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Abstract. Glaciers continuously affected by climate change are of great concern; their supply and runoff variation tendency 8 

under the pressure of increasing populations, especially in dryland areas, should be studied. Due to the difficulty of observing 9 

glacier runoff, little attention has been given to establishing high-resolution and long-term series datasets established for glacial 10 

runoff. Using the latest dataset using digital elevation models (DEMs) to obtain regional individual glacier mass balance, 11 

simulating the spatiotemporal regime of glacier runoff in oases that support almost the entire income in the dryland areas of 12 

China (DAC) could be possible. The simulations quantitatively assess glacier runoff, including meltwater runoff and delayed 13 

runoff, in each basin of the DAC at a spatial resolution of 100 m from 1961 to 2015, classify glaciers according to the potential 14 

climatic risks based on the prediction results. The total glacier runoff in the DAC is (98.52 ± 67.37) × 108 m3, in which the 15 

meltwater runoff is (63.43 ± 42.17) × 108 m3, accounting for 64.38%. Most basins had continuously increasing tendencies of 16 

different magnitudes from 1961 to 2015, except for the Shiyang River basin, which reached its peak in approximately 2000. 17 

Glacier runoff nurtured nearly 143,939.24 km2 of oasis agricultural areas (OAA) until 2015, while 19 regions with a total 18 

population of 14 million were built alongside the oases, where glacier runoff occupies an important place in agricultural, 19 

industrial and municipal water consumption. Therefore, providing a long time series of glacier runoff for different river basins 20 

is of great significance to the sustainable development of the oasis economy in the arid zones. 21 
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1 Introduction 23 

Persistently affected by climate change, the cryosphere has a tremendous impact on global hydrology and water resources 24 

(Adler et al., 2019; Beniston & Stoffel, 2014; Bibi et al., 2018; Ding et al., 2006; Piao et al., 2010; Sorg et al., 2012). Research 25 

on snow and ice is in line with the corresponding targets of the Sustainable Development Goals (SDGs) (Avtar et al., 2019; 26 

Bolch et al., 2019; Gratzer & Keeton, 2017; Hinz et al., 2020; Rasul et al., 2019; Wu et al., 2018) and 2 goals in the 27 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) (Arora & Mishra, 2019; 28 

Compagno et al., 2021; Hausner et al., 2020; Keller et al., 2019; Martin-Lopez et al., 2019). Glaciers are the largest reservoirs 29 

of fresh water on Earth, and they store most of the ice and snow (Beniston & Stoffel, 2014; Kraaijenbrink et al., 2017). Glaciers 30 

store water as ice in the colder months and release it as meltwater as warmer summer temperatures melt the glaciers, creating 31 

runoff that carries valuable fresh water downstream for the benefit of human society (Immerzeel et al., 2012; Laghari et al., 32 

2012; Qin et al., 2006; Yang et al., 2019), mitigating drought (Kaser et al., 2010; Wang et al., 2021) and poverty (Wang, Zhou, 33 

et al., 2020; Zarfl et al., 2015). Under current climate conditions, warming causes glaciers to melt and sea levels to rise, creating 34 

a negative feedback between the two (Brun et al., 2017; Shean et al., 2020). 35 

 36 

An oasis is a special combined landscape of nature and humanity, and oases are essential in arid areas (Shi et al., 2003; Zhu et 37 

al., 2019). Oases in the dryland areas of China (hereafter DAC) support 90 percent of local residents and generate more than 38 

95 percent of social wealth (Bie & Xie, 2020) in areas where agriculture relies on river channels (Biemans et al., 2019; 39 

Immerzeel et al., 2012). Most river basins in the DAC depend most on glacier runoff, which is a high-altitude water resource 40 

(Chen et al., 2016; Huang et al., 2009; Li et al., 2011; Zhang, Liu, et al., 2016), and glacier runoff is sometimes the only source 41 

of water for some oasis agriculture areas (OAAs) (Waldron et al., 2020), especially in the Hexi Corridor (Li et al., 2018). 42 

Under the high demand for water as a result of the rapidly growing population and irrigation combined with the arid climate 43 

in the DAC (Barnett et al., 2005; Fan et al., 2013; Immerzeel & Bierkens, 2012), the importance of water provided by glaciers 44 

in arid regions is apparent (Barnett et al., 2005; Pritchard, 2019; Tak & Keshari, 2020; Wang et al., 2021). Affected by global 45 
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warming, the rapid change in the cryosphere and its interactions with the biosphere, lithosphere, hydrosphere, atmosphere, and 46 

anthroposphere are increasingly intensified, having especially extensive and profound impacts on hydrology, water resources, 47 

ecosystems (Sun et al., 2020; Zhang, Liu, et al., 2019), and the sustainable development of the human economy and society 48 

(Lin et al., 2020). 49 

 50 

Field observation is by far the most accurate method used to obtain individual glacier mass balance and was used to establish 51 

the first and second glacier catalogs in China in the 1970s and the early 21st century, respectively (Liu et al., 2015; Sun et al., 52 

2018). Continuous yearly mass balance data for long time series could not be calculated effectively due to the time consumption 53 

and high energy consumption of field observations (Brun et al., 2017; Shean et al., 2020). Therefore, the energy balance 54 

equation was used to reconstruct the glacier mass balance (Sakai et al., 2015; Yao et al., 2010) based on remote sensing datasets 55 

(Hussain et al., 2019) or imagery (Tak & Keshari, 2020), and the snow line was identified to be approximately the same as the 56 

equilibrium-line altitude (ELA). Another method used to calculate glacier runoff focuses on establishing the relationship 57 

between runoff and air temperature through meteorological station data with the degree-day factor model to better reflect the 58 

role of temperature in meltwater (Li et al., 2020; Liu, Zhang, et al., 2019). Semi-distributed hydrological models were also 59 

used to estimate the contribution of meltwater runoff to river flow, and similarly, river isotopic studies (Duan et al., 2020; 60 

Garee et al., 2017; Zhang, Luo, et al., 2016). However, some limitations were obvious: the relationship between stations and 61 

the degree-day factor model was too difficult to establish in large regions, while the energy balance model could be applied in 62 

large regions but with low resolution (such as 0.25 degrees (Sakai et al., 2015)). Semi-distributed hydrological models semi-63 

quantitatively calculated the proportion of meltwater runoff to total runoff without time series. Taking advantage of digital 64 

elevation models (DEMs), some studies (Brun et al., 2017; Shean et al., 2020) have published mass balance datasets with high 65 

resolution; the former were 30 m based on the single-source Glacier Area Mapping for Discharge from the Asian Mountains 66 

(GAMDAM) inventory (Sakai, 2018), and the latter were accurate to each individual glacier based on the multisource 67 

Randolph Inventory (RGI Consortium, 2017), which makes estimating high-resolution glacier runoff data possible. 68 

 69 
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We used the mass balance equation and dataset with high resolution to inversely reconcile high-altitude precipitation and then 70 

estimate the yearly ablation and accumulation to obtain glacier runoff time series. The first aim of this study was to totally 71 

quantify glacier runoff rather than qualify (Yang et al., 2015; Ye et al., 2017) or semi-quantify (Kayastha et al., 2020; Kumar 72 

et al., 2019; Mimeau et al., 2019; Wang et al., 2015) runoff in watersheds of the DAC. Second, the two parts of glacier runoff, 73 

which are called delayed runoff and meltwater runoff, were identified quantitatively and their impacts on the OAAs in the 74 

DAC were assessed. Additionally, the overall trend of glacier runoff was discerned, including the change trend and turning 75 

point of the two components. The spatial resolution of this study was improved to 100 m from 0.25 and 0.5 degrees in previous 76 

studies, and glacier runoff time series were observed with a time span of 54 years. By improving the spatial resolution, 77 

extending the temporal scope and correcting high-mountain precipitation and temperature, this paper provides a more accurate 78 

dataset for the evaluation of cryospheric ecological security patterns and ecosystem services in the future as well as a more 79 

scientific basis for sustainable cryospheric development. 80 

2 Materials and methods 81 

2.1 Observations 82 

This paper used daily precipitation datasets from the Asian Precipitation – Highly Resolved Observational Data Integration 83 

Towards Evaluation Of Water Resources MA_v1101 and MA_v1101_EXR1 (APHRODITE) at a 0.25° spatial resolution for 84 

the period 1961-2015 in monsoon Asia (http://aphrodite.st.hirosaki-u.ac.jp/product). The gridded daily temperature data were 85 

taken from the APHRODITE MA_1808_TEMP (http://aphrodite.st.hirosaki-u.ac.jp/product) dataset at a spatial resolution of 86 

0.25° for the period 1961-2015. Information about glacier outlines, elevations and areas was derived from the Randolph Glacier 87 

Inventory (version 6.0, https://www.glims.org/RGI/rgi60_dl.html). We used the SRTM DEM with a resolution of ~100 m 88 

(version 4.1, http://srtm.csi.cgiar.org). We obtained river basin outlines as shape files from the Resource and Environment 89 

Science and Data Center of the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of 90 

Sciences (http://www.resdc.cn/data.aspx?DATAID=278). The glacier mass balance data were derived from Shean’ estimations 91 

(Shean et al., 2020) (https://zenodo.org/record/3600624). The dataset of the spatial distribution of degree-day factors for 92 
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glaciers was obtained from the Science Data Bank (http://www.sciencedb.cn/dataSet/handle/747) at a spatial resolution of 0.5° 93 

in High Mountain Asia and contained snow-melt and ice-melt degree-day factor distributions. Oases information was obtained 94 

from Copernicus Global Land Service (CGLS) LC100 collection 3 at a spatial resolution of 100 m on Google Earth Engine 95 

(GEE) (http:/land.copernicus.eu/global/products/lc). 96 

2.2 Study Area 97 

By using the ratio data of annual precipitation to annual evapotranspiration (aridity index, AI), the DAC was obtained relying 98 

on drought zoning supported by the United Environment Programme (UNEP), which erased the range of the Tibetan Plateau, 99 

which is discussed separately. There are seven glacier regions around the DAC, including the Qilian Shan, Eastern Kunlun, 100 

Western Kunlun, Eastern Tien Shan, Western Tien Shan, Karakoram, and Pamir, which include approximately 42,000 glaciers 101 

involving four provinces: Inner Mongolia, Xinjiang, Gansu and Qinghai. The 7 glaciers affect 22 tertiary watersheds in the 102 

DAC, including 6 drainage basins which all originated directly from glaciers and across arid and hyper-arid regions (hereafter, 103 

AH). 2 river basins were both completely in the arid zone while 11 drainage basins were in both semiarid and arid regions 104 

(hereafter, SA). The Datong River above the Hall basin was the single basin entirely in the semiarid zone, and the Qarqan 105 

Rivers Basin was across semiarid, arid and hyper-arid zones (hereafter SAH). As Table 1 shows, the area of OAAs in each 106 

watershed in the DAC reached a maximum of 21,699.18 km2 (Middle Rivers basin), with an average of 6543.692 km2, while 107 

the precipitation in the DAC reached a maximum of 323.09 mm (Qinghai Lake Drainage System), with an average of 134.56 108 

mm, which revealed that runoff in the DAC was extremely important, especially in some basins where runoff originated almost 109 

entirely from glaciers. The study area is shown in Fig. 1. 110 
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Fig. 1. Locations of watersheds and oasis agriculture areas affected by glaciers in the dryland areas of China. 111 

(Shades of colour indicate drought from subhumid – semiarid – arid – hyper-arid) and the tertiary watersheds in the 112 

dryland areas of China affected by the Qilian Shan, Western Tien Shan, Eastern Tien Shan, Western Kunlun, Eastern 113 

Kunlun, Karakoram and Pamir. Oasis agricultural areas exist along rivers that originate from glaciers, and cities are built 114 

around oases. World Shaded Relief provided by Esri (http://goto.arcgisonline.com/maps/World_Shaded_Relief) and the 115 

Chinese map was from Resource and Environment Science and Data Centre, Chinese Academy of Sciences 116 

(https://www.resdc.cn/data.aspx?DATAID=205). 117 

Table 1. Annual precipitation and area of OAA in each watershed. 118 

Watershed Annual precipitation (mm) Area of OAA (km2) 

Pai Basin 93.06 1047.50 

Shule River Basin 79.10 2913.70 

Hami Basin 63.53 1585.64 

Turpan Basin 75.94 2218.58 

Kai-kong River Basin 103.92 10191.39 

Hotan River Basin 39.04 4816.73 

Western Qaidam Basin ~ 0 538.37 
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Eastern Qaidam Basin ~ 0 876.23 

Kriya Rivers Basin 51.31 2308.90 

Qarqan Rivers Basin 78.82 1362.69 

Easter Rivers Basin 139.52 5487.35 

Middle Rivers Basin 175.29 21699.18 

Yarkand River Basin 99.87 13568.21 

Kashgar River Basin 137.61 11027.69 

Weigan River Basin 136.96 8632.32 

Aksu River Basin 148.64 10276.95 

Qinghai Lake Drainage System 323.09 1012.96 

Ebinur Lake Drainage System 191.29 11366.95 

Heihe River Basin 113.67 9273.28 

Shiyang River Basin 198.63 9333.13 

Ili River Basin 299.05 13332.06 

Datong River Above Hall 410.38 1069.43 

 119 

2.3 Methods 120 

2.3.1 Reconciling High-altitude Precipitation 121 

We used geodetic mass balance estimates in the high-mountain Asia (HMA) between 2000 and 2018 by combining 122 

reprocessing ASTER DEMs (hereafter Shean estimation (Shean et al., 2020)) to simulate high-altitude precipitation. The mass 123 

balance, 𝐵𝐵𝑦𝑦(m), is the sum of accumulation, 𝐴𝐴𝐶𝐶(m), and ablation, 𝐴𝐴𝑏𝑏(m), at a yearly time step following Eq. (1): 124 

𝐵𝐵𝑦𝑦 = 𝐴𝐴𝑏𝑏 + 𝐴𝐴𝑐𝑐 = ∫ (𝐴𝐴𝑏𝑏 + 𝐴𝐴𝑐𝑐)𝑑𝑑𝑑𝑑𝑡𝑡
𝑡𝑡1

,           (1) 125 

https://doi.org/10.5194/hess-2021-377
Preprint. Discussion started: 22 September 2021
c© Author(s) 2021. CC BY 4.0 License.



8 
 

The yearly mass balance was obtained from the Shean estimation. A comparison of Shean estimation to mass balance estimates 126 

was improved by Brun et al. (Brun et al., 2017) between 2000 and 2016 using ASTER DEMs (here after Brun estimation) and 127 

trends based on NASA’s Ice, Cloud and Land Elevation Satellite (ICESat-1) data for the period 2003-2008 (here after ICESat 128 

data) (Immerzeel et al., 2015; Kaab et al., 2012; Srivastava et al., 2013), and the total HMA glacier mass loss was -0.19 ± 0.03 129 

m w.e. a-1 from 2000 to 2018 (Shean estimation), -0.18 ± 0.04 m w.e. a-1 from 2000 to 2016 (Brun estimation) and -0.40 ± 130 

0.09 m w.e. a-1 from 2003 to 2008 except in the region of Eastern Kunlun, Qilian Shan and Inner Tibet (ICESat data). While 131 

the ICESat data did not reflect small glaciers, the data were used to calculate the elevation changes of glaciers larger than 5 132 

km2 in area and then to interpolate the elevation variations across the entire region, and the satellite no longer provided data in 133 

2009. In view of the applicability of time range and spatial resolution, ICESat data were not described in this paper. Because 134 

the algorithms of the Brun estimation and Shean estimation were analogous, this paper focused on comparing the Shean 135 

estimation and Brun estimation to handle a more appropriate dataset. Based on the RGI 6.0, 6 glacier regions influence the 136 

DAC. Mass changes in the Eastern Kunlun and Karakoram were -0.01 ± 0.07 m w.e. a-1 (Brun estimation) and -0.02 ± 0.15 m 137 

w.e. a-1 (Shean estimation), -0.03 ± 0.07 m w.e. a-1 (Brun estimation) and -0.05 ± 0.13 m w.e. a-1 (Shean estimation), where 138 

the Karakoram anomaly was consistent with the former studies. Both of the positive mass change estimations were in Western 139 

Kunlun (Brun estimation was 0.16 ± 0.08 m w.e. a-1 and Shean estimation was 0.10 ± 0.17 m w.e. a-1). Both of the negative 140 

mass change estimations were in Western and Eastern Tien Shan (Brun estimation was -0.20 ± 0.08 m w.e. a-1 and -0.40 ± 141 

0.20 m w.e. a-1 while Shean estimation was -0.22 ± 0.33 m w.e. a-1 and -0.42 ± 0.25 m w.e. a-1). Mass changes in the Qilian 142 

Shan were -0.29 ± 0.08 m w.e. a-1 (Brun estimation) and -0.29 ± 0.25 m w.e. a-1 (Shean estimation). The two estimates for 143 

each region of the DAC were generally similar (-0.95 m w.e. a-1 (Shean estimation) vs. -0.83 m w.e. a-1 (Brun estimation)) 144 

with large differences between uncertainty (1.37 m w.e. a-1 (Shean estimation) vs. 0.65 m w.e. a-1 (Brun estimation)). This 145 

paper selected the Shean estimation to simulate mass balance for recording mass balance and uncertainty of each individual 146 

glacier, multisource RGI v6.0 glacier inventory (while the Brun estimation used the single-source GAMDAM inventory) and 147 

implemented robust approaches to estimate elevation change trends for each glacier. 148 

 149 
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The degree-day factor (DDF) is an important parameter reflecting the amount of ice and snow melt generated by the unit 150 

positive accumulated temperature (Kaser et al., 2010; Kraaijenbrink et al., 2017). Previous studies have generally used 2 151 

mm °C-1 d-1 as the DDF for snow melt (Azam et al., 2012; Immerzeel et al., 2015). The spatial variation in the DDF has a great 152 

influence on the accuracy of simulating the snow melt process. This paper used the spatial distribution of snow melt data with 153 

a resolution of 0.5° based on a formula built by investigations and observations of 40 different glaciers in the HMA, and the 154 

dataset verified the accuracy (Zhang et al., 2006). Considering that the spatial resolution of this paper was 100 m, monthly 155 

positive-degree days (𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚) were chosen instead of absolute 𝑃𝑃𝑃𝑃𝑃𝑃 (Braithwaite & Olesen, 1993), and they were the summed 156 

positive daily average temperatures. The monthly spatial distribution of ablation, 𝐴𝐴𝑏𝑏,𝑚𝑚(m), was calculated by the product of 157 

DDF and 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚 when the sum of the twelve months was the yearly spatial distribution of ablation, 𝐴𝐴𝑏𝑏,𝑦𝑦(m). The accumulation 158 

at a daily step depends on temperature, while precipitation is separated into solid (snow, 𝐴𝐴𝑐𝑐 (m)) and liquid (rain) by 159 

temperature. The relationship between snowfall and temperature was as follows: the temperature at which all precipitation 160 

becomes liquid was assumed to be 4°C, 𝑇𝑇1(°C), the actual temperature, 𝑇𝑇𝑎𝑎(°C) and the daily corrected precipitation, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑(m) 161 

(Fujita & Nuimura, 2011; Sakai et al., 2015) following Eq. (2): 162 

𝐴𝐴𝑐𝑐 = �

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑 ,𝑇𝑇𝑎𝑎 ≤ 0

�1 − 𝑇𝑇𝑎𝑎
𝑇𝑇1
� 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑, 0 <

0,𝑇𝑇𝑎𝑎 > 𝑇𝑇1

𝑇𝑇𝑎𝑎 ≤ 𝑇𝑇1,                     (2) 163 

The maximum rainfall height and maximum elevation of glaciers around the DAC were obtained from RGI v6.0 and used as 164 

the basis for high-altitude precipitation estimation by calculating the vertical precipitation gradient (Immerzeel et al., 2015). 165 

We used the Shean estimation to optimize the precipitation gradient per glacier. At each glacier affecting the DAC, the 166 

corrected precipitation, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑 (m), was calculated as a function of original precipitation data from 167 

APHRODITE_MA_v1101_EXR1, 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑑𝑑(m), the vertical precipitation gradient, 𝑃𝑃𝑃𝑃(% m-1), at a daily time step with the 168 

maximum precipitation altitude, 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚(m), maximum elevation, 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚(m), and terrain elevation, 𝐻𝐻(m), for each individual 169 

glacier, using the following Eq. (3) and Eq. (4): 170 

∆𝐻𝐻 = 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚,            (3) 171 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑑𝑑 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟,𝑑𝑑 ∙ {1 + [∆𝐻𝐻 + (𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐻𝐻)] ∙ 𝑃𝑃𝑃𝑃 ∙ 0.01},       (4) 172 
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Each glacier from seven regions of glaciers around the arid area of China was simulated, and then the vertical precipitation 173 

gradients that were generated were interpolated to obtain a wide range of vertical precipitation gradients representing the 174 

change in precipitation with altitude. By using the nearest neighbor algorithm for aggregating (López-Granados et al., 2005), 175 

the vertical precipitation gradient at a spatial resolution of 0.25° was obtained. 176 

2.3.2 Glacier Runoff 177 

Glacier runoff is defined as the flow of meltwater from a glacier through ice, in and under ice and then into a river channel 178 

(Qin et al., 2021). Based on the definition of glacier runoff, the runoff includes two parts. One is the precipitation on glaciers 179 

stored in the non-melting season and released in the melting season, which is called delayed runoff (Kaser et al., 2010; Pritchard, 180 

2019; Shean et al., 2020). The monthly delayed runoff during the ablation seasons, ∆𝑀𝑀𝑚𝑚(m), was calculated by the difference 181 

in the proportion of total annual corrected precipitation, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑦𝑦(m), allocated to the ablation season runoff, 𝑀𝑀𝑚𝑚(𝑚𝑚), according 182 

to the proportion of monthly 𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚 and yearly 𝑃𝑃𝑃𝑃𝑃𝑃, 𝑃𝑃𝑃𝑃𝑃𝑃𝑦𝑦. The ablation season was defined as all months in which 183 

the monthly temperature was above 𝑇𝑇𝑎𝑎. 𝑀𝑀𝑚𝑚 was calculated as the following Eq. (5): 184 

𝑀𝑀𝑚𝑚 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑦𝑦 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚 𝑃𝑃𝑃𝑃𝑃𝑃𝑦𝑦⁄ ,          (5) 185 

When the temperature was above 𝑇𝑇𝑎𝑎, freezing did not occur on the surfaces of the glaciers, and precipitation occurred as liquid 186 

rainfall on the glacier that flowed out of the glacier systems in the form of runoff. If the runoff allocated in the month, 𝑀𝑀𝑚𝑚(𝑚𝑚), 187 

was more than the corrected precipitation in the month, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚(𝑚𝑚), delayed runoff, ∆𝑀𝑀𝑚𝑚(m), occurred while the glaciers stored 188 

the solid precipitation in the accumulation seasons and released it in the ablation seasons following Eq. (6): 189 

∆𝑀𝑀𝑚𝑚 = 𝑀𝑀𝑚𝑚 − 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐,𝑚𝑚,           (6) 190 

The delayed runoff calculation method was proposed by Kaser et al. (Kaser et al., 2010) and improved by Pritchard (Pritchard, 191 

2019) for regional calculations. This method, where the precipitation dataset is the most important component, provides the 192 

possibility of calculating the monthly delayed runoff for a long time series and on a regional scale. 193 

 194 

Based on the verification precipitation data (V2.0) (http://data.cma.cn/) provided by the China Meteorological Data Service 195 

Centre (CMDSC) from 1998 to 2016, Zhang (2020) generated a scatter plot and found that APHRODITE had the highest 196 
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determination coefficient (compared with TRMM, Tropical Rainfall Measuring Mission 197 

(https://gpm.nasa.gov/missions/trmm), and ITPCAS (China meteorological forcing dataset, (Jie & Kun, 2016)) and had the 198 

best applicability in Tien Shan of China. Han and Zhou (2012) found that the correlation coefficient between APHRODITE 199 

and ground gauge observed precipitation was more than 0.9, and APHRODITE explained spatial heterogeneity better (Yatagai 200 

et al., 2014) because it considered topography in the process of spatial interpolation (Yang et al., 2014). Li et al. showed that 201 

APHRODITE reflected the spatial and temporal distribution characteristics of precipitation in inland river basins and then 202 

compensated for the shortage of spatial precipitation data in the study area (Li et al., 2014). Tan et al. evaluated APHRODITE, 203 

CHIRPS (Climate Hazards Group InfraRed Precipitation with Station, https://data.chc.ucsb.edu/products/CHIRPS-2.0/), and 204 

PERSIANN-CDR (Precipitation Estimation from Remote Sensing Information using an Artificial Neural Network – Climate 205 

Data Record, https://climatedataguide.ucar.edu/climate-data/persiann-cdr-precipitation-estimation-remotely sensed-206 

information-using-artificial) on the Tibetan Plateau and its surrounding areas and found that APHRODITE performed best 207 

with the longest time span (> 50 years) and had a higher R2 with a lower MAE and RMSE than that of CHIRPS and 208 

PERSIANN-CDR (Tan et al., 2020). APHRODITE had the best performance in the DAC, including the Heihe River basin 209 

(Tang et al., 2017), Qinghai Lake drainage system (Zhang et al., 2014), Xinjiang (Wang, Sun, et al., 2020), upper reaches of 210 

the Yellow River (Guan et al., 2020) and other mountainous areas (Mishra et al., 2019). Therefore, we used APHRODITE, 211 

which has been verified many times and is one of the most accurate precipitation records in the DAC, in this paper. 212 

 213 

The precipitation was corrected by the Shean estimation for high-altitude precipitation gradients in this paper for the glaciers 214 

affecting the DAC. Reconciling high-altitude precipitation and then recycling the former method to calculate the delayed runoff 215 

at a one-month time step for each glacier basin would be more persuasive without relying on the original products (Wortmann 216 

et al., 2018). Sakai et al. (Sakai et al., 2015) corrected the on-glacier precipitation by assuming that the average mass balance 217 

from 1979 to 2007 was equal to 0 at the ELA, referring to the median elevations of glaciers larger than 1 km2 and the area-218 

weighted average in each 0.5 grid using the glacier inventory (GGI) in High Mountain Asia on the basis of APHRODITE. The 219 

ELA is called the L-elevation, and the on-glacier precipitation was adjusted by one ratio at a resolution of 0.5°, while the ratios 220 

in the seven glacier regions affecting the DAC were 1-3 (Qilian Shan), 0-7 (Eastern Tien Shan), 0-4 (Western Tien Shan), 3-221 
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7 (Western Kunlun), 0-4 (Eastern Kunlun) and 0-10 (Karakoram, with an extremely large ratio grid). The precipitation gradient 222 

factor with altitude was calculated based on the mass balance of each single glacier at a more accurate spatial resolution of 223 

100 m in this paper. 224 

 225 

The second type of glacier runoff was runoff from melting glaciers called excess meltwater runoff. Pritchard (Pritchard, 2019) 226 

calculated the excess flow of meltwater provided to the HMA river basins through a regional geodetic study of glacier volume 227 

changes from 2000 to 2016 by Brun (Brun et al., 2017), namely, the Brun estimation. Unlike delayed runoff due to precipitation, 228 

excess meltwater runoff is based on measured mass balance changes in glaciers rather than on average climate, so this runoff 229 

component is also called an unbalanced component, while the runoff caused by precipitation is called a balanced component 230 

(Rounce, Hock, et al., 2020; Rounce, Khurana, et al., 2020). With the Brun estimation, due to the time limit from 2000 to 2016, 231 

the contribution of unbalanced components to water input at the start of the 21st century compared with the balance components 232 

such as long-term precipitation could be obtained. Brun estimated that the excess water in the catchments controlled by the 233 

HMA, including the Yangtze, Mekong, Salween, Brahmaputra, Ganges, Indus, Amu Darya, Tarim, Syr Darya, Ili, and Inner 234 

Tibetan Plateau, was (-14.7 ± 3.2) km3 a-1 equivalent during 2000-2016 (Brun et al., 2017), which was approximately 70% of 235 

the balance component calculated above. The regional basin-scale imbalance uncertainty ranged from 26% to 77%. The Shean 236 

estimation estimated that the total excess water flow for all of the river basins originating from 2000 to 2018 was (-22.71 ± 237 

3.01) Gt per year (Shean et al., 2020), where the additional basins considered included the Yellow River, Inner Tibetan Plateau 238 

Extended and Irrawaddy. The basin-scale imbalance uncertainty ranged from 12% to 52%. In conclusion, the yearly total 239 

glacier runoff, 𝑅𝑅𝑦𝑦(m), was calculated by the following Eq. (7):  240 

𝑅𝑅𝑦𝑦 = 𝑀𝑀𝑦𝑦 + 𝐵𝐵𝑦𝑦,            (7) 241 

Both the Shean estimation and the Brun estimation calculated the average glacier meltwater over the corresponding periods of 242 

2000 to 2018 and 2000 to 2016, respectively. We used the Shean estimation to calculate the precipitation gradient, and then 243 

the series of mass balances could be calculated according to Equation 1. Relying on the simulations of ablation and 244 

accumulation in reconciling high-altitude precipitation, the time series data of 1961-2015 could be obtained by using the 245 

APHRODITE temperature and precipitation data. This paper obtained the time series of meltwater from 1961 to 2015, rather 246 
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than the mean meltwater in a certain period of time (Pritchard, 2019; Shean et al., 2020). Time series data have unique 247 

advantages for studying the change trend and can also more clearly observe the change in meltwater within any required time 248 

period. 249 

 250 

We provide a method to predict future total glacier runoff relying on temperature, precipitation and elevation data, as both of 251 

the goals of the Representative Concentration Pathway (RCP) and the Coupled Model Intercomparison Project (CMIP) are 252 

keeping the increase in temperature within a certain range. 𝑃𝑃𝑃𝑃 in this paper was obtained by interpolation using the mass 253 

balance algorithm and geostatistics method. Glacier runoff was divided into delayed runoff and excess meltwater runoff. 254 

2.3.3 Uncertainty Analysis 255 

According to the individual glacier uncertainty (including random error and systematic error) calculated in the Shean 256 

estimation, the uncertainty range of glacier mass balance changes could be obtained. The maximum and minimum values of a 257 

single mass balance were calculated through the uncertainty interval. Referring to the 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 provided by the RGI and 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 258 

referred to previous studies and reasonable inference of 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  in the RGI, the 𝑃𝑃𝑃𝑃 of each single glacier around the DAC was 259 

obtained by geographical simulation. After using the DDF model and the glacier mass balance model, the corrected 260 

precipitation and meltwater were obtained, which were the bases of delayed runoff and meltwater runoff, respectively. The 261 

uncertainty of glacier runoff was the precipitation gradient in the range obtained from the uncertainty of glacier mass balance 262 

and was then calculated according to the relevant models. Calculations of delayed runoff and meltwater runoff and their 263 

uncertainties were shown in the Fig. 2 where shaded blocks were results with uncertainties. The uncertainties of delayed runoff 264 

and meltwater runoff value in this paper came from the uncertainties of mass balance in Shean estimation because obtaining 265 

from remote sensing observation accompanied by a large uncertainty value. 266 
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Fig. 2. Conceptual framework of glacier runoff calculating. Blocks represent module of the glacier runoff calculation 267 

in each category. Shading indicated results with uncertainties and different lines and blocks indicated the corresponding 268 

modules.  269 

2.3.4 Trend Analysis 270 

The Mann-Kendall test (MK test) was recommended as an effective method to distinguish whether a natural process is in a 271 

natural fluctuation or has a definite trend of change especially for hydro-meteorological data with non-normal distribution 272 

(Mann, 1945; Kendall, 1975). Given a time series 𝑥𝑥(𝑡𝑡) of length 𝑛𝑛 with statistical hypothesis that the unadjusted data series 273 

was an independent random variable with the same distribution composed of 𝑛𝑛 elements. 𝑚𝑚𝑖𝑖  represented the cumulative 274 

number of 𝑥𝑥(𝑖𝑖) was greater than 𝑥𝑥(𝑗𝑗), 1 ≤ 𝑗𝑗 ≤ 𝑖𝑖, and the statistic 𝑑𝑑𝑘𝑘 was defined as following Eq. (8): 275 

𝑑𝑑𝑘𝑘 = ∑ 𝑚𝑚𝑖𝑖
𝑘𝑘
𝑖𝑖=1 , 2 ≤ 𝑘𝑘 ≤ 𝑛𝑛,           (8) 276 

The mean 𝐸𝐸(𝑑𝑑𝑘𝑘) and variance 𝑣𝑣𝑣𝑣𝑣𝑣(𝑑𝑑𝑘𝑘) was calculated by the following Eq. (9) and Eq. (10): 277 

𝐸𝐸(𝑑𝑑𝑘𝑘) = 𝑘𝑘(𝑘𝑘 − 1)/4,           (9) 278 

var(𝑑𝑑𝑘𝑘) = 𝑘𝑘(𝑘𝑘 − 1)(2𝑘𝑘 + 5)/72,          (10) 279 

After standardizing 𝑑𝑑𝑘𝑘, 𝑈𝑈𝑈𝑈𝑘𝑘 and 𝑈𝑈𝑈𝑈𝑘𝑘 can be calculated as following Eq. (11) and Eq. (12): 280 

𝑈𝑈𝑈𝑈𝑘𝑘 = 𝑑𝑑𝑘𝑘−𝐸𝐸(𝑑𝑑𝑘𝑘)
�𝑣𝑣𝑣𝑣𝑣𝑣(𝑑𝑑𝑘𝑘)

,            (11) 281 
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� 𝑈𝑈𝑈𝑈𝑘𝑘 = −𝑈𝑈𝑈𝑈𝑘𝑘
𝑘𝑘 = 𝑛𝑛 + 1 − 𝑘𝑘, 𝑘𝑘 = 1,2,3,⋯ ,𝑛𝑛,          (12) 282 

𝑈𝑈𝑈𝑈𝑘𝑘 formed a 𝑈𝑈𝑈𝑈 curve and 𝑈𝑈𝑈𝑈𝑘𝑘 formed a 𝑈𝑈𝑈𝑈 curve, while the intersection point of the former two curves in the confidence 283 

interval was determined as the turning point. While 𝑈𝑈𝑈𝑈 > 0, it indicated an increasing trend of the sequence, on the contrary, 284 

it indicated a declining trend while 𝑈𝑈𝑈𝑈 < 0.  285 

3 Results 286 

3.1 Glacier Runoff during 1961-2015 287 

In this paper, we used the Shean estimation to correct the high-altitude precipitation gradient and the DDF model to calculate 288 

the total glacier runoff around the DAC during 1961-2015 with a spatial resolution of 100 m, and we overcame the difficulty 289 

of large-scale geodetic mass balance assessment. Glacier runoff included delayed runoff that was stored rainfall in the cold 290 

seasons and released rainfall in the ablation seasons, while meltwater runoff was caused by glacier mass balance, which was 291 

also called excessive meltwater runoff or the imbalanced part of glacial runoff, as shown in Fig. 3. The average glacier runoff 292 

in the DAC for the period was (98.52 ± 67.37) × 108 m3, where the meltwater runoff accounted for 64.71%. The drainage 293 

basins affected by the glaciers surrounding the DAC were largely controlled by meltwater runoff. The total glacier runoff in 294 

the Datong River above the Hall basin, Shiyang River basin, Heihe River basin and Eastern Rivers basin came from excessive 295 

meltwater. A total of 78.85% and 61.98% of the glacial runoff in the Aksu River basin and Kashgar River basin originated 296 

from glacier mass loss from Western Tien Shan and Pamir, respectively. The delayed runoff components of the Hotan River 297 

basin and Yarkand River basin, which originated from Western Kunlun, Karakoram and Pamir, were both larger than the mass 298 

balance component. The delayed runoff component of the Qarqan Rivers basin, which was controlled by Western Kunlun and 299 

Qilian Shan, reached 73.19%. The creeks of the Kriya Rivers basin were the most unique, with 93.67% of the components 300 

coming from delayed runoff; therefore, more attention should be paid to glacier disasters in this basin. Meltwater runoff 301 

accounted for 90% or more of the runoff in the remaining basins. 302 

https://doi.org/10.5194/hess-2021-377
Preprint. Discussion started: 22 September 2021
c© Author(s) 2021. CC BY 4.0 License.



16 
 

Fig. 3. Map of total glacier runoff. Distribution of total glacier runoff, including delayed runoff and meltwater runoff. 303 

Shown are the average amount of runoff for every study basin in the DAC for the period 1961-2015. World Shaded 304 

Relief provided by Esri (http://goto.arcgisonline.com/maps/World_Shaded_Relief). 305 

 306 

Total glacier runoff had an increasing trend after the 1970s that was significant after the 1990s, with a confidence of 95% in 307 

the whole study area. Except for the Datong River above Hall, Heihe River basin and Shiyang River basin, the runoff of the 308 

other basins showed continuous increasing trends in the past 50 years, where the times of arrival of significant increase were 309 

different. Trends in the Ebinur Lake Drainage System and Kai-kong River basin were significant after the 2000s, the Hotan 310 

River basin and Kashgar River basin were significant after the 1980s, and the Qinghai Lake Drainage System, Shule River 311 

basin and Aksu River basin showed gradual increasing trends with no significance until 2015. The amount of glacier runoff in 312 

the Datong River above Hall began to decrease after the 1990s, and in the Heihe River basin, it decreased after 1995 with no 313 

significance according to the Mann-Kendall (MK) test. Glacier runoff in the Shiyang River basin began to decline in 2000 and 314 

even showed a significant declining trend in approximately 2010, which was consistent with previous studies (Zhang et al., 315 

2015). The time series of delayed runoff and meltwater runoff for all basins were illustrated in Extended Data Fig. 1, 2 and 3. 316 
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 317 

Glaciers stored, on average, (35.09 ± 25.20) × 108 m3 of water during the period from 1961 to 2015 and released this water 318 

during the ablation seasons. The flood lakes and natural hazards caused by this effect require attention. Due to the differences 319 

in regional climate and topography, the temperatures and ablation seasons were also different. The total delayed runoff in the 320 

study area increased continuously from 1970, and then it reached a turning point and became significant after 1991. 321 

 322 

In many basins, such as the Heihe River basin, Turpan Basin, Shiyang River basin, Eastern Rivers basin, and Datong River 323 

above Hall basin, the glacier runoff in the DAC was almost all excessive meltwater runoff. From 1961 to 2015, Glaciers in the 324 

arid regions provided (63.43 ± 42.17) × 108 m3 of glacial excess meltwater. While focusing on current climate change, whether 325 

the glacier melt can be provided sustainably and affect the agriculture, livelihood and security of the downstream region needs 326 

to be given more attention. The Western Tien Shan provided (9.78 ± 8.29) × 108 m3 and (5.38 ± 4.83) × 108 m3 of glacier 327 

runoff to the Weigan River basin and Aksu River basin, respectively, while providing the Ili River basin and Kai-kong River 328 

basin with (6.03 ± 4.39) × 108 m3 and (1.22 ± 0.83) × 108 m3, respectively. The Eastern Tien Shan provided (2.03 ± 1.56) × 329 

108 m3 to the Ili River basin and (7.84 ± 5.04) × 108 m3
 to the Middle Rivers basin while supplying the Turpan basin and Hami 330 

basin (0.36 ± 0.21) × 108 m3 and (0.37 ± 0.25) × 108 m3, respectively. Western Kunlun provided (3.75 ± 3.72) × 108 m3, and 331 

Karakoram provided (4.43 ± 2.28) × 108 m3 to the Yarkand River basin. The Qilian Shan in the Hexi Corridor provided (1.98 332 

± 1.21) × 108 m3 and (1.65 ± 1.09) × 108 m3 of meltwater runoff to the Shule River basin and Heihe River basin, respectively. 333 

However, neither the Eastern Kunlun nor the Qilian Shan provided less runoff to the Eastern Qaidam basin, totalling 334 

approximately (0.04 ± 0.04) × 108 m3. The Kashgar River received (2.08 ± 1.78) × 108 m3 of meltwater from Pamir, and the 335 

Yarkand River basin received (0.21 ± 0.21) × 108 m3. The Western Qaidam Basin received a total of (3.76 ± 2.65) × 108 m3 of 336 

glacial meltwater. The MK value of delayed runoff and meltwater runoff for all basins were illustrated in Extended Data Fig. 337 

4 and 5. 338 

 339 
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3.2 Glacier Runoff validation 340 

Some studies (Barnett et al., 2005; Hussain et al., 2019; Li et al., 2018; Wang et al., 2015; Wu et al., 2018; Yang et al., 2015; 341 

Ye et al., 2017) simulated glacial runoff in the DAC by qualitative or semi-quantitative methods or by using models. This 342 

paper used these results to verify our estimations, although there were no data in any river basins or there were only trend 343 

studies in any river basins, as shown in Fig. 4.  344 

 345 

The upstream inflow of the Heihe River was mainly influenced by annual precipitation and glacier meltwater runoff (Jin et al., 346 

2015). The percentage of glacier runoff recharge calculated by the DDF model was between 5% and 15% based on the first 347 

Chinese inventory and monthly precipitation and temperature data from the National Meteorological Centre (Gao et al., 2010). 348 

Wang et al. used the standardized streamflow index (SSI) and standardized precipitation evapotranspiration index (SPEI) to 349 

estimate that the percentage of glacier runoff recharge was 5.2%. Obtaining the glacier runoff recharge by comparing 350 

observations of the Yingluoxia hydrological station out of the mountain and glacier runoff, the estimation in this paper was 351 

(8.75 ± 5.83) %, which was in line with previous studies from 2004 to 2015. 352 

 353 

In the Shiyang River basin, a previous study estimated that the glacier runoff was 0.61 × 108 m3 from 1961 to 2006 (Gao et al., 354 

2010), while our estimation was (0.31 ± 0.16) × 108 m3, which was lower than the former. The peak glacier runoff in the 355 

Shiyang River basin occurred in the early 21st century where the proportion of meltwater runoff was close to 100% (Zhang et 356 

al., 2015). According to the MK test in this paper, the turning point of meltwater runoff in the Shiyang River basin appeared 357 

in 2000, and the meltwater runoff in the Shiyang River basin began to decline in 2000. 358 

 359 

The Changmabao hydrological station stands out of the mountain pass in the Shule River. Li et al. calculated that glacier runoff 360 

in the Shule River basin accounted for 30.5% of the total runoff (Li et al., 2019). The average runoff growth rate of the 361 

Changmabao hydrological station in each decade from 1960 to 2015 was 1.075 × 108 m3 (10a)-1 according to Li’s calculation 362 

and 0.91 × 108 m3 (10a)-1 according to Yang’s calculation (Yang et al., 2017). In comparison, we found that the increase in 363 

glacier runoff in the Shule River basin was (0.66 ± 0.56) × 108 m3 (10a)-1 in this paper. By comparing the hydrological data of 364 
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Changmabao hydrological station from 2004 to 2015, the recharge rate of glacier runoff obtained in this paper was (19.21 ± 365 

13.02) %, which was slightly lower than Li’s observations. 366 

 367 

The runoff growth rate was 2.01 × 108 m3 (10a)-1 from 1961 to 2015 based on the hydrological records of Kaqun hydrological 368 

station of the Yarkand River. The precipitation in the upper reaches of the Yarkand River changed little since 1960, with values 369 

of 640.7 mm from 1961 to 1990 and 651.9 mm from 1991 to 2006. Most of the increase was caused by glacier meltwater (Gao 370 

et al., 2010). In this paper, the meltwater runoff growth rate of the Yarkand River was calculated to be (1.87 ± 0.63) × 108 m3 371 

(10a)-1. Zhang et al. used the DDF model to obtain values of 23.80 × 108 m3 from 1961 to 1990 and 30.10 × 108 m3 from 1991 372 

to 2006 (Zhang et al., 2012). In this paper, the calculated values were (14.40 ± 4.79) × 108 m3 from 1961 to 1990 and (16.92 373 

± 5.79) × 108 m3 from 1991 to 2006. The mass balance quantities were -89.5 mm and -301.2 mm, which were both large 374 

compared with the Shean estimation (33.25 ± 210.69) mm. As the mass balance was much lower than Zhang et al., the 375 

estimations were also lower. 376 

Using hydrological datas from Ulurawati station and Tongguzilok station in the Hotan River, the MK test showed that the 377 

runoff of the Hotan River increased at a rate of 0.084 × 108 m3 a-1 from 1960 to 2016 (Liu, Long, et al., 2019). Based on 378 

APHRODITE, this paper found that the average rainfall in the Hotan River basin from 1961 to 2015 was 78.82 mm with no 379 

obvious change. Meanwhile, the growth rate of glacier runoff calculated in this paper was (0.078 ± 0.059) × 108 m3 a-1, which 380 

was similar. 381 

 382 

Based on the monthly runoff observation data and daily meteorological data of the Weigan River basin during 1960-2013, Qin 383 

et al. studied the runoff variation of the Weigan River basin in the last 54 years and reported a value of 1.8× 108 m3 (10a)-1, of 384 

which approximately 75% was caused by glacier meltwater (Qin et al., 2016). We calculated that the growth rate of total 385 

glacier runoff in the Weigan River basin during 1961-2015 was (0.911 ± 0.671) × 108 m3 (10a)-1. A similar calculation found 386 

that the average glacier runoff in the Weigan River basin was 16.66 × 108 m3, while our estimate was (12.69 ± 11.19) × 108 387 

m3 (Duan et al., 2010). 388 

 389 
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Glacier runoff in the Ili River basin was calculated to be 37.18 × 108 m3 (Li et al., 2010), while there was a prior different 390 

result 26.14 × 108 m3 (Liu, 1999; Yang et al., 1987). On the basis of the Soil Water and Assessment Tool (SWAT), glacier 391 

runoff in Ili River basin were simulated to be 8.4 × 108 during 1966-1975 and 6.5 × 108 m3 during 2000-2008 (Xu et al., 2015). 392 

The glacier runoff calculated in this paper was (9.16 ± 7.33) × 108 m3 from 1966 to 1975 and (9.91 ± 7.83) × 108 m3 from 2000 393 

to 2008, which were in line with estimations by SWAT (Xu et al., 2015). 394 

 395 

Using the formula of the general glacier melting model to calculate that the glacier runoff in Kai-kong River basin in the 1980s 396 

accounted for 22.1% of the total value of 33.80 × 108 m3, namely, 7.47 m × 108 m3, and in 2000, it accounted for 21.1% of the 397 

total value of 36.96 × 108 m3, namely, 7.8 × 108 m3 (Gao et al., 2008). This paper calculated that the glacial runoff in the Kai-398 

kong River basin in the 1980s was (2.82 ± 1.92) × 108 m3 and that in 2000 was (4.05 ± 2.75) × 108 m3. The runoff supply rate 399 

of glacier runoff in the Kai-kong River basin was 15.2%, and that at Dashankou hydrological station was 32.94 × 108 m3 during 400 

1956-1986 and 36.96 × 108 m3 during 1987-2000 (Gao et al., 2008). The supply rates calculated in this paper were (8.40 ± 401 

5.23) % and (8.81 ± 3.58) %. Similar to the Aksu River basin, Wang et al. showed that the observations at the Xiehela 402 

hydrological station and Shaliguilanke hydrological station were 45.70 × 108 m3 during 1961-1986 and 52.60 × 108 m3 during 403 

1987-2000. Wang et al. calculated that the recharge of glacier runoff in the Aksu River basin was 24.7%, while we calculated 404 

that the recharges were (17.33 ± 9.71) % and (15.35 ± 13.65) % during 1961-1986 and 1987-2000, respectively. Su et al. (2016) 405 

and Mardan et al. (2016) obtained a value of 14.60 × 108 m3 for the mountainous Ebinur Drainage System in the 1980s, and 406 

we estimated that the recharge of glacier runoff was (25.19 ± 13.53)%, which was in line with 24.4% of Wang et al. (2019). 407 

 408 

Runoff changes in the Hami Basin (including the Toudaogou Sub-Basin, Guxiang Sub-Basin, and Yushugou Sub-Basin) 409 

originating in Eastern Tien Shan from 1979 to 2007 were found that in the Guxiang Sub-Basin and Sub-Yushugou Basin with 410 

glaciers were relatively small (Wang et al., 2015), which was consistent with the trend of meltwater runoff in this paper. During 411 

the period from 1979 to 2007, the meltwater runoff in the Hami Basin had a slight decreasing trend, the rainfall had a slight 412 

increasing trend, and the overall runoff had a small change. The runoff in Western and Eastern Qaidam Basin has been 413 

increasing in the past 60 years. Wang (2019) made use of the data from 28 meteorological stations in Qinghai Province from 414 
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the CMDSC and the runoff datasets of each hydrological station in Western and Eastern Qaidam Basin, combined with the 415 

MK test, and found that there was a sudden change in runoff in 2002. This result was similar to the turning point of meltwater 416 

runoff calculated in this paper (the turning point of Eastern Kunlun occurred in Western and Eastern Qaidam Basin in 2004 417 

and 2002, and the abrupt change points of the Qilian Shan both occurred in Western and Eastern Qaidam Basin in 2001). Wang 418 

noted that temperature had a greater effect on runoff, with a correlation coefficient of 0.6**, which was similar to the increase 419 

in meltwater runoff caused by the accelerated melting of glaciers due to the increased temperature. 420 

 421 

Our results were consistent with those of most studies. However, there was a large difference between the runoff of previous 422 

studies and that in the Yarand River basin. Because Zhang et al.’s estimation was based on glacier data with long-term 423 

observations of mass balance and obtained the mass balance trend of the whole region based on these data; however, this 424 

method was prone to cause large uncertainties. In view of the current qualitative or semi-quantitative analysis of the influence 425 

of glaciers on runoff, quantitative research on glacial meltwater is very scarce, which brings strong uncertainty to the future 426 

prediction of different basins. The model established in this paper could provide a new approach for the prediction of glacier 427 

runoff in the future. Of course, field observation is the most accurate method to study glaciers, and the establishment of 428 

observation systems and continuous hydrological monitoring based on different types and areas of glaciers could further and 429 

more accurately predict the evolution of glaciers and glacial water sources. 430 
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Fig. 4. Map of glacier runoff validation. Some basins had relevant data verification, some basins had both data and 431 

trend verification, some basins had only trend verification, and the areas without color lacked data. The study on glacier 432 

runoff in the DAC was unevenly distributed. The blue color in each chart was the glacier runoff calculated in this paper, 433 

and the other colors represented runoff obtained in different studies. World Shaded Relief provided by Esri 434 

(http://goto.arcgisonline.com/maps/World_Shaded_Relief). 435 
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3.2 Glacier Classification Based on Potential Climatic Risks 436 

Fig. 5. Statistical maps of different types and quantities of glaciers in each basin. a) Stacked area chart of the number 437 

of glaciers and glaciers larger than 1 km2. b) Stacked bar chart of different types of glaciers under future changes. c) 438 

Stacked bar chart of different types of glaciers larger than 1 km2 under future changes. 439 

 440 

Based on the time series of glacier runoff, linear regression was used to predict the runoff of each glacier in DAC in the next 441 

decade as shown in Fig. 5. The Hotan River Basin, Yarkand River Basin and Ili River Basin in Xinjiang Province contained 442 

more than 2,000 glaciers according to RGI. Glaciers larger than 1 km2 were more stable in the face of potential climate change 443 

risks while the number of glaciers larger than 1 km2 was strongly consistent with the total number of glaciers contained in the 444 

basin. In the next ten years, the runoff of most basins would continue to increase, including the Qinghai Lake Drainage System, 445 

Eastern Rivers Basin, Turpan Basin and Eastern Qaidam Basin. Linking “Reach the peak soon” and “Decrease continuously”, 446 

the Hotan River Basin, and Kashgar River Basin and Kriya Rivers Basin where delayed runoff accounted for larger glacier 447 

https://doi.org/10.5194/hess-2021-377
Preprint. Discussion started: 22 September 2021
c© Author(s) 2021. CC BY 4.0 License.



24 
 

runoff were affected by potential climatic risks over the next decade. Qarqan Rivers Basin and Kai-kong River Basin would 448 

also reduce by potential climatic risks. Focusing on glaciers larger than 1 km2 revealed a reversal. In the Eastern Rivers Basin, 449 

the glaciers larger than 1 km2 would basically continue to decline in the next ten years, contrary to the overall trend of rising 450 

glacier meltwater runoff. Different from other continental glaciers, a significant area of glaciers in Karakoram remained 451 

relatively stable, which was called "Karakoram anomaly". Therefore, both larger than 1 km2  and other smaller glacier in the 452 

Yarkand River Basin would remain the anomalous relatively stable in the face of potential climate risks in the next decade. 453 

3.4 The Spatiotemporal Change in Glacier Runoff 454 

MK test values of glacier runoff in all basins were shown in Fig. 6. The ratio called the change rate of the coefficient obtained 455 

by the least square linear regression to the mean value of glacier runoff in each basin during 1965-2015 was combined with 456 

the results of the MK test to determine the temporal change trend of glacier runoff in each basin, as shown in Fig. 7. According 457 

to the MK test value and the change rate, the glacier runoff in the Shiyang River basin showed a declining trend and decreased 458 

significantly in 2010, which made the basin the most unique among all the basins, while the MK test showed that glacier runoff 459 

in the Datong River above Hall was more likely to fluctuate. The trend of the change rate between 0 and 0.3 was determined 460 

as a weak fluctuation, i.e., there was no obvious trend of increase or decrease in regions including the Shule River basin, 461 

Qinghai Lake Drainage System, Pai Basin, Hami Basin, Weigan River basin and Aksu River basin, where change trends were 462 

also not significant. A change rate greater than 0.3 indicated a strong increasing trend. There was an abrupt change in the MK 463 

test value in the Middle Rivers basin, Eastern Rivers basin, Turpan Basin and Kashgar River basin in 2006, 2006, 2007 and 464 

1990, respectively, rather than a stable increasing trend. Therefore, this paper listed the trend of these four basins as "fluctuated 465 

and increased" based on the MK tests, but the trends were not significant. Glacier runoff in basins such as the Hotan River 466 

basin, Yarkand River basin, Kriya Rivers basin, Qarqan Rivers basin, Western Qaidam Basin, Eastern Qaidam Basin, Ili River 467 

basin, Ebinur Lake Drainage System and Kai-kong River basin showed gradual increasing trends from 1961 to 2015, although 468 

the trends became significant at different times in different basins. 469 

 470 
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The average change rate in all basins affected by glaciers in the DAC was 0.48%. Although most of the river basins showed 471 

increasing trends and reached significance at different time points, the reasons for the sudden increase in the basins classified 472 

as “fluctuating and increasing” were not clear. The river basins originating from the Qilian Shan, such as the Shule River basin, 473 

Qinghai Lake Drainage System, Heihe River basin and Datong River above Hall, showed weak increasing or fluctuating trends, 474 

which indicated that the supply of glacier runoff in the Qilian Shan was relatively stable, while the decline in glacier runoff in 475 

the Shiyang River basin sounded an alarm. Persistently affected by climate change, it was difficult to determine how much 476 

glacier runoff could be provided in the next few years. 477 
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Fig. 6. Mann-Kendall Test of total glacier runoff with a confidence of 95% in a)Aksu River Basin, b)Datong River 478 

Above Hall, c)Eastern Qaidam Basin, d)Eastern Rivers Basin, e)Ebinur Lake Drainage System, f)Hami Basin, g)Heihe 479 

River Basin, h)Hotan River Basin, i)Ili River Basin, j)Kai-kong River Basin, k)Kashgar River Basin, l)Kriya Rivers 480 

Basin, m)Middle Rivers Basin, n)Pai Basin, o)Qarqan Rivers Basin, p)Qinghai Lake Drainage System, q)Shiyang River 481 
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Basin, r)Shule River Basin, s)Turpan Basin, t)Weigan River Basin, u)Western Qaidam Basin, v)Yarkand River Basin, 482 

w)Entire Basins. Blue line referred to the UF curve and red line referred to the UB curve and the lines at ±2 483 

represented a 95% confidence interval. While 𝑈𝑈𝑈𝑈 > 0, it indicated an increasing trend of the sequence, on the contrary, 484 

it indicated a declining trend while 𝑈𝑈𝑈𝑈 < 0. The year UF curve intersected the UB curve in the confidence interval was 485 

determined as the turning year. 486 

 487 

 488 

Fig. 7. Spatiotemporal regime of glacier runoff in the DAC. a) the trend of glacier runoff, b) the year with a 489 

significant trend, and c) the average rate of glacier runoff change. The trends classified as “weak fluctuating” and 490 

“weak increase” had no significant time. Except for Shiyang River basin and Datong River above Hall, glacier runoff 491 

increased from 1961 to 2015. World Shaded Relief provided by Esri 492 

(http://goto.arcgisonline.com/maps/World_Shaded_Relief). 493 
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4 Discussion 494 

4.1 Precipitation Correction at High-altitudes 495 

Some glaciology studies believed that two maximum rainfall heights could appear on one high mountain. For example, the 496 

Chinese Academy of Sciences (CAS) established eight rainfall observation points in the middle part of Tien Shan in 1959 and 497 

observed that maximum rainfall heights occurred at two altitudes, 1850 m and 5339 m (Zhang, Tuerxunbai, et al., 2019; Zhao 498 

et al., 2011). The same institute placed observation points in western Tien Shan in 1978 and found that the first maximum 499 

rainfall height was 2400 m, and the second was 3200 m (Kou & Su, 1981). A study on the change in precipitation with altitude 500 

in the Qilian Shan showed that the precipitation in coteau presented an "S" type distribution with increasing altitude (Tang, 501 

1985). The second maximum rainfall height was believed to exist by studies on Tien Shan, North Slope of Karakoram, which 502 

is located in the alpine glacier region (Shen & Liang, 2006). 503 

Table 2. 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 and 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 used in this paper. 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 in Eastern Kunlun and Western Kunlun were speculated by five 504 

other regions that had references about maximum rainfall height. 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 refers to the average of the maximum height of 505 

each glacier in regions of RGI 6.0. 506 

Region 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 

Qilian Shan 4200 (et al., 2018; Wang et al., 2009) 5500 

Eastern Tien Shan 3000 (Zhang, Tuerxunbai, et al., 2019) 5000 

Western Tien Shan 3000 (Zhang, Tuerxunbai, et al., 2019) 6000 

Eastern Kunlun 4500 6500 

Western Kunlun 4000 6500 

Karakoram 2500 (Immerzeel et al., 2012) 7500 

Pamir 3000 (Hewitt, 2007) 6500 

However, other meteorological studies believed that there was only one maximum rainfall height on one high mountain 507 

because when the elevation was above the maximum rainfall height, the airflow continued to rise, but the water vapor rapidly 508 

decreased and the precipitation could not increase again generally. Some research (Immerzeel et al., 2015) took the maximum 509 
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rainfall height as the reference height and believed that the average maximum rainfall height in the Indus River basin was 2500 510 

m when calculating the precipitation on the glacier (Hewitt, 2007; Immerzeel, et al., 2012). Putkonen (2004) calculated that 511 

the maximum rainfall height on the Southern Slope of the Himalayas was approximately 3000 m, while a subsequent calculated 512 

that the maximum rainfall height zone on the July 1 glacier of the Qilian Shan was located at 4500-4700 m (Wang et al., 2009). 513 

 514 

There has always been controversy over whether there is one or two maximum altitudes in the mountains. Even in the same 515 

region, there are different results due to the limitations of the discipline, purpose, method, time or initial conditions of the 516 

study. Zhao et al. (2011) thought there was only a maximum rainfall height in the Northern Slope of Tien Shan, and a 517 

subsequent study which was by dividing the elevation zones by 100 m using TRMM, found that rainfall in Tien Shan peaked 518 

at an annual level of 3500 m even though zones were divided into different geomorphic units (Bai et al., 2017). The results of 519 

Bai et al. (2017) were different from those of the CAS in 1959 (3500 m vs. 1850 m and 5339 m). Additionally, observed at 520 

Gongga Shan, Zhang found that there were two maximum rainfall heights, one at 3500-4000 m and the other at 5000 m (Zhang, 521 

2012). However, Thomas observed that there was only one maximum rainfall height at Gongga Shan, which existed at 2900-522 

3200 m (Thomas, 1997). 523 

The maximum rainfall height was related to the data. In the Junggar Basin, APHRODITE showed a maximum rainfall height 524 

at 4200 m, while IMAGE showed a maximum height at 2600 m. The two maximum rainfall heights of ITPCAS were at 2810 525 

m and 4260 m. PERSIANN and TRMM showed two maximum rainfall heights, which were both at 2600 m and 4200 m. In 526 

the Turpan Basin and Hami Basin, APHRODITE, TRMM and ITPCAS all showed two maximum rainfall heights, at 2740 m 527 

and 3800 m. There were two precipitation heights of APHRODITE in the Northern Tarim Basin: 2400-3100 m and 3600-4500 528 

m. However, there was only one maximum rainfall height using IMAGE, which was at 4000-4800 m (Zhang, 2020). 529 

 530 

The maximum rainfall height was also related to the season. Previous research divided Xinjiang into different altitude zones 531 

according to meteorological stations’ elevations, obtaining the regional variation characteristics of precipitation change with 532 

changing altitude; specifically, that in summer was 3900-4200 m, that in autumn was 3000-4000 m, and that in winter was less 533 

than 2360 m. Bai et al. believed that the maximum rainfall height in summer on the Northern Slope of Tien Shan would be 534 
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1900-2300 m, that in winter would be 900-1300 m, and the average rainfall height was approximately 3000 m (Zhang, 535 

Tuerxunbai, et al., 2019). 536 

 537 

Fog, dew, frost and other weather phenomena are also known as horizontal precipitation, which can be seen year round in 538 

mountainous areas, especially at elevations greater than 3500 m. After condensation, this water vapor could be accepted only 539 

by the underlying surface but could not be captured by the common rain gauges commonly used for meteorological 540 

observations. Whether a rain gauge records precipitation in the high mountains correctly or not directly affects the correction 541 

of precipitation in mountainous areas. In this paper,  𝑃𝑃𝑃𝑃 was calculated according to the regional average 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚, so this paper 542 

used 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  as the standard for calculation. Bothe the 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 and the 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 are shown in Table 2. 543 

4.2 Distribution of High-altitude Precipitation Gradient 544 

Our estimation revealed a strong heterogeneity of the median precipitation gradient in glaciers near the DAC, as shown in Fig 545 

8. The median precipitation gradient for the seven glacier zones was -0.0347% m-1, which meant that according to 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 546 

and 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 , precipitation decreased by 0.0347% for every 1 m increase in elevation. The median precipitation gradients in 547 

Karakoram, Eastern Kunlun, and Eastern Tien Shan (-0.0064% m-1, 0.0011% m-1, and -0.0062% m-1, respectively) were 548 

obviously greater than the median precipitation gradients in Eastern Kunlun, Eastern Tien Shan, Qilian Shan, and Pamir (-549 

0.0223% m-1, -0.0722% m-1, -0.0999% m-1, and -0.0025% m-1, respectively). We found that the median precipitation gradients 550 

of glaciers in the western part of the DAC were larger than those in the eastern part; for example, the median precipitation 551 

gradient of Western Kunlun was larger than that of Eastern Kunlun, similar to the relationship between Western Tien Shan 552 

and Eastern Tien Shan. Precipitation decreased by 9.9% for every 100 m increase in elevation from the maximum rainfall 553 

height in the Qilian Shan, and precipitation increased by 0.11% for the same increases in elevation in Eastern Kunlun. 554 
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Fig. 8. Box plots of precipitation gradients for ∆𝑯𝑯 + (𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 − 𝑯𝑯) (m) and each glacier region. Line: median; 555 

multiple sign: average number; box: 25–75% of the observations; whiskers: min and max non-outliers. 556 

 557 

To better understand the distribution of precipitation gradients of glaciers around the DAC, the relationship between 558 

precipitation and ∆H, which is the difference between the maximum elevation and the maximum rainfall height, was analyzed 559 

in this paper. ∆𝐻𝐻 had the largest number of glaciers between 3000 m and 4000 m, with a median 𝑃𝑃𝑃𝑃 of -0.0276% m-1 and a 560 

large range of maximum and minimum values. The ∆H between 6000 m and 8000 m had the highest median PG (-0.0078% 561 

m-1 and -0.0055% m-1), which was consistent with the suggestions that the higher the tropospheric height was, the stronger the 562 

interaction between altitude and precipitation of this precipitation type was. The fewest glaciers were located in the ranges of 563 

1000 m to 2000 m and 5000 m to 6000 m, with median 𝑃𝑃𝑃𝑃𝑃𝑃 values of -0.1084% m-1 and -0.0319% m-1, respectively. With the 564 

increase in ∆𝐻𝐻, the median 𝑃𝑃𝑃𝑃  had a significant increase range at elevations of 1000 m to 4000 m, and the median 𝑃𝑃𝑃𝑃 565 

increased by 0.0269% for every 1000 m increase in elevation. 566 

4.3 Impact Factors 567 

Some results have shown that both temperature and precipitation have increased significantly in the last 60 years, while the 568 

increasing trends have even obviously intensified (Javed et al., 2021; Zhang et al., 2021). The long-term trends and interannual 569 

changes in temperature and precipitation dominated the climate humidification change. While continental glaciers are sensitive 570 
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to a combination of temperature (Wang et al., 2019), precipitation and snow/rain differentiation, temperature and precipitation 571 

were major factors of glacier runoff change. Changes in temperature and precipitation could change the glacier mass balance 572 

by affecting the displacement of the ELA, leading to changes in glacier areas and runoff. Previous studies have shown that the 573 

range of glacier change is larger in wetter mountains, such as Eastern Qilian Shan and the Western Tien Shan, while the range 574 

of glacier change decreases with the distance from a water vapor supply source. Most studies also showed that temperature 575 

played a leading role in hydrothermal conditions, while precipitation played a weaker role (Azam & Srivastava, 2020; Ban et 576 

al., 2020; Baojuan et al., 2020; Noel et al., 2020). 577 

4.4 Socio-economic Consequences 578 

OAA in the DAC relied most on glacier delayed runoff and meltwater runoff to irrigate and maintain agriculture as well as to 579 

maintain soil moisture, vegetation growth and groundwater replenishment to maintain food security (Bury et al., 2013; Clouse 580 

et al., 2016; Rasul & Molden, 2019). The 22 glacier basins in the DAC have irrigated 143,939.24 km2 of OAA, supplying a 581 

total of 14 million people in 19 regions. The primary industry gross domestic product (GDP) of these regions in 2015 was 582 

nearly 111.54 billion dollars, accounting for 14.1% of the total GDP of these regions, which was twice that of the primary 583 

industry, accounting for 7% of the national GDP. Since the total primary industry GDP of the entire north western DAC was 584 

40.46 million dollars, OAAs constituted 79.86% of it. Increasing glacier runoff could provide more water for agriculture and 585 

animal husbandry to ensure food security and purvey water for residential and industrial use, but the trend could not be 586 

sustained (Wang et al., 2021).  587 

 588 

The proportion of glacier runoff in agricultural, industrial and municipal water consumption in each basin in the DAC was 589 

shown in Fig. 9. The agricultural water consumption at the watershed scale was obtained by averaging the agricultural water 590 

consumption statistical data to the land use types of agricultural land and then ranged regional statistics, which was the same 591 

with industrial and municipal water consumption. Compared with the industrial and municipal water consumption in each 592 

basin, the delayed runoff and meltwater runoff were both higher than the total industrial and municipal water consumption in 593 

this basin. Glacier runoff from the Middle Rivers Basin and Western Qaidam Basin could even provide the entire agricultural 594 
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water consumption over the entire basin. When the ELA was higher than the altitude of the glacier itself, glacier runoff began 595 

to decrease, which might have adverse effects on downstream agriculture, animal husbandry, energy and livelihood. For 596 

example, due to increased temperatures and reduced glacier runoff, California, in the United States, experienced a severe 597 

drought from 2011 to 2015, where hydroelectric power generation decreased by two-thirds. The annual ecological service 598 

value in Tien Shan was 60.2 billion yuan (~9.26 billion dollars) (Zhang, Liu, et al., 2019), and that in Qilian Shan was 24.354 599 

billion yuan (~ 3.75 billion dollars) (Sun et al., 2020). Glaciers such as the Urumqi No. 1 Glacier and July 1 Glacier in Qilian 600 

Shan have been developed as scenic plots to attract more tourists to the local area and increase the income of local residents. 601 

However, with the rise of the ELA, to protect the Urumqi No. 1 Glacier, the tourist service had been cancelled. In the future, 602 

glacier runoff will reach its peak when glacier tourism disappears (Warren & Lemmen, 2014). Even in some places, the water 603 

shortage caused by the reduction of glacier runoff has caused the risk of water pollution and the production of water-borne 604 

pathogens (Warren & Lemmen, 2014). In a study of the public perception of changes in the cryosphere in the Urumqi River 605 

basin, 58.8% of the interviewees believed that as glacial runoff increased, income also increased (Deng et al., 2011). As 606 

quantifying the economic and social impact of changes in the cryosphere is essential for making public policies and influencing 607 

adaptation decisions, our estimations could support a quantified long-term time-series glacier runoff to be referred. 608 

 609 

 610 

Fig. 9. Proportion of delayed runoff and meltwater runoff to a) agricultural water consumption, b) municipal 611 

water consumption and c) industrial water consumption. 612 
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5 Conclusion 613 

This paper overcame the shortcomings of large-scale geodetic quality assessments. We used the Shean estimation and 614 

calculated the precipitation gradient to quantitatively study the seven major glacier regions around the DAC, which consisted 615 

of nearly 42,000 glaciers. The spatiotemporal changes in glacier runoff (delayed runoff and meltwater runoff) in OAAs located 616 

in 22 glacier watersheds with a spatial resolution of 100 m from 1961 to 2015 were established. 617 

 618 

1. This paper used the mass balance of the Shean estimation to obtain a high-altitude precipitation gradient with uncertainties 619 

and then calculated the long-term time series of glacier runoff, including delayed runoff and meltwater runoff, while the 620 

average total glacier runoff in the DAC was (98.52 ± 67.37) × 108 m3. The average meltwater runoff was (63.43 ± 42.17) × 621 

108 m3, and the delayed runoff was (35.09 ± 25.20) × 108 m3. 622 

 623 

2. Among all glacier watersheds, the Shiyang River basin was the most unique, which suggested a declining trend from 1961 624 

to 2015. The Datong River above Hall and the Heihe Basin showed fluctuating trends, while the others showed different growth 625 

trends. Based on the time series of glacier runoff, linear regression was used to predict the runoff of each glacier in DAC in 626 

the next ten years which indicated the potential climatic risks. 627 

 628 

3. As a continental glacier, the glacier runoff studied in this paper was mainly regulated by hydrothermal regulation, in which 629 

temperature was the dominant factor, followed by precipitation. Since the water source of the oases in the DAC was mostly 630 

glaciers and the total GDP of the OAAs accounted for 76.92% of that of the north western DAC, glacier runoff had a greater 631 

impact on local agriculture, animal husbandry, and economy. In the future, it is necessary to quantify the impact of each change 632 

in the cryosphere on social production factors more precisely. 633 
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Table 945 

Table 1 946 

Annual precipitation and area of OAA in each watershed 947 

Watershed Annual precipitation (mm) Area of OAA (km2) 

Pai Basin 93.06 1047.50 

Shule River Basin 79.10 2913.70 

Hami Basin 63.53 1585.64 

Turpan Basin 75.94 2218.58 

Kai-kong River Basin 103.92 10191.39 

Hotan River Basin 39.04 4816.73 

Western Qaidam Basin ~ 0 538.37 

Eastern Qaidam Basin ~ 0 876.23 

Kriya Rivers Basin 51.31 2308.90 

Qarqan Rivers Basin 78.82 1362.69 

Easter Rivers Basin 139.52 5487.35 

Middle Rivers Basin 175.29 21699.18 

Yarkand River Basin 99.87 13568.21 

Kashgar River Basin 137.61 11027.69 

Weigan River Basin 136.96 8632.32 

Aksu River Basin 148.64 10276.95 

Qinghai Lake Drainage System 323.09 1012.96 
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Ebinur Lake Drainage System 191.29 11366.95 

Heihe River Basin 113.67 9273.28 

Shiyang River Basin 198.63 9333.13 

Ili River Basin 299.05 13332.06 

Datong River Above Hall 410.38 1069.43 

 948 

Table 2  949 

𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 and 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 used in this paper. 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚  in Eastern Kunlun and Western Kunlun were speculated by five other regions that 950 
had references about maximum rainfall height. 𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 refers to the average of the maximum height of each glacier in regions 951 
of RGI 6.0. 952 

Region 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 𝑯𝑯𝒎𝒎𝒎𝒎𝒎𝒎 

Qilian Shan 4200 (Chen et al., 2018; Wang et al., 2009) 5500 

Eastern Tien Shan 3000 (Zhang, Tuerxunbai, et al., 2019) 5000 

Western Tien Shan 3000 (Zhang, Tuerxunbai, et al., 2019) 6000 

Eastern Kunlun 4500 6500 

Western Kunlun 4000 6500 

Karakoram 2500 (Immerzeel et al., 2012) 7500 

Pamir 3000 (Hewitt, 2007) 6500 

 953 

Figure 954 

Figure 1 955 
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Locations of watersheds and oasis agriculture areas affected by glaciers in the dryland areas of China.  956 

Note. (Shades of color indicate drought from subhumid – semiarid – arid – hyper-arid) and the tertiary watersheds in the 957 
dryland areas of China affected by the Qilian Shan, Western Tien Shan, Eastern Tien Shan, Western Kunlun, Eastern 958 
Kunlun, Karakoram and Pamir. Oasis agricultural areas exist along rivers that originate from glaciers, and cities are built 959 
around oases. World Shaded Relief provided by Esri (http://goto.arcgisonline.com/maps/World_Shaded_Relief) and the 960 
Chinese map was from Resource and Environment Science and Data Centre, Chinese Academy of Sciences 961 
(https://www.resdc.cn/data.aspx?DATAID=205) 962 

Figure 2 963 

Map of total glacier runoff.  964 
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Note. Distribution of total glacier runoff, including delayed runoff and meltwater runoff. Shown are the average amount of 965 
runoff for every study basin in the DAC for the period 1961-2015. 966 

 967 

Figure 2 968 

Map of total glacier runoff.  969 

Note. Distribution of total glacier runoff, including delayed runoff and meltwater runoff. Shown are the average amount of 970 
runoff for every study basin in the DAC for the period 1961-2015. World Shaded Relief provided by Esri 971 
(http://goto.arcgisonline.com/maps/World_Shaded_Relief). 972 

  973 
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Figure 3 974 

Map of glacier runoff validation.  975 

Note. Some basins had relevant data verification, some basins had both data and trend verification, some basins had only 976 

trend verification, and the areas without color lacked data. The study on glacier runoff in the DAC was unevenly 977 

distributed. The blue color in each chart was the glacier runoff calculated in this paper, and the other colors represented 978 

runoff obtained in different studies. World Shaded Relief provided by Esri 979 

(http://goto.arcgisonline.com/maps/World_Shaded_Relief). 980 
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 981 

Figure 4 982 

Statistical maps of different types and quantities of glaciers in each basin. 983 

 984 
Note. a) Stacked area chart of the number of glaciers and glaciers larger than 1 km2. b) Stacked bar chart of different 985 

types of glaciers under future changes. c) Stacked bar chart of different types of glaciers larger than 1 km2 under future 986 

changes. 987 

  988 
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Figure 5 989 

Mann-Kendall Test of total glacier runoff with a confidence of 95%.  990 

Note. in a)Aksu River Basin, b)Datong River Above Hall, c)Eastern Qaidam Basin, d)Eastern Rivers Basin, e)Ebinur 991 

Lake Drainage System, f)Hami Basin, g)Heihe River Basin, h)Hotan River Basin, i)Ili River Basin, j)Kai-kong River 992 

Basin, k)Kashgar River Basin, l)Kriya Rivers Basin, m)Middle Rivers Basin, n)Pai Basin, o)Qarqan Rivers Basin, 993 

p)Qinghai Lake Drainage System, q)Shiyang River Basin, r)Shule River Basin, s)Turpan Basin, t)Weigan River Basin, 994 

u)Western Qaidam Basin, v)Yarkand River Basin, w)Entire Basins. Blue line referred to the UF curve and red line 995 

referred to the UB curve. 996 
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Figure 6 997 

Spatiotemporal regime of glacier runoff in the DAC. a) the trend of glacier runoff, b) the year with a significant trend, 998 

and c) the average rate of glacier runoff change.  999 

 1000 
Note. The trends classified as “weak fluctuating” and “weak increase” had no significant time. Except for Shiyang 1001 

River basin and Datong River above Hall, glacier runoff increased from 1961 to 2015. World Shaded Relief provided by 1002 

Esri (http://goto.arcgisonline.com/maps/World_Shaded_Relief). 1003 

  1004 
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Figure 7 1005 

Box plots of precipitation gradients for ∆𝐻𝐻 + (𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐻𝐻) (m) and each glacier region.  1006 

Note. Line: median; multiple sign: average number; box: 25–75% of the observations; whiskers: min and max non-1007 

outliers. 1008 

Figure 8 1009 

Proportion of delayed runoff and meltwater runoff to a) agricultural water consumption, b) municipal water 1010 

consumption and c) industrial water consumption. 1011 

 1012 
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