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Abstract

:

Most of the world’s glaciers have retreated significantly against the background of recent climate warming, while reports have indicated that the glaciers in the West Kunlun Mountains (WKL) may be in a relatively stable state, although there are some gaps in previous research. Based on Landsat series data, topographic maps, SRTM and TanDEM-x data, this paper extracts detailed glacial area information and glacial mass balance during different time periods from 1970 to 2018. We found that, the total area of glaciers in the WKL decreased by 8.0 km2 from 1972 to 2018. The area decreased by 12.0 km2 from 1972 to 1991 and increased by 4.7 km2 from 2010 to 2018. Glacier surface elevation change results in the WKL showed that the overall glacier thickness slightly decreased from 1970 to 2016, with an average of 1.9 ± 1.0 m. The glaciers thinned by approximately 2.5 ± 1.0 m from 1970 to 2000, while from 2000 to 2016, the glaciers thickened approximately by 0.6 ± 1.0 m. Overall, the glaciers in the WKL showed very slight retreat. In addition, the mass changes of glaciers were affected by glacial surging.
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1. Introduction


Most of the glaciers in the Tibetan Plateau (TP) have retreated significantly against the background of recent climate warming [1,2,3,4,5,6]. In contrast, Karakoram glaciers have remained stable or advanced during the same period [5,7]. This pattern is known as the “Karakoram Anomaly” [7]. This phenomenon of heterogeneous glacier variations in TP regions is mainly attributable to different spatial patterns of climate change [5].



Glaciers in the Karakoram and West Kunlun Mountains (WKL) region are mainly affected by mid-latitude westerlies and receive minor influences from the Asian summer monsoons [1,5]. According to the China Glacier Inventory (CGI) [8], the WKL region is the most concentrated area of large mountain glaciers in China, attracting the attention of many scholars. The results of studies on the glacier mass balance in this region differ. Some studies have shown that the glacier is thinning, some have shown that it has remained basically the same, and some have shown that it is thickening. Wang et al. [9] showed that the mass balance was −0.06 ± 0.13 m w.e. a−1 from the 1970s–1999 in the WKL through topographic maps and Shuttle Radar Topography Mission (SRTM) data. For the same time period, Zhou et al. [10] used the results of glacier surface elevation obtained by the KeyHole-9 photographic satellite mission (KH-9)and SRTM to show that some glaciers in the region had a mass balance close to 0 or slight thickening. According to the ICESat altimeter, glaciers in this region thickened significantly during the period from 2003 to 2009 [4,8,11].



Studies on glacier area change have shown that the glacier area in the WKL has been decreasing over the past few decades. However, in later periods, especially after 2010, the glaciers exhibited a tendency to advance. Shangguan et al. [12] showed that the total glacier area decreased from 1970 to 2001 although with a slight increase from 1990 to 2001. The results from Bao et al. [11] concluded that the glaciers in the WKL decreased from 1970 to 2010 overall, while the glacier area on the south slope increased from 1990 to 2010. Wang et al. [9] found that from 1970 to 2016, the glacier area in this region also showed a decreasing trend. According to Han [13], the glacier area in the WKL decreased by 2.95% from 1977 to 2013, while Ma [14] showed that the glacier area showed a slight increase from 2010 to 2017.



Bao et al. [11] obtained a slightly positive mass trend of 0.23 ± 0.24 m through ICESat from 2003 to 2009. However, also based on ICESat, Ke et al. [8] found that the surface height changes were heterogeneous over 2003–2008. In addition, ICESat can provide information on only the changes of some footprints, and the time frame is limited to 2003–2009. Zhou et al. [10] used KH-9 and SRTM to show that glaciers in WKL exhibited an almost 0 or slight positive mass balance of 0.02 ± 0.10 m w.e. a−1 from 1970 to 2000. However, because of data problems, there are extensive spatial data gaps. However, Wang et al. [9] showed that the mass balance was −0.06 ± 0.13 m w.e. a−1 in the same time period through topographic maps and SRTM data.



The WKL is located in the northwest of the TP and is one of the highest elevation areas in the world (Figure 1). According to CGI-2, there are 433 glaciers in WKL with an area of 2961.3 km2 [6]. The glaciers have limited debris cover, accounting for approximately 3% of the total glacier area [15]. Of all the glaciers in High Mountain Asia, the WKL glaciers are located in the most continental climate because the WKL is the coldest and driest region on and around the Tibetan Plateau [16].



According to previous studies, there may also be a phenomenon similar to the “Karakoram Anomaly” in the glaciers in the WKL [9]. However, the results of research by different scholars provide some contrasting results. In addition, previous studies have covered a short time span and lacked a continuous long-sequence study of glaciers. Furthermore, due to data reasons, many studies have studied only part of the glaciers in the study area and did not cover all glaciers in the WKL. Therefore, how the glaciers have changed in the WKL area over the past few decades requires a more comprehensive study of the area and mass changes over a long period of time. Hence, the purpose of this article is to (1) obtain continuous changes in the area of glaciers in the WKL area since 1970 through multi-source remote sensing images. (2) Obtain the changes in glacial mass in the WKL area since 1970 through multi-phase DEM.




2. Materials and Methods


This study calculated the glacier area change from the band ratio method and modified the results manually based on multitemporal Landsat series imagery. The ice elevation changes were calculated by differentiating digital elevation models (DEMs) constructed using topographic maps, SRTM and TanDEM-X.



2.1. Data


2.1.1. Landsat Images


Landsat series data (e.g., Landsat 1/2/3 MSS, 4/5 TM, 7 ETM+, 8 OLI) are most frequently used for glacier mapping. The time series of the Landsat scenes have been processed through standard terrain correction (level 1T). L1T satellite images were chosen from 1972 onward (Table 1) from the United States Geological Survey (USGS). As far as possible, images without cloud and snow influences were selected to depict the glaciers. As precipitation mainly occurred in the summer, the wintertime images were considered acceptable in the interest of minimizing seasonal snow and cloud cover. To obtain as many continuous changes in glacier area as possible, 18 Multispectral Scanner System (MSS)/Thematic Mapper (TM)/Enhanced Thematic Mapper Plus (ETM+)/Operational Land Imager (OLI) images (Table 1) were used to extract the glacier outlines from the USGS.




2.1.2. Topographic Maps


Eight topographic maps drawn by the China Military Geodetic Survey (CMGS) in October 1970 at a scale of 1:100,000 (Figure 1) was used here to generated the oldest DEM. The outline was digitalized manually, and then the Thiessen polygon method was used to convert it to a grid DEM (TopoDEM) with 30 m grid cells. The nominal vertical accuracy of these topographic maps is 3–5 m in flat and hilly areas (slopes < 6) and about 8–14 m in mountainsides and high mountain areas (slopes 6–25 and >25, respectively).




2.1.3. SRTM


The C-band and X-band SRTM DEMs were obtained from the USGS and the German Aerospace Center (DLR), respectively. The X-band SAR system had a swath width of 45 km, leaving large data gaps in the resulting X-band DEM [19]. Unfortunately, approximately only half of the WKL glaciers were covered by this data set. Therefore, the C-band SRTM DEMs were used to provide a reference altitude to monitor changes in glacial altitude. X-band SRTM DEMs were used to estimate the penetration depth of C-band radar in glacial areas. The SRTM C-band DEM data can represent the height of the glacier surface after the 2000 ablation period, and there is a slight seasonal variation [3,20,21]. The vertical errors indicative of SRTM C-band data range between 7.2 and 12.6 m [22].




2.1.4. TanDEM-X


The Tandem-X mission established the first spaceborne bistatic interferometer on 21 June 2010 and used two close flying satellites to generate global DEM with a resolution of 12 m. It has a height accuracy of 90% of 2 m on the medium terrain [23]. The first verification in Germany shows that the accuracy of 1–2 m can be achieved in relatively flat terrain [24]. The TanDEM-X data used multiple image pairs to generate DEM, and we chose the middle time of the collection cycle to represent the data [25].





2.2. Glacier Outline Mapping, Changes and Uncertainty


All images from USGS have been processed into standard L1T products through standard terrain correction for further pixel-level analysis [26]. Various techniques for automatic glacier mapping using optical satellite images have been successfully applied in different ice regions and the simple band ratio method emerged as the most suitable method [27]. Therefore, outlines of glaciers were derived from Landsat images using the band ratio method except for the MSS images. To retrieve glacial regions from MSS images without short-wave bands, ISODATA unsupervised classification was used, which iteratively clustered the pixel classes using the minimum distance technique [27]. Then all glacier outlines were modified by manual interpretation.



The uncertainty of terrestrial satellite images is estimated to be half a pixel (15 m) as a buffer zone [28,29,30,31]. The difference between the buffer zone and the glacier polygon is between 1.2% and 5.4%, which can be regarded as a rough assessment of the accuracy of mapping [26]. According to the error propagation law, the final uncertainty of the area change (EA) calculated according to Formula (1) [31] is 1.7–7.7%:


   E A  =    E  A 1     2  +  E  A 2     2     



(1)




where EA1 and EA2 represent the uncertainties of the glacier outlines of time 1 and 2, respectively.




2.3. Glacial Elevation Changes and Uncertainty


The glacier elevation changes were derived from three DEMs (TopoDEM, SRTM-C and TanDEM-X). Bilinear resampling was performed on all DEM to achieve the same horizontal resolution of 30 m. Before any differential analysis can be performed, the DEM needs to be integrated to eliminate both horizontal and vertical offsets [20]. A method proposed by Nuth and Kääb [32] and Paul et al. [27] was used in this study to co-registration the DEMs. The relationship between the observed height difference and aspect ratio was used for relative adjustment (Figure 2). Depending on the effect, multiple iterations will be performed during the correction process. In addition, in order to remove the influence of extreme values on the results, it is necessary to delete them using thresholding [3,33]. Significant statistical features of these height differences are used to exclude pixels representing height differences outside the 5–95 percent range to correct for potential deviations [20,34].



As noted in previous studies [35,36,37], the altitude-related vertical deviation in mountains can be attributed to the difference in the original spatial resolution between the two DEMs. Coarse DEM tends to underestimate the height of peaks or ridges with high topographic curvature because of their limited ability to represent frequent changes in slope. This deviation can be corrected by the relationship between elevation difference and maximum curvature on a glacier stabilized topography [3,37].



The penetration depth of the SRTM C-band radar beam in snow and ice should be taken into account when evaluating glacier height change [2,20,35]. Depending on different parameters, the penetration depth is generally 0–10 m [38,39]. As the approximation, since the penetration of SRTM X-band radar beam is close to 0, the elevation difference between SRTM c-band and x-band can generally be regarded as the penetration depth of SRTM C-band radar beam against snow and ice [2]. Therefore, the average penetration depth of SRTX C-band in the research is about 2.8 m, which is basically consistent with the results of Wang et al. [9].



After adjustment, we use the normalized median absolute deviation (NMAD; represented by 1.4826 × MED    (   |   x ˜  −  x i   |   )   |;    x i   : elevational difference;   x ˜  : median) of non-glacier areas to estimate the uncertainty of the difference between DEMs [21,40,41]. In order to convert surface height changes into mass changes, density assumptions are needed. The volume averaged density used is 850 ± 60 kg m−3 (see [42]). The final uncertainty of mass balance (E) is calculated as [40]:


  E =        (    N M A D  t  ×   Δ ρ    ρ W     )   2  +    (    N M A D  t  ×    ρ I     ρ W     )   2     



(2)




where t is the observation period,    ρ I    is the ice density (850 kg m−3),   Δ ρ   is the ice density uncertainty (60 kg m−3) and    ρ W    is the water density (1000 kg m−3).





3. Results


3.1. Glacial Area Changes


After band ratio and manual digitization, the glacial boundary between 1972 and 2018 in the WKL was obtained approximately every five years. In 1972, the area of glaciers was 2965.4 km2. In 2018, the area was 2953.4 km2. From 1972 to 2018, the total area of glaciers in the WKL decreased by 8.0 km2. The area decreased by 12.0 km2 from 1972 to 1991 and increased by 4.7 km2 from 2010 to 2018 (Table 2, Figure 3).



The area of the northern slope glacier decreased by 5.95 km2 from 1972 to 2018 including a continuous decrease of 11.8 km2 from 1972 to 2010 and an increase of 5.85 km2 from 2010 to 2018. The change in the area of the southern slope glacier was relatively small. The area of the southern slope glacier decreased by 2.0 km2 from 1972 to 2018, including a decrease of 6.5 km2 from 1972 to 1991 and an increase of 6.2 km2 from 1991 to 2005 (Table 2, Figure 3). The area of the glaciers on the south and north slopes of the WKL decreased notably from 1972 to 1991, resulting in a significant decrease in the total area of glaciers. From 1991 to 2010, the area of the north slope decreased and the area of the south slope increased, making the total area approximately stable with slight fluctuations. From 2010 to 2018, the increase in the total area of glaciers was mainly due to the contribution from the northern slope.




3.2. Glacier Surface Elevation Changes


The results showed that the glaciers in the WKL were nearly balanced with a slight and not notably mass loss within the period from 1970–2016. The glacier surface elevation change was approximately −1.9 ± 1.0 m from 1970 to 2016, with a mass balance of −0.03 ± 0.02 m w.e.a−1. However, over the entire period, the trend of the changes in the glacier surface elevation in the WKL was not consistent. Among these changes, the glaciers thinned overall from 1970 to 2000 and the average elevation of the glacier surface decreased by approximately 2.5 ± 1.0 m, while from 2000 to 2016, the glaciers thickened slightly overall, and the average elevation of the glacier surface increased by approximately 0.6 ± 1.0 m (Table 3).



In addition, there were obvious spatial differences in the changes in glacial surface elevation and ice volume in the WKL, and the change trends of the southern and northern slopes were different (Table 3). The northern slope glacier thinned by approximately 4.5 ± 1.0 m during the entire period from 1970 to 2016. Among these changes, thinning was most obvious from 1970 to 2000, and the average elevation decreased by approximately −4.9 ± 1.0 m, while the glaciers thickened slightly from 2000 to 2016, and the average elevation increased by approximately 0.4 ± 1.0 m. The southern slope glacier thickened by approximately 2.4 ± 1.0 m from 1970 to 2016. During the two periods of 1970–2000 and 2000–2016, the glaciers thickened by approximately 1.3 ± 1.0 m and 1.1 ± 1.0 m, respectively (Table 3).



According to the spatial distribution of the glacier thickness changes in the WKL, the glacier thickness changes in this area exhibited large spatial differences (Figure 4). The pattern of the changes in the surface height of glaciers can be roughly divided into two categories. Category one, between 1970–2000 and 2000–2016, the distribution patterns of the glacial thickness changes were the same; category two, the distribution patterns of glacial changes were not consistent between the two time periods.



Most glaciers exhibited almost the same thickness variation characteristics between 1970–2000 and 2000–2016. At lower elevations, there were large mass losses. As the altitude increased, glacier thinning gradually weakened. The upper part of the glacier thickened. These patterns are similar to most glacier changes around the TP, such as in the Gongga Mountains [43] or Qilian Mountains [41]. Figure 5 shows the distribution of surface elevation changes of three typical glaciers and their changes along the longitudinal section. For example, in Xiyulong G., glacier thinning was at its maximum at low elevations near the terminus. As the altitude increased, the thinning of the glacier gradually weakened. At 9 km from the terminus, the surface elevation change of the glacier changed to 0; when the altitude increased again, the surface elevation change of the glacier began to increase in the periods from 1970 to 2000, 2000 to 2016 and 1970 to 2016. The same glacier surface elevation change pattern also exists in Gongxing G. and 5Y614G0038 G (Figure 5).



However, for some glaciers, the melting pattern of glaciers was reversed in certain periods of time. For example, in some glaciers, such as Zhongfeng G., Xikunlun G. and 5Y641H0067 G., from 1970 to 2000, the glaciers’ ablation pattern was normal. As the altitude decreased, the thinning of the glaciers increased. However, from 2000 to 2016, in areas with low glacier elevations, there was strong thickening, and the areas with the strongest thickening could reach 150 m (Figure 6). From 2000 to 2016, some glaciers thinned normally, but from 1970 to 2000, the phenomenon of thickening in low-altitude areas appeared, such as for the Congce G., Yulong G. and Kunlun G. (Figure 7).





4. Discussion


4.1. Glacial Changes in WKL Compared with Others


Many scholars have studied the area of glaciers in the WKL [9,11,12,13,14]. However, most of the studies have coarse temporal resolutions, with only one or two periods of area changes on average. In this study, we obtained a total of eight epoch area changes from 1972 to 2018. In this way, more detailed characteristics of the changes in the area of glaciers are obtained. From 1970 to 1990, the results of all scholars showed that the glaciers were retreating. From 1990 to 2000, Wang et al. [9], Han [13] and Bao et al. [11] believed that the WKL glaciers were in a state of retreat, while Shangguan et al. [12] thought they were in a slightly expanding state, and this study also showed that they were in a overall slight expansion, but with spatial variability. From 2000 to 2010, Wang et al. [9] and Han [13] showed that the glaciers were in a state of retreat, while Bao et al. [11] and this study showed that they were in a state of slight retreat. From 2010 to 2018, Wang et al. [9] presented that the glaciers showed a trend of retreat, while Ma [14] and this study showed a state of expansion.



Scholars have also performed additional research on the mass balance of the WKL, mainly including the material balance from 1970 to 2000 based on the geodetic method [9,10] and the mass balance from 2003 to 2008 based on ICESat [8,11,44]. Zhou et al. [10] obtained a mass balance of 0.02 ± 0.1 m w.e. a−1 from the mid-1970s to 2000 based on KH-9 and SRTM. Wang et al. [9] obtained a mass balance of −0.06 ± 0.13 m w.e. a−1 from the 1970s to 2000 based on topographic maps and SRTM. In addition, according to Bao et al. [11], Neckel et al. [44] and Ke et al. [8], from 2003 to 2008, WKL’s mass balance was approximately 0.03 to 0.23 w.e. a−1 based on ICESat. In this article, we obtained the mass balance of glaciers in the WKL region from 1970 to 2016, a longer and continuous time series.




4.2. Influencing Factors of Glacier Changes


According to the two categories of thickness changes for the different glaciers in the WKL, we believe that the category one of glaciers are normal glaciers, which conform to the general glacier change patterns. The thickness of the ablation zone is thin, and the accumulation zone is thick. The thickness change pattern of the category two of the glacier should be caused by glacier surging. It is clearly seen that surge events occurred over the Congce G., Yulong G. and Kunlun G. from the 1970s to 2000 and the Zhongfeng G., Xikunlun G. and 5Y641H0067 G. from 2000 to 2016. Glacial surging will have a certain effect on the change in glaciers. When glacier surging occurs, the rapid movement transports the mass in the accumulation zone to the ablation zone and causes the glacier to advance and increase in area. At this time, the accumulation zone is thinned, and the ablation zone is thickened; after glacier surging, a large amount of mass is exposed to the ablation zone, causing subsequent rapid melting [45,46].



Overall, from 1970 to 2018, the glaciers in the WKL retreated slightly with fluctuations. Before 2000, especially before 1990, the glaciers showed a retreating trend; after 2000, especially after 2010, they showed an expansion. Before 2000, the glaciers showed a slight thinning phenomenon, and after 2000, they showed a slight thickening phenomenon. In 1985, the end-of-summer transient snowlines ranged from 5700 to 6120 m a.s.l., and the average equilibrium line altitude (ELA) was 5930 m a.s.l. [9,47]. The snowlines from 2003 to 2013 varied from 5929 to 6061 m, with a mean of approximately 5990 m [11]. This result means that the ELA of glaciers has shown a slight upward trend in the past few decades, but the increase is not obvious. The results of the ELA change also confirm that the glaciers of the WKL were in a slight retreat.



Climate change is generally considered to be the main factor causing glacier change [41,48]. To understand the relationship between climate and glacier change here, we analyzed meteorological data from six stations (Pishan, Hotan, Yutian, Mingfeng, Shijiehe and Geze). Meteorological data can be downloaded from the China Meteorological Data Sharing Service system (http://cdc.cma.gov.cn/). Using annual precipitation and summer (June, July and August) average air temperature data from 1973 to 2019, we present the climate change trend of WKL (Figure 8). The results show that from 1973 to 2019, the temperature showed a large upward trend, while the annual precipitation during the period increased slightly. Mass accumulation caused by increased precipitation is not enough to compensate for the mass loss caused by increased temperature. In detail, the expansion of glaciers during 2010–2018 was probably caused by increased precipitation and decreased temperatures during this period (Figure 8). Climate change has difficulty fully explaining the multiple fluctuations in glaciers from 1970 to 2018, which is most likely caused by glacial surging.





5. Conclusions


In this study, we analyzed the changes in glacier area and mass in the WKL region using topographic maps, Landsat series data, SRTM and TanDEM-x data from the 1970s to 2018. We found that from 1972 to 2018, the total area of glaciers in the WKL decreased by 7.99 km2. The area decreased by 12.02 km2 from 1972 to 1991 and increased by 4.70 km2 from 2010 to 2018. Glacial surface elevation and ice volume change results in the WKL showed that the overall glacier thickness slightly decreased from 1970 to 2016, with an average of −1.9 ± 1.0 m and a mass balance of −0.03 ± 0.02 m w.e. The glacier thinning was approximately 2.5 m from 1970 to 2000, while from 2000 to 2016, the glacier was thickened by approximately 0.6 m. Overall, the glaciers in the WKL showed a very slight retreat. Our conclusion also proves that there is indeed the existent of the “Karakoram Anomaly” phenomenon in the WKL in the past few decades. In addition, the mass changes of glaciers are largely affected by glacial surging.
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Figure 1. Location of the Western Kunlun Mountains (WKL) on remote sensing images from Google Earth. The inset indicates the locations of the WKL and Tibetan Plateau. The black dotted line indicates the dividing line between monsoon and westerlies [17]. The pink dotted line indicates the dividing line between different glacier types [18]. The WKL glaciers are continental (polar)-type glaciers and influenced by westerlies. 
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Figure 2. Scatter plot of slope-standardized altitudinal differences in the terrain aspect for off-glacier areas. (a) Before co-registration and (b) after co-registration. 
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Figure 3. The glacier area changes on the south slope, north slope and for the total WKL. 






Figure 3. The glacier area changes on the south slope, north slope and for the total WKL.



[image: Remotesensing 12 02632 g003]







[image: Remotesensing 12 02632 g004 550] 





Figure 4. Changes in glacier surface elevation over time periods: (a) 1970–2000; (b) 2000–2016 and (c) 1970–2016. The names of the glaciers are presented in the text. 
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Figure 5. Changes in glacier surface elevation over time periods and their changes along the longitudinal section in the Xiyulong Glacier (abbreviated as Xiyulong G., the same below), Gongxing G. and 5Y614G0038 G. The locations of glaciers are shown in Figure 4 in black font. 
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Figure 6. Changes in glacier surface elevation over time periods and their changes along the longitudinal section in the Zhongfeng G., Xikunlun G. and 5Y641H0067 G. The locations of glaciers are shown in Figure 4 in brown font. 
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Figure 7. Changes in glacier surface elevation over time periods and their changes along the longitudinal section in Congce G., Yulong G. and Kunlun G. The locations of glaciers are shown in Figure 4 in green font. 
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Figure 8. Changes in mean annual precipitation and mean summer air temperature (June, July and August) based on the six nearest weather stations around the WKL as anomalies from the mean between 1973 and 2019. The red and blue dashed lines are the linear trend lines of air temperature and precipitation. 
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Table 1. The remote sensing data selected in this study.
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	Sensors
	Path/Row
	Date
	Resolution (m)
	Area
	DEM





	Landsat MSS
	P145/R35
	1972/12/01
	60
	√
	



	Landsat MSS
	P145/R36
	1972/12/01
	60
	√
	



	Landsat MSS
	P145/R35
	1976/11/1
	60
	√
	



	Landsat MSS
	P145/R36
	1976/11/1
	60
	√
	



	Landsat TM
	P145/R35
	1991/2/3
	30
	√
	



	Landsat TM
	P145/R36
	1991/2/3
	30
	√
	



	Landsat TM
	P145/R35
	1995/12/31
	30
	√
	



	Landsat TM
	P145/R36
	1995/12/31
	30
	√
	



	Landsat ETM+
	P145/R35
	2000/12/4
	30(Multi)15(Pan)
	√
	



	Landsat ETM+
	P145/R36
	2000/12/4
	30(Multi)15(Pan)
	√
	



	Landsat ETM+
	P145/R35
	2005/11/16
	30(Multi)15(Pan)
	√
	



	Landsat ETM+
	P145/R36
	2005/11/16
	30(Multi)15(Pan)
	√
	



	Landsat TM
	P145/R35
	2010/12/8
	30
	√
	



	Landsat TM
	P145/R36
	2010/12/8
	30
	√
	



	Landsat OLI
	P145/R35
	2010/12/8
	30(Multi)15(Pan)
	√
	



	Landsat OLI
	P145/R36
	2010/12/8
	30(Multi)15(Pan)
	√
	



	Landsat OLI
	P145/R35
	2015/12/6
	30(Multi)15(Pan)
	√
	



	Landsat OLI
	P145/R36
	2015/12/6
	30(Multi)15(Pan)
	√
	



	Topographic maps
	
	1970.10
	
	
	√



	SRTM
	
	2000.2
	30
	
	√



	TanDEM-X
	
	2014–2018
	12
	
	√
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Table 2. Glacial area and changes from 1972 to 2018 in the WKL (the area change is based on the glacier area in 1972).
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Time

	
North Slope

	
South Slope

	
Total WKL




	
Area

	
Area Change

	
Area

	
Area Change

	
Area

	
Area Change




	
(km2)

	
(km2)

	
(km2)

	
(km2)

	
(km2)

	
(km2)






	
1972/12/1

	
1821.9

	
0

	
1143.5

	
0

	
2965.4

	
0




	
1976/11/1

	
1820.54

	
−1.4

	
1140.1

	
−3.3

	
2960.6

	
−4.7




	
1991/2/3

	
1816.4

	
−5.5

	
1136.9

	
−6.5

	
2953.3

	
−12.0




	
1995/12/31

	
1814.4

	
−7.5

	
1139.5

	
−4.0

	
2953.9

	
−11.5




	
2000/12/4

	
1813.5

	
−8.5

	
1141.8

	
−1.7

	
2955.3

	
−10.2




	
2005/11/16

	
1811.9

	
−10.0

	
1143.1

	
−0.4

	
2955.0

	
−10.4




	
2010/12/8

	
1810.1

	
−11.8

	
1142.6

	
−0.9

	
2952.7

	
−12.7




	
2015/12/6

	
1813.8

	
−8.10

	
1141.8

	
−1.7

	
2955.6

	
−9.8




	
2018/11/12

	
1816.0

	
−6.0

	
1141.4

	
−2.0

	
2957.4

	
−8.0
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Table 3. The surface elevation change from 1972 to 2016 in WKL.
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	Time Intervals
	North Slope Mean Elevation Change (m)
	North Slope Mass Loss Rate (m w.e. a−1)
	South Slope Mean Elevation Change (m)
	South Slope Mass Loss Rate (m w.e. a−1)
	Whole Mean Elevation Change (m)
	Mass Loss Rate (m w.e. a−1)





	1970–2000
	−4.9
	−0.14
	1.3
	0.03
	−2.5
	−0.07



	2000–2016
	0.4
	0.02
	1.1
	0.06
	0.6
	0.03



	1970–2016
	−4.5
	−0.08
	2.4
	0.04
	−1.9
	−0.03











© 2020 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/).






nav.xhtml


  remotesensing-12-02632


  
    		
      remotesensing-12-02632
    


  




  





media/file8.jpg





media/file11.png
Zhongfeng G.
1970-2000

60 (m)

-100 (m)

Xikunlun G.
1970-2000

60 (m)

-100 {m)

5Y641H0067 G.
1970-2000

60 (m)

=100 (m)

Zhongfeng G.

2000-2016

150 (m)

-100 (m)

Xikunlun G.
2000-20

150 (m)

-100 (m)

5Y641H0067 (.
2000-2016

150 (m)

=100 (m)

Zhongfeng G.
1970-2016

150 (m)

-100 (m)

Xikunlun G. 150 (m)

-100 (m)

5Y641H0067 G.
1970-2016

150 (m)

-100 (m)

Zhongleng G,

—
]
(=]

1970-2000
2000-2016
1970-2016

A

o0
(=3
L

(=]

Surlace elevation change (m)
& P

oo
<

Distance from ternimus (km}

1209 Xijkynlun G.

1970-2000
2000-2016
1970-2016

Surface clevation change (m)

T 1
0 2 4 6 8 10 12
Distance from ternimus (km)

Surface elevalion change {m)

200 7

150

—_

=

(=3
1

th
=
1

(=]
!

-50) 4

=100

SYG64THOO6T G,

1970-2000
2000-2016
1970-2016

Distance [rom ternimus (km)






media/file6.jpg





media/file1.png
35°30'N

35°0'N

80°0'E 80°30'E 81°0'E 81°30'E

[ IGlaciers
* [ ] Glaciers in WKL
Topographic maps

60 -
] km

< i -~ 3 g t - [ - i
80°0'E 80°30'E 81°0'E 81°30'E

35°0'N





media/file13.png
Congce G.
1970-20

150 (m)

Yulong G.
1970-2000

I 150 (m)

-100 (m)

Kunlun G.
1970-2000.

00 (m) -100 (m)
Congce G. Yulong G. Kunlun G.
1970-200 1970-2000

60 (m)

60 (m)

-100 (m)

1970-2000 *

-60(m) -100 (m)
Congce G. Yulong G. Kunlun G.
1970-2000

1970-2000

15
l -1

0 (m)

00 (m)

100 (m)

=100 (m)

1970-2000

60 (m)

=150 (m)

Surface elevation change (m)

Congee .

1970-2000
2000-2016
1970-2016

T T T

T
4 8 12 16

Distance trom ternimus (km)

1
20

e
e

T Yulong G.
1970-2000

2000-2016
1970-2016

Swurface clevation change (m)

I 1 T 1
0 4 8 12 16 20
Distance [rom lermimus (km)

106) . -
Kunhn Gi.

1970-2000

S—— =2
8.10- 2000-2016
2 — 15702016
150 T T U T 1
6 9 12 15

Distance from ternimus (km)






media/file10.jpg





media/file7.png
80°30'E

. 5Y614G0038 G. -

35°40'N

W

35°20'N

1
5Y641H0067 G. -,
Xikunlun G. J /
o 1

35°40N

35°20'N

35°40'N

35940'N

35°20'N

ng G.

Ry

Yulo

35°20'N
1

Gongxing G. f o :

t y
~ C G. £
Zhongfeng G. > — o

1 1 Ll
80°30T 81°0'T 81°30T

S5 -2 -1 05 -02 02 05 1 2 5 (m/a)

T
35°40'N

T
35°20'N

1 km





media/file12.jpg





media/file9.png
Xiyulong G.

1970-2000

Ié{](m)
=100 {m)

Gongxing G.

40 {m)

-100 (m)

5Y614G0038 G
1970-2000

I40 (m)
-100 {m)

Xiyulong G.

2000-2016

40 (m)

-80 (mj)

Gongxing G.

40 (m)

-850 {m)

5Y614G0038 G
2000-2016

40 (m)

-80 ()

Xiyulong G.

1970-2016

I]HO {m)
=180 (m)

Gongxing G.

1970-2016

60 (m)

180 (m)

SY614G0038 G

1970-2016

l 60 (m)
- 180 {(m)

Surluce elevation change (m)
, :

7 Xiyvulong G.

Surlace elevation change (m)

10

kS
(=]

Gongxing G

[igtance from ternimus ikm)

e 1970-2000 x5 —— 19702000
1204 A —— 20002016 | 20002016
- —— 19702016 —— 19702016
I : . , : ——
k! 6 o 12 15 0 2 g ] H] 10 12

Distance from ternimus ikm)

Surlace elevalion change (m})

SY641G0038 G. P

TR i, f._"t,#/p-\\\«/

L W s e et

r"‘;

ElIE )
_,;;'f”

o — 19702000

oo 2000-2016

—  1970-2016

-120 : - 5 2 .

2 4 [ 3 10

Distance from ternimus (kin)






media/file14.jpg
() Ajewous vondiaig

— Annual Precipitation Wl Glacier

Summer (JJA) air Temperature.

0

1l

(Oewoue ammsaduwsy 1y

|

1970

96T 096 SS6T 0567
e 1o

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

1975





media/file5.png
“ _ _ _
I _ _ _
_
: _ _ _
I _ _ _
L e — Nk - - = = = ]
| | |
I _ _ _
_
_ | |
I _ _ _
- - - — 4 — — — — NW - — — —
: _ _ _
I _ _ _
_
| _ _ _

I _ _ _
I e I
| _

I _

_
| _
_
: _
I _
_
| _
I B I R
_
| _
I _
_
| _
I I T AU S EY AR ]
_
: _
I _
_
I
I _llee ]
I o Q
| 9 2
_ 27
! B E S
: o 2 O
I L - wn Z = _ ]
_
| _
_ _
_
| _ |
e — — el =
" | | |
I _ _ _
_ _ _
| | | |
= 7 = e S

(zury) 9Sueyd BaJR JOIOR[N)

1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

1975

1970





media/file15.png
Annual Precipitation [l Glacier area

Summer (JJA) air Temperature

(wrwr) Ajewoue uonedroard

-
a
1

0

-
b
1

1
0
-0.5 1

1
— v
—

1

(Do)ATemiouE dmierddwa) Iy

LU L

- LB L
_
—_—
_
-
_
_

\

$96¢

] \

096C §S6C 056C
(;uny) Bare 19108

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

1970





media/file3.png
Elevation difference/tan(slope) (m)

7

R
+
!0

ov
‘0

03“0‘.

ii'

t*"‘w‘s‘

150 200
Terrain aspect (degree)

Elevation difference/tan(slope) (m)

—_— = N
1, I e B L
= O o O

n
S

-100
-150

-200

" * &
u'
{ ..'..~ “‘. % {e, 159
X

100 150 200 250
Terrain aspect (degree)






media/file4.jpg
area change (ki)

—o— South siope
15 4 Norh slope
—=— Toul

W ws e e e s me aes e W5 am
Year





media/file0.jpg
80°30E. S10E. $1930E.

35730N

350N
350N

$0°0E $0°30E S1°0E S1°30E





media/file2.jpg
! 7 ree) Terrain aspect (de

Terrsin aspect (de






