between annual glacier accumulation and summer temperature at equilibrium line altitudes (ELAs) to derive the initial precipitation at high elevations. The precipitation lapse rates (PLAPSs) were calibrated based on both observed streamflow and glacier area changes using the glacier-enhanced Soil and Water Assessment Tool (SWAT). Once the observed streamflow and glacier area changes matched the simulated values, the PLAPSs were determined, and the high-elevation precipitation was inversely calculated based on the corrected PLAPSs. Finally, we explain the reason for the smaller loss of glacier area in this region based on the simulation results.




2. Study Area


The Yarkant River originates at the Karakoram Pass on the northern slope of the Karakoram Mountains. The source region of the Yarkant River above the Kaqun Hydrologic Station (KQHS) is 4.67 × 104 km2 (Figure 1). The Kuluklangan Hydrologic Station (KLKHS) is located upstream of KQHS and has a catchment area of 3.29 × 104 km2. There are 3064 glaciers in the basin, and 12% of the glacier coverage is estimated to be above KQHS. Among the glaciers, the Insukati Glacier is the largest in China, with an area of 359.09 km2. The K2 Glacier is extremely famous and is located on the mountain K2, the second highest mountain in the world. The catchment elevation ranges from 1446 to 8611 m a.s.l., with an average elevation of 4423 m a.s.l. Approximately 88% of the basin area is located between 3000 and 6000 m a.s.l. Due to the specific geographic conditions, the accumulation of ice and snow in high mountains is the primary source of runoff [24,25,26].



The climate in the source region is influenced primarily by mid-latitude westerlies and the summer southeastern monsoon from the Indian Ocean. The highest monthly temperature of 7.5 °C in the source region of the Yarkant River occurs in July, and the lowest monthly temperature of −20 °C occurs in January. The seasonal distribution of precipitation is highly uneven, with 67% of the annual precipitation concentrated between May and September.




3. Data and Methods


3.1. Description of the Data


3.1.1. Topography, Soil, Land Cover and Glacier Maps


The Shuttle Radar Topography Mission (SRTM3) digital elevation model (DEM), with a spatial resolution of 90 m, was used to delineate the source region of the Yarkant River into sub-basins and to generate the tributary and channel systems.



The First China Glacier Inventory (1960s) [27] and the Second China Glacier Inventory (2009) [28] were used in this study. The digital glacier vector data from the 1960s have inherent issues, such as georeferencing problems [29]. Therefore, the glacier outlines from the First China Glacier Inventory were adjusted manually based on topographic maps and aerial photographs. Based on the period of the First China Glacier Inventory, the simulation began in 1968. The observed glacier area of the Yarkant River basin has retreated by 9% from the 1960s–2009 based on the First and Second China Glacier Inventories. Land use/cover maps extracted from the European Space Agency GlobCover land cover maps (GlobCover 2009), which have a resolution of 300 m × 300 m, were used in this study. Soil data were obtained from the Harmonized World Soil Database of the Food and Agriculture Organization of the United Nations (HWSD Version 1.2), which was released in 2012. The data include some soil properties, such as the fractions of sand, silt and clay and the organic carbon content.




3.1.2. Precipitation and Temperature


Only the Taxkorgan Meteorological Station provides long-term climate monitoring data within the study area (see Figure 1). Therefore, the Asian Precipitation–High-Resolved Observed Data Integration Towards Evaluation version 1101 (APHRODITE) [30] and Princeton’s Global Meteorological Forcing Dataset (PGMFD) [31] were used as the precipitation and temperature inputs, respectively. The data from APHRODITE are long-term continental-scale daily gridded data from 1951 to 2007 based on a rain-gauge observation network with a spatial resolution of 0.25°. PGMFD was constructed by combining a suite of global observation-based datasets with the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset. The data have a daily resolution and a spatial scale of 0.5°, including mean, minimum and maximum air temperatures from 1948 to 2010. The gridded daily air temperature data at a spatial resolution of 0.25° were obtained via bilinear interpolation from the grid cell centers in the PGMFD gridded temperature dataset. Each grid was regarded as a base station.




3.1.3. Observed Streamflow Data


The monthly discharge data spanning 1968–1989 from KQHS and KLKHS were used to calibrate and validate the model. They were obtained from the China Hydrological Almanac. The first two years were treated as the warm-up period for the simulation. The data segment from 1970 to 1979 was used for model calibration, and the data segment from 1980 to 1989 was used for model validation.





3.2. The Glacier-Enhanced SWAT Model


SWAT [32] is a public-domain, open-source, physically-based, long-term, basin-scale continuous model that enables users to modify the model code for their specific uses. It has been used widely in hydrological cycle and water resource management simulations [33,34].



The officially released versions of SWAT do not simulate glacier hydrology. Luo et al. [35] developed a glacier module that was incorporated into the SWAT model to simulate watershed glacio-hydrological processes. The module treats each individual glacier as a hydrological response unit (GHRU). Each GHRU is divided into ten elevation bands. The glacier mass balance is simulated in each band. The simulated glacier mass balance components include mass accumulation, sublimation, melting of ice and snow and refreezing of these meltwaters. The ice and snow melts are simulated using the degree-day factor approach [14,36]. The glacier volume is calculated based on the total glacier mass balance, and the glacier area is updated through the glacier volume-area scaling relation [37]. This relation is as follows:


    A  g l a   =    (     V  g l a    m   )    1 / n     



(1)




where Agla (km2) and Vgla (m·km2) are the surface area and volume of the glacier, respectively. Based on Liu et al. [38], m is set at 40 and n at 1.35 in this study. These values were derived from measured glacier data in northwest China. This relation can also be used to calculate glacier water storage.



In this model, the Spatial Processes in Hydrology (SPHY) classification [6] was used to calculate the runoff in each hydrologic response unit (HRU/GHRU). This calculation consists of four possible contributing factors: rainfall runoff, snow melt, glacier melt and baseflow. Precipitation-based runoff consists of surface runoff and lateral flow released from soil water storage due to rainfall. Snow melt consists of snow meltwater released from snow storage. The runoff from glacier melt encompasses all of the melt generated in the glacierized area, including supraglacial snow melt, ice melt and rainfall runoff on the ice surface. Baseflow is released from shallow and deep groundwater storage. The total runoff in all HRUs is summed to determine the runoff for the entire watershed. The river discharge is routed to determine the loss via river channels. The glacier-enhanced SWAT model has been applied to several alpine watersheds in the Tianshan Mountains [35,39,40,41] and has proven to be a robust tool for glacio-hydrological simulations with a daily time step.




3.3. Method for Rationalizing High-Elevation Precipitation


In this study, APHRODITE precipitation at low elevations (usually including the non-glacierized area) can be assessed based on the observed data. However, at high elevations, there are no weather stations. Therefore, we assess the APHRODITE precipitation at high elevations based on the water balance and previous investigations. If APHRODITE precipitation is underestimated based on our assessment, we use the observed streamflow and glacier changes to estimate the precipitation at high elevations. The detailed procedures are as follows.



3.3.1. The Glacier Mass Accumulation-Summer Temperature Relationship


Because no observed glacier mass balance data are available for the study area, a relationship between glacier mass accumulation and summer temperature was used to obtain the initial high-elevation precipitation. Several authors have related annual accumulation (or ablation) at the ELA to the summer mean temperature using exponential or power-law functions [42,43,44]. Bookhagen and Burbank [19] and Salerno et al. [17] also showed an approximate exponentially-decreasing trend at higher elevations based on TRMM data and observed data in the Himalayas. Kotlyakov and Krenke [45] developed an empirical formula named the “global formula” based on 57 observation stations around the world and used it to calculate the annual ablation at the ELA. The relationship is formulated as follows:


   A = 1.33 ×    (  9.66 +  T s   )    2.85     



(2)




where A is the accumulation (or ablation) at the ELA per year (mm w.e., where w.e. = water equivalent) and Ts is the mean temperature in the summer (June–August) at the ELA (°C).



The summer season temperature-index method has been widely used to calculate ELA climates and glacial melt [46,47,48,49]. Here, Ts was calculated from the observed summer temperature at the Taxkorgan Meteorological Station via TLAPS. Because glacial accumulation at the ELA is equal to ablation, the amount of accumulation can be confirmed. Accounting for snowdrift, the accumulation is 1.3-times greater than the precipitation [19]. Thus, the annual precipitation at the ELA (PELA, in mm) can be expressed as follows:


    P  E L A   = A / 1.3 = 1.02 ×    (  9.66 +  T s   )    2.85     



(3)







For each glacier, the annual precipitation at the ELA was calculated using Equation (3) from 1968 to 1970, which is considered to have been a stable period for glaciers in the Karakoram Mountains [2]. Therefore, annual precipitation was determined at these different elevations in the glaciered zones. The APHRODITE precipitation at low elevations and simulated precipitation in glacierized regions were used to correct the annual PLAPSs in the high-elevation regions. Eventually, ELA-based PLAPS values with multiple rates were obtained over the entire basin.




3.3.2. Calibration and Validation


In the SWAT model, the monthly discharges observed at KQHS and KLKHS and the observed glacier change data were used as the primary data for calibrating PLAPSs and other parameters. During calibration, the internal processes of the model were monitored to guarantee the rationality of the simulation. First, the model was calibrated and validated using the stream discharge data. The simulated monthly discharges at KQHS and KLKHS were compared to the observed values. The comparison was evaluated using the Nash–Sutcliffe efficiency (NSE) and the percent bias (PBIAS) indices. The performance of the model during the calibration and validation stages was rated according to the system proposed by Moriasi et al. [50].



Next, the model was run from 1968 to 1970. PLAPS values and other parameters related to glacier melt were adjusted to maintain glacier mass balance, especially for larger glaciers. Then, the model was run from 1968 to 2007. The simulated glacier area change during this period was compared to the change derived from the two phases of the China Glacier Inventory.



We repeated this process many times. Finally, the NSE, PBIAS and the comparison of the glacier area changes were evaluated comprehensively. When all of them were within an acceptable limit based on Moriasi et al. [50], the PLAPSs and other parameters were accepted.



Additionally, the water balance for the entire catchment was examined. The catchment water balance over a period can be expressed as follows:


   R = P + Δ S - E  T a    



(4)




where R, P and ETa are the mean runoff, precipitation and evapotranspiration, respectively, for a given period. ∆S is the catchment water storage change, which includes changes in glacier water storage, snow water storage, soil water storage and aquifer water storage. As the snow, soil water and aquifer water storage values remained stable during the long period, the changes in water storage were mainly attributed to changes in the glacier reserves. The observed R can be acquired based on observed streamflow at KQHS. The changes in glacier water storage can be calculated based on the observed glacier area changes from the First and Second Chinese Glacier Inventories and Equation (1).



After the determination of the PLAPS, the precipitation at high elevations was acquired and rationalized, although some uncertainties existed.





3.4. Trend Analysis Method


Trend analyses of the temperature, precipitation and runoff were conducted using the Mann–Kendall test statistic [51,52,53], which is a non-parametric test. The Mann–Kendall test rejects the null hypothesis if Z ≥ |Zcr|, where Zcr is the critical value of the normal distribution at the 5% confidence level (Zcr = ±1.96). A positive value of Z indicates an increasing trend, while a negative value of Z indicates a decreasing trend. A robust estimate of the slope can be calculated using Sen’s non-parametric method [53,54]. In this case, Sen’s slope estimator is the median of the n(n − 1)/2 slopes of the pairs     (   x j  :  x k   )    , where j > k.





4. Results


4.1. Parameter Setting


4.1.1. TLAPS


The TLAPS is generally linear and varies seasonally [9,16,17]. Therefore, monthly values were adopted based on the observed and PGMFD temperature data in this study. The initial TLAPS was determined using the gridded PGMFD temperatures. According to the linear regression analysis, the TLAPS from the annual PGMFD temperature was −6.1 °C·km−1. After calibration, the TLAPS based on the annual average temperature was determined to be −5.8 °C·km−1 (Figure 2a), and the TLAPS values for the spring, summer, autumn and winter were −5.3, −6.5, −5.8 and −5.3 °C·km−1, respectively. Moreover, most of the observed temperatures at the meteorological sites near the Yarkant River basin [55] were distributed around the TLAPS line. Only the observed temperatures of some sites below 3000 m a.s.l. were higher than the simulated values. Because less than 10% of the catchment area is located below 3000 m a.s.l., the underestimation may only slightly affect the modeling results. Similar TLAPS values were reported in previous studies in nearby glacierized catchments (e.g., −6.4 °C·km−1 in the Hunza River basin in Karakoram [56], −5.4 °C·km−1 in the upper Langtang catchment in the central Himalayas in Nepal [9], −6.0 and −6.5 °C·km−1 in the Baltoro and Langtang watersheds in the Himalayas [5] and −5.5 °C·km−1 in the Langtang valley [3]). Hence, the TLAPS used in this study is reliable.




4.1.2. Other Key Model Parameters


Except for TLAPS and PLAPS, the most sensitive parameters were adopted from similar studies [5,6,35,57,58]. The initial values were based on the default lower and upper bounds in the SWAT database and from the aforementioned studies. Calibration of these parameters was also performed based on the trial and error method with respect to the observed and simulated monthly streamflow at KQHS and KLKHS and the glacier area changes from 1968 to 2007. The parameterization results are listed in Table 1.





4.2. Reconciling High-Elevation Precipitation


4.2.1. Assessment of APHRODITE Precipitation


The water balance in the catchment was unbalanced based on the APHRODITE precipitation. The average annual observed streamflow (R) at KQHS from 1968 to 1989 was 137 mm, but the average annual APHRODITE precipitation (P) during the same period was only 98 mm. The decline in glacier water storage (∆S) was approximately 25 mm based on Equation (1) and the First and Second China Glacier Inventories. The sum of APHRODITE precipitation and glacier water storage changes was still smaller than the river discharge. Moreover, evapotranspiration in the arid region of northwestern China is intense. Based on Equation (4), APHRODITE substantially underestimates the actual precipitation in the Yarkant River basin.



In addition, when a linearly-fitted PLAPS based on APHRODITE (dotted line in Figure 2b and approximately 22 mm·km−1) was used to force the calibrated model, the simulated monthly average streamflow was underestimated by 60% at KQHS and 59% at KLKHS compared to the observed values. Additionally, the NSE values were only 0.42 and 0.51 at KQHS and KLKHS, respectively (Table 2). The simulated glacier area shrinkage rate based on the linear PLAPS was 15.6% from 1968–2007. This value is larger than the observed changes, highlighting the fact that underestimated precipitation may be offset in the model by overestimating melt [21,22]. If the model attempts to achieve an observed streamflow, a larger glacier area will retreat, disagreeing with the actual situation.



Overall, APHRODITE precipitation for the catchment is underestimated and cannot be directly used in the hydrological modeling. Figure 2b shows that APHRODITE precipitation below 4500 m is close to the observed values. Therefore, precipitation at high elevations must be corrected.




4.2.2. Determination of PLAPS


At high elevations, precipitation was calculated via Equation (3) and calibrated based on the observed monthly discharges at KQHS and KLKHS and glacier change data. For each glacier, the annual precipitation at the ELA was calculated using Equation (3) from 1968 to 1970, as shown in Figure 2b (the grey dots represent the average precipitation at the corresponding elevation and were derived from Equation (3) for each glacier). The precipitation exhibited a decreasing trend with increasing elevation. Bookhagen and Burbank [19] and Salerno et al. [17] used TRMM and observed precipitation data to confirm that precipitation at higher elevations exhibits a decreasing trend with increasing elevation in the Himalayas. Using APHRODITE precipitation data at low elevations, the PLAPS for the catchment is non-linear and can be divided into multiple rates. However, the turning points for the PLAPS are difficult to determine. As mentioned before, the Yarkant River basin contains 3064 glaciers. In the 1960s, the ELAs of 90% of the glaciers ranged from 5000 to 5800 m a.s.l., and the highest frequency occurred at approximately 5300 m a.s.l. based on data from the First China Glacier Inventory. After calibration, we selected 4800 m and 5300 m as the turning points for the multiple PLAPS values. The polyline in Figure 2b was thus determined based on the values at these points. After calibration, multiple PLAPSs were obtained for the entire basin.



This variable PLAPS was calibrated based on the observed and simulated monthly streamflow at KQHS and KLKHS and the glacier area changes. The results of the calibration and validation are as follows.



The performance of the SWAT model forced by the corrected PLAPS was assessed by comparing simulated and observed streamflows using calibration and validation analyses. During the calibration period, NSE values at KQHS and KLKHS were 0.87 and 0.85, respectively, and PBIAS values were 9.3% and −7.1% (Table 2). The model performance was rated as ‘very good’ based on Moriasi et al. [50]. For the validation analysis, NSE values were 0.87 and 0.83 for KQHS and KLKHS, respectively, and PBIAS values were −0.9% and −10.9%. The model performance was rated as ‘good’ and ‘very good’ based on NSE and PBIAS measures [50].



An assessment of the goodness-of-fit between the values simulated using corrected PLAPS and observed monthly streamflow at KQHS and KLKHS was performed based on linear regression analysis (Figure 3). It showed that the regression lines were very close to the 1:1 line, with a minor y-axis intercept, suggesting that the discharge at KQHS was slightly underestimated and that the discharge at KLKHS was slightly overestimated. The coefficients of determination (R2) were 0.88 and 0.9 for KQHS and KLKHS, respectively, suggesting that the simulated river discharge exhibited a good fit with the observed values in the Yarkant River basin.



However, using the change in the glacier area based on the different phases of glacier data as an additional criterion may help constrain the uncertainty of the high-elevation PLAPS. The observed glacier area retreated by 9% from the 1960s to 2009. The simulated glacier area shrinkage rate based on the corrected PLAPS was 8.9% from 1968 to 2007, which is extremely close to the observed value. Moreover, for different glacier size classes, the simulated area shrinkage rates were also close to the observed values (Figure 4), and the most obvious retreat occurred in glaciers with areas of less than 5 km2. The results may reveal that the precipitation in high-elevation regions calculated via ELA-based PLAPS effectively mimics the actual precipitation, thus providing sufficient accumulation for glaciers with low area shrinkage rates.



In addition, the precipitation calculated using the corrected PLAPS maintained the water balance. From 1968 to 1989, the simulated annual precipitation and evapotranspiration for the entire catchment were 207 mm and 98 mm, respectively. The changes in glacier water storage and other water storages (snow, soil water and aquifer storage) were −26.9 mm and 0.6 mm, respectively. The simulated annual average runoff for the same period was 135 mm, which was close to the observed streamflow. Based on Equation (4), the water balance error was almost zero, and the corrected PLAPS produced a close water balance for the glaciered watershed simulation.



Therefore, the model performance based on the corrected PLAPS, in terms of the simulated streamflow and glacier area change, was acceptable. Additionally, the PLAPS was able to simulate the precipitation, especially the high-elevation precipitation of the Yarkant catchment, with a relatively high accuracy.




4.2.3. Inversely Calculating Precipitation Using the Corrected PLAPS


The calibrated PLAPS controlled by streamflow and glacier area change was used to inversely calculate the high-elevation precipitation in the Yarkant River basin. Figure 2b shows that the precipitation simulated by the corrected PLAPS increased at elevations below 5300 m a.s.l. and decreased at elevations above this level. It peaked at 5300 m a.s.l., and the precipitation between 5100 and 5500 m a.s.l. was approximately 800–1000 mm, which was approximately five-times larger than the APHRODITE precipitation estimate. This result makes sense based on previous observations and studies. Field data indicate that the annual precipitation increases significantly between 4600 and 5150 m a.s.l. on the K2 glacier [11] and is 100 mm below 3000 m a.s.l. and 1300–1500 mm above 5000 m a.s.l. on the Batura glacier [11,59]. Some studies have reported a precipitation peak between 5000 and 6000 m a.s.l. in the Karakoram [13,60]. Combining time series analyses of the valley-based stations with short-term campaigns, Hijmans et al. [61] proposed that the annual precipitation in northwestern Karakoram increased from 150 to 500 mm at elevations of 1500–3000 m a.s.l. to greater than 1700 mm at 5500 m a.s.l. due to winter and occasional spring and summer rainfall. Based on conservative assumptions, Winiger et al. [62] suggested that rainfall in west Karakorum could reach 1500–1800 mm·y−1 at 5000 m a.s.l. Moreover, Shi [63] revealed that this region likely receives considerable precipitation, which leads to considerable accumulation, in turn supporting the development of famously large glaciers. Immerzeel et al. [5] also suggested that the observed glacier extents in the Karakoram can be explained by strong vertical precipitation lapse rates. Immerzeel et al. [20] unambiguously showed that high-elevation precipitation in this region was underestimated using gridded data and that the large glaciers here can only be sustained by much higher rates of accumulation. Therefore, the high precipitation rates at high elevations calculated using the corrected PLAPS are reasonable according to the aforementioned observations and investigations.






5. Discussion


5.1. Uncertainties of the PLAPS


With respect to data-scarce, high-alpine catchments, glacio-hydrological simulations are particularly limited by a lack of sufficient observation data. Despite the good simulation results in this study, uncertainties still exist. The PLAPS at high elevations was corrected by precipitation that was calculated via Equation (3). On the one hand, Equation (3) is an experimental formula based on observed glaciers from around the globe, and the calculated precipitation may represent large-scale values. On the other hand, the multiple PLAPS in this study used four points to determine the lapse rates in the three sections (Figure 2b). Among the points, the precipitation values and elevations of the second and third points (P_2, P_3 and EL_2, EL_3; numbered from low to high) were more difficult to determine and were more uncertain. Figure 5 shows that streamflow is sensitive to the precipitation and elevation values of the two points, whereas the glacier area changes are more sensitive to precipitation at the third point. Based on Moriasi et al. [50], to reach a “satisfactory” rate, the elevations at the two points can range from 4600 to 5050 m a.s.l. and 5000 to 5800 m a.s.l., and the precipitation values can range from 56 to 330 mm and 800 to 1300 mm. Note that the uncertainty interval is not small. As shown in Figure 5, NSE first increases and then decreases, and the absolute PBIAS increases for every 100-m increase of EL_2 and EL_3. The NSE changes from 0.77 to 0.89 when EL_2 or EL_3 varies by 500 m, but PBIAS can range from −15% to 30% for the same elevation changes (Figure 5a,b). With increases in P_2 (56–330 mm) and P_3 (800–1300 mm), NSE decreases and ranges from 0.72 to 0.89, while PBIAS changes from −26% to 18% (Figure 5c,d). The glacier area shrinkage rates can range from 8.3% to 10.5% based on the elevation changes and from 6.2% to 11.5% based on the precipitation variations (Figure 5e,f). Thus, P_2 is more sensitive to glacier area changes. Combining the NSE and PBIAS values with the glacier area changes, the PLAPS values shown in Figure 2b achieve the optimal model performance.



In general, land surface hydrology model simulations are highly sensitive to the accuracy of the precipitation input. Reliable precipitation inputs are necessary for producing reasonable model parameters and simulations [64]. Therefore, the PLAPS has a significant impact on the outputs of the glacio-hydrological model used [9]. Studies on the impact of climate change in similar regions [6,65,66] have also revealed that precipitation differences in mountainous areas can significantly affect the temporal and spatial distributions of runoff and changes in glacier areas, mass balances and meltwater. As a result, accurately determining PLAPS is a key process in hydrological modeling. The combined use of NSE, PBIAS and glacier area changes may provide a more reliable assessment of model performance. Additional information regarding glacier area change and mass balance may enhance model parameterization and reduce the uncertainty to some extent [67,68,69].




5.2. Explanation of Current Glacier Changes


The loss of glacier area in the Yarkant River basin located on the north slope of the Karakoram was 9% from the 1960s to 2009. This rate was less rapid than those in most Himalayan basins [70]. We use the calibrated SWAT model to simulate the glacio-hydrological regimes, especially glacier melt in the Yarkant River basin from 1968 to 2007, and try to explain the reasons for the glacier response.



5.2.1. Intra-Annual Distribution


Figure 6a shows that approximately 60% of the precipitation fell during the summer months (June–September) and that only 10% fell during the winter months (December–February). Furthermore, rain and heat occurred during the same period, and the highest temperature was recorded in July and August.



The average annual flow volume for the catchment was 6.44 km3 from 1968 to 2007, with the monthly flow peaking in August. The runoff pattern was similar to that for precipitation, with 88% of the total annual runoff occurring from July–September and only 5% during winter months (Figure 6b). However, the proportion of runoff in summer months was higher than that for precipitation. The good correlation between the runoff and precipitation patterns suggests that monsoon precipitation plays a dominant role in runoff generation in this region. Additionally, the higher proportion of runoff implies that there are other important sources of runoff. Averaged from 1968 to 2007, the contributions of glacier melt, snow melt, rainfall runoff and baseflow to total runoff were 52%, 17%, 16% and 15%, respectively. Glacier meltwater was the most significant component of the water balance, and the contribution of glacier meltwater was close to that simulated by Yang [30] using glacier meltwater runoff modules. The hydrograph associated with glacier meltwater started to rise in July, peaked in August and then decreased through October (Figure 6b). From June–September, meltwater constituted the major component of the water balance in the Yarkant River basin, contributing to 63%–83% of the total runoff in each month (Figure 6c).



In this study, glacier melt is defined as the total runoff generated on glaciers, including ice melt, supraglacial snow melt and rainfall runoff [4]. Figure 6d shows that the contributions of these three components to glacier melt were 61%, 28% and 11%, respectively, for the Yarkant catchment from 1968 to 2007. Moreover, ice melt contributed to 31% of the total runoff. This indicates that glaciers played a crucial role in the water supply of the Yarkant River basin. Moreover, approximately 98% of ice melt occurred from June–September, peaking in August.




5.2.2. Trend Analysis


We analyzed annually-averaged flow records of total runoff, glacier melt and ice melt separately to detect temporal trends based on the Mann–Kendall test statistic at the 5% confidence level (p < 0.05). The Z statistics of climatic variables, runoff components and glacier melt components at p < 0.05 are shown in Figure 7. The annual average temperature and precipitation values all showed significant increasing trends from 1968 to 2007. The minimum temperature increased by 0.38 °C/decade, which was more significant than that of the maximum temperature (0.15 °C/decade). The total runoff increased by 0.09 km3/decade, with a non-significant level due to the increase in precipitation in recent years. The glacier melt decreased non-significantly by 0.09 km3/decade. Ice melt, the major component of glacier melt, also non-significantly decreased at p < 0.05. The decline in ice melt may be the reason for the slow glacier area retreat. However, based on the temperature increase, why did ice melt exhibit a decreasing trend from 1968 to 2007? This issue must be carefully studied and discussed.



Figure 8 shows that the mean temperatures in January, February, March and September significantly increased by 0.3–0.8 °C/decade from 1968 to 2007 and increased non-significantly (at p < 0.05) at a low rate in other months. Especially in the months from June–August, the temperature only increased by 0.03–0.17 °C/decade. However, for precipitation, the largest increases occurred in June–August due to abundant precipitation (Figure 8b). To investigate the main factor controlling the ice melt decline, a regression analysis was performed between seasonal ice melt and temperature and precipitation in the Yarkant River basin. The periods used in this analysis were the same as those of significant changes in temperature and precipitation. The correlation coefficients are shown, and the results that pass the significance tests (p < 0.01) are highlighted in bold in Table 3. The analysis shows that runoff, glacier melt and ice melt during the summer were significantly and positively correlated with summer temperature. However, a significant negative correlation was found between ice melt and summer precipitation. This relation is called the “glacier compensation effect” [71]. Runoff and ice melt exhibited no significant correlations with temperature or precipitation in the winter. Hence, the increasing precipitation from June–August led to less ice melt and more accumulation. Moreover, the significantly increased temperatures from January–March were not associated with ice melt. During this period, ice melt exhibited a decreasing trend, and the glacier area shrinkage rate was less severe throughout the Yarkant River basin in more recent years. We suggest that the significant precipitation increase and the slight temperature increase during the melt season were the major reasons for the “Karakoram anomaly” on the northern slope of the Karakoram range.




5.2.3. Regional Differentiation in the Karakoram


With the influences of the westerlies and monsoons, the climate characteristics of the southern slope of the Karakoram Mountains are different from those on the northern slope. The Indus River basin, a large river originating from the southern slope of Karakoram, has cold climates and substantial precipitation during the boreal winter [5]. The precipitation pattern in the Upper Indus River is characterized by a peak in the winter months (approximately 37% of the annual total) and a peak in the summer months (44% of the annual total) [64], with the largest peaks occurring in the months of March and April [72]. Thus, ablation occurs during summer, and most accumulation occurs during the winter months on the southern slope of the Karakoram [5].



Although the seasonal distributions of precipitation are different, the flow patterns are similar among the Karakoram regions. Based on long-term recorded hydrological data, more than 70% of the annual runoff occurs in the summer months (June–September), with nearly 50% in July and August and less than 10% in the winter months in the Upper Indus River basin [64,73,74]. Meltwater is also a significant component of the water balance and represents more than 70% of the runoff in the Upper Indus River [6,64,73,75,76]. Based on distributed cryospheric-hydrological SPHY and Variable Infiltration Capacity (VIC) models, the contributions of glacier melt to total runoff in the Upper Indus River are 40.6% and 48%, respectively, based on simulations by Lutz et al. [6] and Zhang et al. [64]. The calculated glacier melt generally occurs from June–September and accounts for 54% of the annual runoff, peaking in August. These glacier melt results are similar to the previous analysis related to the Yarkant River basin.



However, the reason for larger glacier areas on the southern slope of the Karakoram in recent years [2,30,77,78] is different from that affecting the northern slope. Most studies have focused on the relationship between climate forcing and glacier responses. Based on observed hydrometeorological data, significant increases in winter, summer and annual precipitation have been found; significant warming has occurred in winter; and summer has exhibited a cooling trend since 1961 in the Indus River basin [72,79,80]. Increased winter precipitation potentially increased glacier accumulation, and the decreased mean summer temperature probably resulted in decreased glacier melting [78,79]. Bocchiola and Diolaiuti [81] explained that increased winter precipitation and decreased summer temperatures likely increased the snow-covered area and resulted in the advance of glaciers. The “Karakoram anomaly” also occurred due to increasing snowfall during winter months, offsetting snowfall reductions during the summer in the southern Karakoram, which is dominated by non-monsoonal winter precipitation [82]. This phenomenon also coincides with a period of increased precipitation and a positive glacier mass balance in this region [77]. Although these reasons are different from those on the northern slope of Karakoram, changes in the glacier mass balance are the major reason. Mass balance has an important control on the frequency of glacier surging.






6. Conclusions


In this study, we used the relationship between glacier mass accumulation and summer temperature at the ELA to rationalize the altitudinal precipitation profiles in data-scarce glacierized watershed simulations. An ELA-based PLAPS was calibrated based on observed streamflow and glacier area changes that more accurately control hydrological processes and glacier changes. High-elevation precipitation was inversely calculated using the calibrated PLAPS. Finally, the calibrated, distributed, glacier-enhanced SWAT model forced by the PLAPS was used to simulate the glacio-hydrological processes and to explain the small loss of glacier area in the Yarkant River basin on the northern slope of the Karakoram Mountains from 1968 to 2007.



The PLAPS based on the widely-used APHRODITE data considerably underestimated precipitation, resulting in an unreasonable watershed water balance and inaccurate glacier area changes. However, the ELA-based precipitation improved the simulation significantly. In this scenario, PLAPS was based on multiple rates. At low elevations, it was determined using APHRODITE precipitation and observation data from the meteorological stations yielding a value of 22 mm·km−1. At high elevations, PLAPS was corrected using precipitation at the ELA based on Equation (3). The precipitation simulated using the calibrated, ELA-based PLAPS increased below 5300 m a.s.l. and decreased above this elevation, while the annual precipitation between 5000 and 5500 m a.s.l. reached 800–1000 mm, which was approximately five-times larger than the APHRODITE precipitation. We conclude that the high-elevation precipitation is much greater than the gridded data estimate and observed data at low-elevation rain gages.



Based on the simulations of the calibrated model, averaged from 1968 to 2007, we conclude that glaciers play a crucial role in the water supply of the Yarkant River basin. The contributions of glacier melt and ice melt to the total runoff were 52% and 31%, respectively, and meltwater mainly occurred from June–September, supplying important water for irrigation. However, based on the Mann–Kendall test statistic at the 5% confidence level, glacier melt and ice melt exhibited a non-significant decreasing trend from 1968 to 2007. The decline in ice melt may result in less severe glacier area retreat. The increased precipitation in summer may have recently caused decreased ice melt and weak glacier recession on the northern slope of Karakoram. The significant temperature increase during the cold season had almost no effect on accelerating the shrinkage of glaciers.



Although some uncertainties exist in the simulation, the precipitation at high elevations is demonstrably abundant, and the APHRODITE and the observed data from low-elevation weather stations are not effective proxies. The APHRODITE precipitation data at high elevations is effectively rationalized based on the methods used in this study. Moreover, the hydrological regimes simulated using SWAT and a corrected PLAPS in glacierized regions with scarce observation data may provide more in-depth and effective information associated with the slow rates of glacier area shrinkage. Furthermore, more precise precipitation data should be obtained and used to improve the accuracies of the hydrological models.
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Figure 1. Map of the source region of the Yarkant River basin in the Karakoram Mountains. 
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Figure 2. Comparison between the altitudinal distributions of the average annual temperatures based on observed values, Princeton’s Global Meteorological Forcing Dataset (PGMFD) values and temperature lapse rate (TLAPS) (a); and the annual precipitation based on the observed values, Asian Precipitation Highly Resolved Observational Data Integration Towards Evaluation (APHRODITE) values, Equation (3) results and corrected precipitation lapse rate (PLAPS) (b). 
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Figure 3. Comparisons between observed and simulated monthly streamflows at the Kaqun (a) and Kuluklangan (b) hydrological stations in the Yarkant River Basin from 1968 to 1989. 
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Figure 4. Comparison between the observed and simulated glacier shrinkage rates for different glacier size classes in the Yarkant River basin (CGI stands for the China Glacier Inventory). 






Figure 4. Comparison between the observed and simulated glacier shrinkage rates for different glacier size classes in the Yarkant River basin (CGI stands for the China Glacier Inventory).



[image: Water 08 00186 g004]







[image: Water 08 00186 g005 1024] 





Figure 5. Plots of precipitation and elevation sensitivities at the second and third points using the variable PLAPS to simulate streamflow at KQHS and glacier area change in the Yarkant River basin. EL_2 and EL_3 represent the elevations of the second and third points, respectively; P_2 and P_3 represent the precipitation values of the second and third points, respectively. (a–d) the NSE and PBIAS values for scenarios in which EL_2, EL_3, P_2 and P_3 varied; (e,f) the glacier area shrinkage rates when one of EL_2, EL_3, P_2 or P_3 varied. 
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Figure 6. Monthly average temperature and precipitation (a); separated annual hydrographs for total runoff and the four major components of river flows from 1968 to 2007 (b); histograms showing the monthly contributions of the four components of flows in terms of the percentage of contributions to the total runoff (c); area diagrams for monthly ice melt, supraglacial snow melt and rain, which form the glacier melt (d). 
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Figure 7. Z statistics for annual temperature, precipitation, runoff, glacier melt and ice melt from 1968 to 2007 in the Yarkant River basin. Tavg, Tmx and Tmn represent average, maximum and minimum temperatures, respectively. P represents precipitation. TR, GM and GIM represent total runoff, glacier melt and ice melt, respectively. The grey dotted lines represent the critical values of the normal distribution at the 5% confidence level (Z = ±1.96). 
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Figure 8. Z statistics (a) and rates of change (b) for monthly average temperature and precipitation from 1968 to 2007 in the Yarkant River basin at p < 0.05. The grey dotted lines in (a) represent the critical values of the normal distribution at p < 0.05 (Z = ±1.96). 
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Table 1. The most sensitive parameters and the final calibrated values or ranges of values for the glacier-enhanced SWAT model in the Yarkant River basin
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Sensitive Parameters

	
Parameter Definition

	
Parameter Change Range

	
Final Parameter Value Range






	
ALPHA_BF

	
Baseflow alpha factor

	
0–1

	
0.02–0.8




	
RCHRG_DP

	
Deep aquifer percolation factor

	
0–1

	
0.4




	
CH_K2

	
Channel effective hydraulic conductivity (mm/h)

	
0–300

	
10–50




	
gmfmx

	
Degree-day factor for ice melt on 21 June (mm·°C−1·day−1)

	
1.4–16.0

	
3–14.5




	
gmfmn

	
Degree-day factor for ice melt on 21 December (mm·°C−1·day−1)

	
1.4–16.0

	
1.0–8.8




	
SMFMX

	
Degree-day factor for snow melt on 21 June (mm·°C−1·day−1)

	
1.4–6.7

	
1.8–4.5




	
SMFMN

	
Degree-day factor for snow melt on 21 December (mm·°C−1·day−1)

	
1.4–6.7

	
0.5–3.5
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Table 2. NSE and PBIAS results for the simulated monthly streamflow at the Kaqun and Kuluklangan hydrological stations (KQHS and KLKHS) based on corrected and linear PLAPSs from 1968 to 1989 in the Yarkant River basin using the glacier-enhanced SWAT model.







Table 2. NSE and PBIAS results for the simulated monthly streamflow at the Kaqun and Kuluklangan hydrological stations (KQHS and KLKHS) based on corrected and linear PLAPSs from 1968 to 1989 in the Yarkant River basin using the glacier-enhanced SWAT model.







	
Scenarios

	
Analysis

	
KQHS

	
KLKHS




	
NSE

	
PBIAS (%)

	
NSE

	
PBIAS (%)






	
Simulated using corrected PLAPS

	
Calibration

	
0.87

	
9.3

	
0.85

	
−7.1




	
Validation

	
0.87

	
−0.9

	
0.83

	
−10.9




	
Simulated using linear PLAPS

	
1968–1989

	
0.42

	
60

	
0.51

	
59
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Table 3. Seasonal correlation between total runoff, glacier melt and ice melt and temperature and precipitation in the Yarkant River basin from 1968 to 2007.
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Climate Variables

	
Climate Period

	
June–September




	
Total Runoff

	
Glacier Melt

	
Ice Melt






	
Temperature

	
JJA

	
0.72 **

	
0.90 **

	
0.91 **




	
JFM

	
−0.01

	
0.09

	
0.09




	
Precipitation

	
JJA

	
−0.07

	
−0.47 **

	
−0.59 **




	
JFM

	
0.07

	
−0.11

	
−0.17








Notes: ** Significance at 0.01. JJA represents months from June–August. JFM represents January–March.
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