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Abstract

:

This work analyzed the spatial and temporal variations of the glaciers in the Ebi Lake basin during the period 1964 to 2019, based on the 1st and 2nd Chinese Glacier Inventories (CGI) and remote sensing data; this is believed to be the first long-term comprehensive remote sensing investigation on the glacier change in this area, and it also diagnosed the response of the glaciers to the warming climate by analyzing digital elevation modeling and meteorology. The results show that there are 988 glaciers in total in the basin, with a total area of 560 km2 and average area of 0.57 km2 for a single glacier. The area and number of the glaciers oriented north and northeast are 205 km2 (327 glaciers) and 180 km2 (265 glaciers), respectively. The glaciers are categorized into eight classes as per their area, which are less than 0.1, 0.1–0.5, 0.5–1.0, 1.0–2.0, 2.0–5.0, 5.0–10.0, 10.0–20.0, and greater than 20.0 km2, respectively. The smaller glaciers between 0.1 km2 and 10.0 km2 account for 509 km2 or 91% in total area, and, in particular, the glaciers smaller than 0.5 km2 account for 74% in the total number. The glacial area is concentrated at 3500–4000 m in altitude (512 km2 or 91.4% in total). The number of glaciers in the basin decreased by 10.5% or 116, and their area decreased by 263.29 km2 (−4.79 km2 a−1) or 32% (−0.58% a−1) from 1964 to 2019; the glaciers with an area between 2.0 km2 and 5.0 km2 decreased by the largest, −82.60 km2 or −40.67% in the total area at −1.50 km2 a−1 or −0.74% a−1), and the largest decrease in number (i.e., 126 glaciers) occurs between 0.1 km2 and 0.5 km2. The total ice storage in the basin decreased by 97.84–153.22 km3 from 1964 to 2019, equivalent to 88.06–137.90 km3 water (taking 0.9 g cm−3 as ice mass density). The temperature increase rate in the basin was +0.37 °C decade−1, while the precipitation was +13.61 mm decade−1 during the last fifty-five years. This analysis shows that the increase in precipitation in the basin was not sufficient to compensate the mass loss of glaciers caused by the warming during the same period. The increase in temperature was the dominant factor exceeding precipitation mass supply for ruling the retreat of the glaciers in the entire basin.
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1. Introduction


The cryosphere consists of snow, ice, and permafrost on and below the Earth’s land and ocean surfaces, and it is one of the major components in the climate system [1]. The accelerated shrinkage of the cryosphere in the context of global warming and the subsequent impacts on the sustainability of the Anthroposphere have attracted unprecedented attention and raised deep concern, because the High-Asian mountain glaciers are crucial for buffering against drought [2] and protecting life from drought [3]. These mountain glaciers are an essential part of the global cryosphere and have shown generally varying degrees of continuous retreat in recent decades [4,5,6]. As projected by the Intergovernmental Panel on Climate Change (IPCC), even in the mild emission scenario (RCP4.5), the Asian glaciers would disappear by ~50% by the end of the century [7].



China has the most developed mountain glaciers in low and middle latitudes [8], and these glaciers are a vital water resource in arid northwest China and High Asia [9]. As global temperatures increase, China’s glacial covers are generally in negative mass balance and showing a retreating and thinning trend [10,11,12]. The Xinjiang region is an arid and semi-arid area of China rich in mountain glaciers. The Tianshan and Altai Mountains are two main mountains developing concentrated mountain glaciers. The glaciers in the Tianshan Mountains had experienced rapid mass loss (averaged from −24.6 mm w.e. a−1 in 1957–1970 to −444.6 mm w.e. a−1 in 1971–2009) during the second half of the 20th century [13]; while in Altai, over a quarter of mountain glaciers were projected to shrink in RCP4.5 by 2100 [14].



The Ebi Lake basin is located in the northwestern Xinjiang region, China (Figure 1). The increasingly irrigated area and population in the basin over the last 60 years have led to increased water consumption in the basin, increasing tension between supply and demand, and the ecological degradation [15,16,17]. This lake had shrunk by 50% from 1955 to 2013, as reported by NASA in 2014 [18]. Another study stated that the water area of the Ebi Lake showed a significantly decreasing trend, although the precipitation was increasing from 2001 to 2016 [19]. Therefore, it is essential to assess the regional glaciers change in a timely manner to monitor glacier water resources and assess their impact on the water resource supply in the basin. This aspect’s research has conceptual and practical significances for water security, especially for industrial and agricultural production and economic development in this ecologically vulnerable area.



In recent years, numerous studies used the topographic maps and remote sensing data of the Tianshan Mountains, regional watersheds, and typical reference glaciers and revealed that the regional glaciers show retreating and thinning [20,21,22,23,24,25,26]. So far, very few studies on the glacier change status have been carried out in the Ebi Lake Basin. For example, Wang et al. used remote sensing data to partially reveal that there were around 450 glaciers in the Ebi Lake Basin, Tianshan, undergoing significant mass loss glacier changes from 1964 to 2004 [27]; Zhang et al. estimated the change of the Haxilegen 51 glacier in the basin from 1964 to 2006 and its response to climate [28]. To some extent, these studies explored the changes of an individual glacier or several glaciers in the basin. Still, the holistic and more detailed picture of these glaciers’ change is not complete and update.



Dramatic change has had been with these glaciers in number, area, and ice volumes from 1964 to 2009. According to the 1st CGI, there were 1104 glaciers with the total glacial area of 823 km2 and the ice storage of 47.54 km3 by 1964; while to the 2nd CGI, the number of glaciers here decreased to 1000, the glacier area to 598 km2, and the ice storage to 32.45 km3 by 2009 [8]. However, the update status of the varying glaciers and their association with the regional climate change during the most recent decade (2009–2019) is little known, which are crucial for policy-makers to take proper measures to adapt climate change and mitigate the impact of the change. Therefore, based on the first and second Chinese Glacier Inventories (CGIs) and the most updated glacier vector data released in 2019, this work assesses the glaciers’ change in the Ebi Lake Basin over the last 55 years (1964–2019), more systematically and accurately. Furthermore, we will discuss the response of glaciers in the basin to the warming climate and suggest the measures of how to use the regional water resource for sustainability rationally.




2. Materials and Methods


2.1. Study Area


The Ebi Lake Basin (43°38’~45°52’N, 79°53’~85°02’E) is this study area and located at the hinterland of Asia and Europe (Figure 1). The basin lies to the northern foothills of the western Tianshan Mountains and in the southwest of the Junggar Basin. It is surrounded by mountains from three sides—the north, west, and south—and in the east is China’s second largest desert, Gurbantunggut Desert. The basin is concurrently in the northern hemispheric temperate zone with the significantly continental arid climate, mostly windy weather. The annual average temperature in the basin moderates between 6.6 and 7.8 °C, the annual precipitation between 116.0 and 169.2 mm, and the potential evapotranspiration from 1500 to 2000 mm [29,30]. The Ebi Lake is the largest lake in the basin and is the largest saltwater lake with about 500 km2 in Xinjiang. The plains in the basin are accompanied with little precipitation and runoff, and mountain precipitation and snowmelt water from the peripheral alpine glaciers are the main sources of river runoff. The Ebinur Lake Basin (code 5Y74 in the CGIs) consists of six sub-basins, the Quitun River Basin (5Y741), the Sikeshu River Basin (5Y742), the Jing River Basin (5Y743), the Daheyanzi River Basin (5Y744), the Sailimu Lake Basin (5Y745), and the Bortala River Basin (5Y746) (Figure 1). The glaciers around the basin are typically continental glaciers developing along the valleys.




2.2. Data


2.2.1. Remote Sensing Images


At present, the publicly accessible high spatial resolution remote sensing images mainly include




	
Landsat-8 OLI remote sensing images (30 m),



	
Aster remote sensing images (15 m), and



	
Sentinel-2 MSI remote sensing images (10 m).








Here, we use the Sentinel-2 MSI remote sensing images to retrieve the most accurate interpretation of the glacier boundaries. The image data have a revisit spanning time of five days and were acquired from June to September of 2019, which was the melting season of the glaciers. We use the Google Earth Engine (GEE) platform, a cloud-based geospatial processing platform, to quickly and efficiently filter high-quality, cloud-free Sentinel-2 MSI remote sensing images (referring to the work in [31]) and avoid laborious data collection, storage, organization, and preprocessing work.




2.2.2. The 1st and 2nd CGIs Data


The first CGI data, completed in 2002, are mainly derived from the 1960s’ aerial-photographed topographic maps, and the watershed of the Ebi Lake basin includes 13 sheets of 1:50,000 topographic maps. Moreover, the second CGI data, released in 2014, integrate remote-sensing data, topographic maps, and digital elevation model data. Both times of CGI data are available on the National Tibetan Plateau Third Pole Environment Data Center (http://westdc.westgis.ac.cn/).




2.2.3. Digital Elevation Data


The digital elevation model is derived from the SRTM (Shuttle Radar Topography Mission), measured jointly by the NASA and the National Mapping Agency (NIMA), USA. This work uses the revised version 4.1 data with a spatial resolution of 90 m [32]. This version of SRTM data is provided by the CIAT (International Center for Tropical Agriculture) with a new interpolation algorithm. The nominal absolute elevation and planimetric accuracy of the data are ±16 m and ±20 m [33], respectively.




2.2.4. Meteorology


The meteorological data were obtained from the China Meteorological Data Service. (CMDS). The service provides the daily meteorological dataset collected from nearly 700 ground baseline stations in nationwide China. It can be accessed freely by registered educational and academic users, and here is the direct web link http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html. In this work, the monthly temperature and precipitation data were retrieved from the CMDS dataset recorded by the five meteorological stations in the lower Ebi Lake Basin during 1964–2017 (Table 1).





2.3. Methods


2.3.1. Confining Glacial Boundaries


Automatic interpretation methods applied to remotely sensed images for retrieving glacier boundaries are popular at present for simplifying and expediting the process [34]; however, the presence of snow, shadows, moraines, and water bodies makes it difficult to guarantee the accuracy of the automatic-interpretation methods in obtaining glacier boundaries. Visual interpretation is to obtain glacier-boundary information with remote sensing images based on existing glaciological knowledge, and this method is the most credible method to retrieve glacier boundaries [35]. Taking into account that the relatively small study area and accuracy, this study adopts visual interpretation for the latest remote sensing images to manually delineate glacier boundaries. With the ArcGIS version 10.5 software [36] and the first and second CGI cataloguing data, the glacier boundaries around the Ebi Lake Basin were vectorized and corrected by artificially visual interpretation in the Google Earth images, and the derived glacier boundaries were further amended with expert opinions.




2.3.2. Calculating Glacier Area and Volume


Changes in glacier area can be reflected by the difference in glacier area between the two periods, indicated by the rate of change in the glacier area and the relative rate of change in glacier area, using the following equation,


AC = (A1 − A0)/(t1 − t0),



(1)






and AAC = (A1 − A0)/[A0 × (t1 − t0)] × 100%,



(2)




where AC is the varying rate of glacier area (km2/a), AAC is the relative varying rate of glacier area (%/a), A is glacier area (km2), t indicates the year, and the subscript 0 and 1 indicate the starting and ending years for the specific glacial areas, respectively.



The glacier ice volume is not a directly approachable measurement here, because there were no direct measurements of ice thickness in most glaciers. This research used the volume–area empirical relationship by Gärtner-Roer et al. [37]:


V = c × Ae,



(3)




where V is glacier ice storage (km3), A is glacier area (km2), and c and e are the empirical coefficients by Gärtner-Roer et al. [37], respectively.




2.3.3. Assessing the Uncertainty


The accuracy evaluation of glacier boundaries obtained from remote sensing images is important but difficult to determine. In processing remote sensing images, errors mainly come from glacier boundary extraction uncertainties and image resolution and alignment errors. Glacier boundary extraction uncertainties can be reduced through field validation and glaciological experience, and the uncertainty in remotely sensed images can be calculated through the following formulas (4 [38] and 5 [20]) to calculate their error, based on the formula for calculating the uncertainty of glacier length and area variation [39,40,41].


   U T  =      Σ λ   2    +      Σ ε   2     



(4)






  and    U A  = 2  U T         Σ λ   2    +      Σ ε   2     



(5)




where UT is the uncertainty of glacier length, λ is the impact resolution, ε is the alignment error of satellite images and the boundary layers, and UA is the uncertainty of glacier area. In this study, λ equals 10 m for the Sentinel-2 images, and ε equals ¼ pixel. The calculated length and area uncertainties in this study are ±12.5 m and ±0.00025 km2, respectively.






3. Results


3.1. Updated Status of Glaciers in the Ebi Lake Basin in 2019


Overall, the number of glaciers in the Ebi Lake Basin investigated in 2019 was 988, with an area of ~560 km2, and the averaged area of a single glacier is 0.57 km2. The glaciers with the area between 1.0 and 5.0 km2 account for the largest share (40%) of the total glacier area in the study area, followed by those with areas of <0.5 km2 (21%), 5.0–10.0 km2 (17%), 0.5–1.0 km2 (16%), and >10.0 km2 (6%). The Sikeshu River Basin (5Y742) has the most extensively developed glaciers among the six sub-basins on all scales, while the Sayram Lake and Daheyanzi River basins have barely visible glaciers in Figure 1. The only two glaciers larger than 10 km2 are both located in the Sikeshu River Basin (Figure 2a). 74% of the glaciers in number have areas smaller than 0.5 km2 and are majorly located in the Kuitun, Sikeshu, and Bortala River sub-basins. The larger glaciers are much fewer distributed (Figure 2b). The glacial resources in the Ebi Lake basin are concentrated in four sub-basins (5Y741, 5Y742, 5Y743, and 5Y746), with the number of 974 (98.6%) and the area of ~557 km2 (99.6%), respectively.



In the Ebi Lake Basin, there is around 400 km2 of glaciers, accounting for 72% in a total spread from 3500 to 4000 m in elevation; 11% and 17% in area developed under 3500 m and between 4000 and 4500 m, respectively; and only 1% glacial area developed above 4500 m as of 2019 (Figure 3a). Most glaciers developed in the north (75% in area and 65% in number) and the east (15% in area and 22% in number) orientations (Figure 3b), implicated by the developing conditions of mountain glaciers if the north orientation indicates colder air masses, and the east implies richer water vapor sources in the Tianshan Mountains.




3.2. Changes of the Glaciers Relative to the 1st and 2nd CGIs


Table 2 present the glaciers in area and number investigated by the first and second CGIs (1964 and 2009, respectively) and this work up to 2019. The glaciers in the Ebi Lake Basin have changed a lot since the first and second CGIs either in area or in number. Almost all measures had decreased from the first CGI investigation to this work in 2019, except that the glacier number increased from 281 by the second CGI to 285 by this work. The sole exception was probably because of some separated glacier branches resulting from the shrinking area.



In more detail, the number of the Ebi Lake Basin’s glaciers decreased from 1104 to 998 (−2 a−1 or −2% a−1), and the area decreased by 263 km2 (−4.79 km2 a−1 or −0.58% a−1) during the period 1964–2019. The overall rate of glacier area decreasing during 1964–2019 was −4.79 km2 a−1, and the rate during 2009–2019 (−3.87 km2 a−1) was slower than that during 1964–2009 (−4.99 km2 a−1) (Figure 4). The shrinking rate of the glaciers in the Ebi Lake Basin was slowed by 22% or 1.12 km2 a−1 in the last decade, comparing with the period 1964–2009. Figure 5 shows some typical glacier boundaries in the basin defined by the second CGI and 2019 investigations, respectively. Compared with the boundary by 2009, the glacial area showed a general shrinkage in 2019.





4. Discussion


4.1. Spatial and Volume Variations of Glaciers in the Ebi Lake Basin since the 1st and 2nd CGIs


To understand the spatial variations of the Ebi Lake Basin’s glaciers, we show their varying rates in a geographic map (Figure 6). The area and number of glaciers in the individual sub-basin of the Ebi Lake basin showed a decreasing trend from 1964 to 2019. The Bortala River Basin (5Y746) had the largest decrease in glacier area (111.80 km2) with a rate of change of −2.03 km2 a−1, followed by the Sikeshu River Basin (5Y742) (−101.90 km2, or −1.85 km2 a−1) and the Quitun River Basin (5Y741) (−94.62 km2, −1.72 km2 a−1); the largest number of glaciers disappeared in the Sikeshu River Basin (5Y742) and the Daheyanzi River Basin (5Y744), losing 27 and 28 glaciers, respectively. From the analysis of the relative rate of glacier area change, the glaciers in the Daheyanzi River Basin (5Y744) were retreating fastest (−1.81 % a−1), followed by the Selimu Lake Basin (5Y745) with a retreating rate of −1.23 % a−1, and the glacier resources in the two sub-basins are on the verge of extinction. During 1964–2009, the vanished glaciers spread from west to east, while they concentrated in the west during 2009–2019.



This work used various methods to calculate the ice storages derived from different investigations and their variations in the basin (Table 3). The results show that the basin glacier ice reservation decreased by 97.84–153.22 km3 between 1964 and 2019, the equivalent water equivalent was 88.06–137.90 km3, taking 0.9 g cm−3 as ice density. The ice reservation decreased by 39.18%–41.23%, or −1.78~−2.79 km3 a−1. Compared with the glacier area reduction rate, the reduction rate of ice is greater, indicating that ice storage is more sensitive to regional warming. The glaciers in the basin are experiencing dramatic retreating and thinning.




4.2. Retreat of Glaciers in the Ebi Lake Basin Compared with the Greater Tianshan Region


In recent years, high-resolution satellite image data have been widely used in the dynamic monitoring of glaciers, and it has become possible to study glacier changes in large regions. To study the change of the glaciers in the Ebi Lake Basin in the greater Tianshan, this study compares the glacier changes here with those in the other typical mountains and watersheds of the Tianshan (Table 4). It is found that the trend of glaciers change in the Ebi Lake is consistent with the trends in other regions, that is, smaller-size glaciers have less reduction. In general, the glacial retreat rates in the greater Tianshan region were varying. The glaciers in the Ebi Lake basin retreated at a rate of 0.58% a−1, making the Ebi Lake Basin one of the fastest retreating areas in the Tianshan region. The glacier retreat rate in the western section of the Tianshan is larger, followed by the middle section and the smallest in the eastern section, and the glacier retreat rate on the northern slope is higher than on the southern slope. Regional climate variation (temperature and precipitation) and the individual glaciers’ sizes are the main influencing factors on glacier area in the Ebi Lake Basin. The number of glaciers in the region is dominated by those with an area of smaller than 0.5 km2 (730 glaciers, or 73.9% of the total number of glaciers).




4.3. Factors and Their Roles in the Change of Glaciers in the Ebi Lake Basin


Precipitation and temperature are the main factors affecting glacier development. The interannual changes of these two factors together determine the nature, development and evolution of glaciers. Temperature determines ablation, and precipitation affects accumulation. Therefore, it is prerequisite to study the climate in the watershed to project the glaciers’ evolution. As per the geography of the study area, this work selected five meteorological stations, i.e., Alashankou (51232), Bole (51238), Wenquan (51330), Jinghe (51334), and Wusu (51346), as the climatic reference for the study area (Figure 1).



The yearly average temperature and precipitation, and their anomalies at the five meteorological stations in winter and summer from 1964–2017, are shown in Figure 7. The temperature averaged from the five stations shows an increasing trend of 0.37 °C (10a)−1 (0.001 confidence level) from 1964 through 2017, 2.6 times as high as the global mean rate, i.e., 0.14 °C (10a)−1 from 1951 to 2012 [4]. The temperatures of the watershed in summer and winter both show increasing trends (0.51 °C (10a)−1 in winter and 0.21 °C (10a) −1 in summer, respectively), and the temperature increase in winter is 2.5 times faster than the summer. Similar to the temperature, precipitation records at all five weather stations show an average increasing trend (13.61 mm (10a)−1 at 0.001 confidence level); both summer and winter precipitation in the watershed show increasing, greater in summer (4.78 mm (10a)−1) than in winter (2.63 mm (10a)−1). The increasing temperature and precipitation trends in the Ebi Lake Basin are consistent with the climate shift theory from warm dry to warm wet in northwest China [55]. The mass loss of global mountain glaciers induced by a one degree increase in temperature needs 25–35% increase in precipitation to compensate for the loss [56]. In the context of this combined hydrothermal climate change in the Ebi Lake Basin, precipitation has increased, but temperature also increases to melt the glaciers, and the increased precipitation does not add enough mass to the glaciers and compensate for their mass loss. With increasing mass deficiency, glacier mass loss accelerates, and mass balance lines rise, leading to the widespread glacier retreat.





5. Conclusions


The number of glaciers in the Ebi Lake Basin in the 2019 ablation season was 988 with the total area of 559.77 km2. The glaciers in the basin are mainly characterized by individuals with the area between 0.1 and 10.0 km2 summed 509.05 km2, ~91% of the total glacial area in the basin. There are 730 glaciers smaller than 0.5 km2, accounting for 74% of the total number of glaciers in the basin. The glaciers are concentrated between 3500 m and 4000 m in elevation, with a total area of 512 km2, ~91% of the total.



During 1964–2019, the number and area of the Ebi Lake Basin’s glaciers had decreased by 116 (10.5%) and 263 km2 (32%) at the rate of −4.79 km2 a−1 or −0.58% a−1, respectively. Glaciers with an area between 2.0 and 5.0 km2 had the largest reduction of −82.60 km2 (~41%) with the rate of −1.5 km2 a−1 or −0.74% a−1. The glaciers in the basin were all in retreat from 1964 through 2019, and the glaciers lower than 3200 m disappeared in 2019, and those between 3500 m and 4000 m dominated the total glacial area. Those north- and northeast-oriented glaciers in the basin had the largest area and number. The glaciers in each sub-basin of the Ebi Lake basin showed a decreasing trend from 1964 to 2019; noticeably, these glaciers in the recent decade (2009–2019) showed a slower retreating trend, compared with the investigations by the first and second CGIs. The Bortala River Basin (5Y746) has the largest decrease in glacier area (111.80 km2) with a rate of −2.03 km2 a−1, followed by the Sikeshu River Basin (5Y742) (−101.90 km2 or −1.85 km2 a−1) and the Quitun River Basin (5Y741) (−94.62 km2 or −1.72 km2 a−1). The ice storage in the basin during the last 55 years had decreased by 97.84–153.22 km3. The equivalent water equivalent was 88.06–137.90 km3 with −1.78~−2.79 km3 a−1 or −0.71~−0.75 % a−1.



The temperature in the basin had increased by 0.36 °C (10a)−1 during 1964–2017, much faster than the global mean, and the annual precipitation in the basin also showed an increasing trend of 12.06 mm (10a)−1. The temperature and precipitation trends in the basin are consistent with the climate shift from warm-dry to warm-wet in northwest China. Although the precipitation in the basin has increased, the increase in precipitation was not sufficient to compensate for the mass loss of the glaciers by the increased temperatures, leading widespread retreating of the glaciers in the basin. This work may be the first report on the status of the glaciers in the Ebi Lake Basin and revealed their most recent change since the second China Glacier Investigation. The main points can be helpful for policymakers to take measures to mitigate the impact of climate change on the region.
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Figure 1. Study area with the Ebi Lake basin (5Y74) and related river and lake basins, where Kuitun River, Sikeshu River, Jinghe River, Daheyanzi River, Sayram Lake, and Bortala River sub-basins are annotated with their CGI codes of 5Y741, 5Y742, 5Y743, 5Y744, 5Y746, and 5Y746, respectively. 
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Figure 2. The glacial areas (a) and numbers of glaciers (b) in each sub-basin categorized into <0.5, 0.5–1.0, 1.0–5.0, 5.0–10.0, and >10.0 km2, respectively, as of 2019. KT, SK, JH, DH, BT, and SY denote the Kuitun (5Y741), Sikeshu (5Y742), Jinghe (5Y743), Daheyanzi (5Y744), Bortala (5Y746) Rivers, and the Sayram Lake (5Y745) sub-basin, respectively. The percent shares of the glaciers in area and number are shown in the respective pie charts. 
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Figure 3. (a) The distribution of glacier areas in elevation, and (b) that of glacier areas and numbers in orientation in the Ebi Lake basin investigated in 2019. 
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Figure 4. The area changing rates of the glaciers in the Ebi Lake basin during 1964–2009, 2009–2019, and 1964–2019, respectively. 
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Figure 5. The land cover images with two typical ice bodies of the Ebi Lake Basin, defined by (a) the second CGI and (b) 2019 investigations (retrieved from the Sentinel-2 satellite with the Google Earth Engine in 2019), where the greenish colors indicate the ice. 
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Figure 6. Area changes of glaciers at drainage scale in the Ebinur Lake Basin. 
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Figure 7. The interannual variations (a,c) and winter–summer anomalies (b,d) of temperature and precipitation in the Ebi Lake basin. 
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Table 1. The locations of the five meteorological stations in the Ebi Lake Basin.
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	Code by CMDS
	Name
	Latitude (N)
	Longitude (E)
	Elevation (m)





	51232
	Alashankou
	45°11′
	82°35′
	284.8



	51238
	Bole
	44°54′
	82°04′
	531.9



	51330
	Wenquan
	44°58′
	81°01′
	1354.6



	51334
	Jinghe
	44°37′
	82°54′
	320.1



	51346
	Wusu
	44°26′
	84°40′
	478.8
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Table 2. Glaciers in area and number in the six drainage sub-basins as per three inventories.
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Drainage Basin

	
1st CGI (by 1964)

	
2nd CGI (by 2009)

	
This Work (in 2019)




	
Name

	
Code

	
Area (km2)

	
Number

	
Area (km2)

	
Number

	
Area (km2)

	
Number






	
Kuitun River

	
5Y741

	
201.12

	
309

	
147.67

	
281

	
133.11

	
285




	
Sikeshu River

	
5Y742

	
336.25

	
364

	
259.66

	
342

	
249.54

	
337




	
Jinghe River

	
5Y743

	
96.20

	
129

	
74.81

	
118

	
69.70

	
118




	
Daheyanzi River

	
5Y744

	
4.17

	
34

	
0.38

	
7

	
0.15

	
5




	
Sayram Lake

	
5Y745

	
4.28

	
13

	
2.17

	
9

	
2.25

	
9




	
Bortala River

	
5Y746

	
181.04

	
255

	
113.75

	
243

	
105.02

	
234




	
Ebi Lake

	
5Y74

	
823.06

	
1104

	
598.44

	
1000

	
559.77

	
988








Note: The red underlined number indicates the increasing count.
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Table 3. The glacier volumes in the Ebi Lake Basin estimated with different empirical approaches.
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Method

	
Ice Volume of Glaciers (km3)

	
Glacier Volume Change (2019s—FCGI)

	
Source




	
FCGI

	
SCGI

	
2019s

	

	

	




	
A = 823.06 km2

	
A = 598.44 km2

	
A = 559.77 km2

	
km3

	
km3 a−1

	
% a−1






	
V = 0.0285 * A1.357

	
257.68

	
167.21

	
152.72

	
−104.96

	
−1.91

	
−0.74

	
[42]




	
V = 0.0298 * A1.379

	
312.32

	
201.25

	
183.54

	
−128.78

	
−2.34

	
−0.75

	
[43]




	
V = 0.0365 * A1.375

	
372.40

	
240.29

	
219.18

	
−153.22

	
−2.79

	
−0.75

	
[44]




	
V = 0.037 * A1.314

	
250.66

	
164.89

	
151.04

	
−99.62

	
−1.81

	
−0.72

	
[38]




	
V = 0.04 * A1.35

	
345.06

	
224.41

	
205.06

	
−140.00

	
−2.55

	
−0.74

	
[45]




	
V = 0.0433 * A1.29

	
249.69

	
165.52

	
151.85

	
−97.84

	
−1.78

	
−0.71

	
[46]




	
Average

	
297.97

	
193.93

	
177.23

	
−120.74

	
−2.20

	
−0.74

	
This work
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Table 4. Comparison of the area change of the glaciers in the greater Tianshan range.
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	Study Area
	Study Period
	Area Change (km2)
	Rate of Change in Area
	Data
	Source





	Tianshan
	1960–2010
	―
	−0.22% a−1 (−11.50%)
	―
	[24]



	Tailan River Basin
	1972–2011
	−50.06
	−0.22% a−1 (−11.50%)
	Topographic map, ETM+
	[47]



	Gaizi River Basin
	1960–1999
	−188.1
	−0.26% a−1 (−10.00%)
	Topographic map, TM, ETM+
	[21]



	Harlik mountains
	1959–2001
	−13.4
	−0.27% a−1 (−11.40%)
	Topographic map, TM, ETM+
	[48]



	Kaidu River Basin
	1963–2000
	−38.5
	−0.31% a−1 (−11.60%)
	Topographic map, TM, ETM+
	[21]



	Middle Tianshan Mountains
	1963–2000
	−7
	−0.35% a−1 (−13.00%)
	MSS, SPOT, ETM+
	[49]



	Jinghe River Basin
	1964–2004
	−13.9
	−0.38% a−1 (−15.20%)
	Topographic map, ASTER
	[50]



	Urumqi River Basin
	1962–1992
	−6.65
	−0.45% a−1 (−13.80%)
	Topographic map, Aerial photograph
	[51]



	Kukesu River Basin
	1963–2004
	−50.06
	−0.46% a−1 (−18.99%)
	Topographic map, ASTER
	[52]



	Bogda peak area
	1972–2005
	−31.2
	−0.49% a−1 (−21.60%)
	Topographic map, ASTER, SPOT
	[26]



	Manas River Basin
	1972–2013
	−159.02
	−0.60% a−1 (−24.61%)
	TM, ETM+
	[53]



	Alatau Mountains
	1990–2011
	−137.77
	−0.92% a−1 (−20.24%)
	TM, ETM+
	[54]



	Ebinur Lake Basin
	1964–2019
	−263.29
	−0.58% a−1 (−31.90%)
	Topographic map, Sentinel2 MSI
	This study
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
(a)250

N
o
o

Y
N
o

Glacial area km?

- Basin

i BT <0.5

h 8 sy 0.5-1.0

. & DH M 1.0-5.0

’ ® UH

i @ sSK @ =100

] KT 17%

| |

<0.5 0.5-1.0 1.0-5.0 5.0-10.0

Category km?

>10.0

(b) 800

1 1%
700 =
600 =
s l Basin
@ -
g 500 BT <05
2 400— @ sy - 05-1.0
© ] @ DH M 1.0-5.0
o 300~ ® H ® 5.0-10.0
O] @ SK ® =100
- KT
200 -
e B
00— 1

I I
<0.5 0.5-1.0 1.0-5.0
Category km?

I I
5.0-10.0 >10.0






nav.xhtml


  remotesensing-13-00497


  
    		
      remotesensing-13-00497
    


  




  





media/file2.png
80°E 81°E 82°E

84°E 85°FE

Junggar. Basin
(Gurbantunggut'Desert)

China
 Tianshan Mts. i

Tarim Basini—, .
- National boundary ; o "

Alashankqu

J

@ Wengqan ”‘v-‘—._‘Bole =

=\® Jinghe

Legend
. Meterological station  DEM(m)
Drainage system . High : 5108

i C:S Basin boundary

Glacier

44°N

Low : 187






media/file5.jpg





media/file3.jpg
f i
Sessn:

u_






media/file1.jpg
Legend

Metcogiat s DEM(m)

.
S W

44N

o0 as






media/file7.jpg
Area change rate km?a™'

1964-2009

2009-2019

1964-2019

-4.99

-3.87

-4.79





media/file10.png





media/file12.png
80°E

45°N

" ’ Lake

81°E

82°F

83°E 84°F 85°E

5Y745
Lake

289 0,08

. Meteorological station

@ Vanished Glacier(1964-2009)
@ Vanished Glacier(2009-2019)

Area Change(km?/10a)

|

Drainage system

C1964-2009
B 20092019

- Glacier
CS Basin boundary

® 99henyanzi River

Alashanko

SY744

~0.84-0.23
0 25 50

I I kM






media/file9.jpg





media/file0.png





media/file14.png
[
M~
AN

— Alashankou Jinghe
Bole — Wusu (a) - (b)
12 4 Wenquan Average y=0.037x—67.837
R?=0.441 ]
_ 3
ol S
z = 0
E =
B <
5 =
(5} § -2 -
= g
< 5
=
4 I Summer y=0.021x-41.176
4 R2=0.248
I Winter  ——y=0.051x-100.692
R?=0.147
2 T T x T ¥ T E T ; T T -6 ' T L T : T X T
450
Alashankou Bole —— Wenquan o4 N Summer y=0.478x-952.292 (d)
400 - J lnghe — Wusu R2:O. 123
Average ——y=1.361x-2541.875 - Winter y=0.263x—524 467
350 R?=0.243 R?=0.261
240 - :
~300 - £
E S
£ 2
§ 250 §20-
5 =
8200 - 5
3 3
A 2 04
150 | 5
o
W
100
=20 -
50 -
0 -40 T T

1 1 1 ' I ' 1 N ! 1 ' I ! 1 ' I '
1970 1980 1990 2000 2010  Year 1970 1980 1990 2000 2010  Year





media/file8.png
Area change rate km? a™

1964—-2009 2009-2019 1964—-2019
0
-
o
o
4 _- -3.87
-5 _- -4.79

-4.99





media/file11.jpg
80°E 8I°E 82°E 83°E. S4°F. 85°E.






media/file6.png
(a)

Elevation m

72%

11%

I I I | | I I I
50 100 150 200 250 300 350 400 450

Area km?

(b)

Orientation

0

| | | | |
100 200 300 400 500 600 700
Area (km2) (in greyblue) and number (in red) of the glaciers





