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Abstract

:

Research on glacier movement is helpful for comprehensively understanding the laws behind this movement and can also provide a scientific basis for glacier change and analyses of the dynamic mechanisms driving atmospheric circulation and glacier evolution. Sentinel-1 series data were used in this study to retrieve the three-dimensional (3D) surface motion displacement of the Muz Taw glacier from 22 August 2017, to 17 August 2018. The inversion method of the 3D surface motion displacement of glaciers has been verified by the field measurement data from Urumqi Glacier No. 1. The effects of topographic factors, glacier thickness, and climate factors on the 3D surface displacement of the Muz Taw glacier are discussed in this paper. The results show that, during the study period, the total 3D displacement of the Muz Taw glacier was between 0.52 and 13.19 m, the eastward displacement was 4.27 m, the northward displacement was 4.07 m, and the horizontal displacement was 5.90 m. Areas of high displacement were mainly distributed in the main glacier at altitudes of 3300–3350 and 3450–3600 m. There were significant differences in the total 3D displacement of the Muz Taw glacier in each season. The displacement was larger in summer, followed by spring, and it was similar in autumn and winter. The total 3D displacement during the whole study period and in spring, summer, and autumn fluctuated greatly along the glacier centerline, while the change in winter was relatively gentle. Various factors such as topography, glacier thickness, and climate had different influences on the surface motion displacement of the Muz Taw glacier.
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1. Introduction


Glaciers are an essential part of the cryosphere. About 75% of the world’s freshwater is stored in glaciers, which are thus precious freshwater reservoirs [1,2]. Glaciers, especially mountain glaciers, are highly sensitive to climate change. Therefore, glaciers are considered to be an important indicator of climatic research [3,4,5,6]. Although mountain glacier reserves account for less than 1% of the total ice reserves on the planet, they have a significant impact on the change in global freshwater resources. Meanwhile, mountain glaciers known as alpine solid reservoirs are also closely related to the vast majority of freshwater resources that are extensively used by human beings [7,8,9]. At the same time, they are also a sensitive indicator of environmental change and climate warming, and the information on glacier changes can reflect the changing characteristics of the global climate [10,11,12,13,14].



Movement is one of the main signs that distinguish glaciers from other natural ice bodies [15]. Glacier movement not only changes the spatial distribution of material in the glacier area but also affects glacier geometry, such as their length, thickness, area, and volume [16,17,18]. It also affects the hydrothermal conditions of the glacier, increasing the complexity of the response of glaciers to climate change. At the same time, glacier movement may also trigger hazards such as glacial lake outburst floods, ice falls, and glacial mudflows [19,20,21,22,23,24]. The study of glacier movements and understanding glacier movement patterns can not only help humankind use these glacial freshwater resources more conveniently and rationally but also provide a scientific basis for the study of glacier changes and the analysis of the dynamical mechanisms driving atmospheric circulation. This is beneficial for the study of glacier evolution and for comprehensive scientific research on glaciers [25,26,27].



In recent years, various modern remote sensing techniques have been used for glacier movement monitoring, including optical imaging [28,29,30,31,32], global navigation satellite systems (GNSSs) [33,34], synthetic aperture radar (SAR) [35,36,37,38,39,40,41], and unmanned aerial vehicles [42]. In particular, synthetic aperture radar (SAR) is widely used in mountain glacier movement monitoring due to its advantages such as its applicability in all weathers, its all-day operation, and its high-resolution [40,43,44]. Methods to obtain 3D surface motion information of glaciers through remote sensing inversion mainly include D-InSAR technology combined with MAI technology, using the ascending and descending orbit data; D-InSAR technology combined with offset tracking method; D-InSAR technology combined with GNSS data; and PO-SBAS, which integrates pixel offset technology and small baselines subset [17,43,45,46,47,48,49,50,51,52,53,54,55,56]



Spatially, the glaciers are shrinking in the Himalayas, mainly under the influence of the westerlies and Indian monsoon, and the change in glaciers in the Karakorum and West Kunlun under the influence of the westerlies is abnormal [13,57,58,59,60,61,62,63]. In recent years, glaciers in eastern Pamir and Tibet have also experienced collapse [23,63,64,65,66,67,68]. Therefore, the study of glacier movement changes in the Sawir Mountains, as an area controlled by the north branch of the westerlies, is of great scientific importance for understanding the trend in mountain glacier movement in Western China. In terms of latitudinal position in China, the Sawir Mountains, located in the western part of the Junggar Basin in northern Xinjiang, are second only to the Altay Mountains in terms of latitudinal height and are more unique compared to the typical Tibetan Plateau region. Thus, the study of glacial movements in the Sawir Mountains can also help in understanding and grasping the trend of glacial movements in the high latitude mountains of Western China. The Muz Taw glacier is the main peak of the Sawir Mountains and is a typical glacier in the Sawir Mountains. Consequently, we took the representative Muz Taw glacier as the study area. Previous studies on the Muz Taw glacier have mainly focused on glacier thickness variations [69], area variations [70], and artificial snowfall to slow down glacier ablation [71], and there are still no relevant studies on the inversion of 3D surface motion displacement of this glacier.



In this study, based on data from Sentinel-1A ascending and Sentinel-1B descending tracks from 2017 to 2018, we used an optimized method of glacier 3D surface motion displacement, which was validated by field measurement data to demonstrate its feasibility [17], and we obtained the overall distribution, seasonal variation, and distribution characteristics along the streamlines and sections of the Muz Taw glacier in the study period. Finally, the effects of each factor on glacier surface motion displacement are discussed in the context of topography, glacier thickness, and climate data. This could provide a reference for comprehensively understanding the characteristics of the 3D surface motion displacement of mountain glaciers at high latitude in China.




2. Materials and Methods


2.1. Study Region


The Sawir Mountains, which straddle the border between China and Kazakhstan, are the transitional section between the Tian Shan Mountains and the central Altai Mountains, located at 84°40′E to 86°30′E and 46°50′N to 47°20′N. The eastern section of Sawir Mountains is in China and stretches for more than 100 km in Jimunai County, Xinjiang (Figure 1). The Sawir Mountains are an extremely obvious watershed between the Arctic Ocean and the inland water system of Xinjiang [69]. For the Sawir Mountains, the ablation of the glaciers is more intense than the global average, and the total area of the glaciers reduced by 46% from 23 km2 in 1977 to 12.5 km2 in 2017 [70].



The Muz Taw peak (47°04′N, 85°34′E) is the main peak of Sawir Mountains, with an altitude of 3835 m. It is located on the north side of Sawir Mountains and 45 km south of Jimunai County. The Muz Taw glacier is the only surface water source in Jimunai County, and half of the county’s drinking water is supplied by the Muz Taw glacier. The Muz Taw glacier has been in a state of continuous decline since 1959; in the past 20 years especially, it has been in a rapid and accelerated state of shrinkage [70,71].




2.2. Data


Sentinel-1 series images (downloaded from https://qc.sentinel1.eo.esa.int/, accessed on 16 April 2020) were used for extraction of the Muz Taw glacier 3D surface motion displacement. Interferometric Wide Swath (IWS), VV polarization Sentinel-1A ascending, and Sentinel-1B descending track single look complex images were selected. Due to the absence of Sentinel-1B descending images between 27 August 2018, and 13 May 2019, the end date was selected as the Sentinel-1B image on 15 August 2018. Sentinel-1A ascending and Sentinel-1B descending images were dated only two days apart. They were approximately treated as the same date, and the dates of the Sentinel-1A ascending images (22 August 2017 to 17 August 2018) were used as the base. By limiting the time interval of image pairs to no more than 36 days, 29 ascending and 29 descending SAR images were acquired, and a total of 150 image pairs were selected, including 75 ascending and 75 descending pairs. For details on the data, see Table A1 and Table A2 in Appendix A.



SRTM1 Arc-Second data from 2000 with a resolution of 30 m were obtained from the International Scientific Data Mirroring Website of the Chinese Academy of Sciences Computer Network Information Center (http://datamirror.csdb.cn, accessed on 16 April 2020). SRTM-1 was used to extract the topographic factors of the Muz Taw glacier, as well as to be employed in master and slave image registration and geocoding as auxiliary data. Using SRTM-extracted topographic factors, it was resampled at a spatial resolution of 10 m, which was consistent with the spatial resolution of the remote sensing inversion results.



The meteorological data were mainly used to discuss the influence of climatic factors on glacier surface motion displacement. The meteorological data were obtained from the Chinese surface climate data set on the China Meteorological Science Data Sharing Service website (http://cdc.cma.gov.cn/, accessed on 16 April 2020). Three surface observation meteorological stations closest to the Muz Taw glacier were selected: Jimunai, Hebkeser, and Habahe. Temperature and precipitation data from 1961 to 2016 at these stations were used in our study.





3. Method


3.1. Inversion Method for 3D Surface Motion Displacement of Glacier


The inversion method for 3D surface motion displacement of the glacier based on Sentinel-1 imagery, including the offset tracking method, optimized the offset tracking results by iterative filtering, OT-SBAS technology, and conversion of the 3D surface motion displacement of the glacier [17]. The process of the method used was described in detail in our previous publications, and the feasibility of the method was verified using field measurement data. It is not described in detail in this article.



The correlation coefficients between the inverted and the measured displacement value of the west branch of Urumqi Glacier No. 1 in the east, north, and vertical directions were 0.78, 0.64, and 0.81, respectively, with root mean square errors of 0.015, 0.020, and 0.026 m, respectively. In the east direction, the average absolute value of the difference between the measured and the inversion value accounted for 16.5% of the average absolute value of the measured value. In the north direction, the ratio was 25.3%, and in the vertical direction, it was 17.1%. The accuracy level could satisfy the general requirement of 3D surface motion displacement monitoring of high-latitude mountain glaciers in China.




3.2. Estimation of the Displacement of Total 3D Surface Motion of Glacier


According to the 3D surface motion velocity    υ i D  ( i = 1 , ⋯ , 28 )   of the Muz Taw glacier at each time period in different directions and the time interval of each period    T i  ( i = 1 , ⋯ , 28 )  , the displacement in each direction    S D    could be obtained, and it was calculated using Formula (1) [56]:


   S D  =   ∑  i = 1   28    (  υ i D  ×  T i  )    



(1)




where  D  indicates the eastward, northward, and vertical directions.



The total 3D displacement    S  3 D     could be obtained by combining the east displacement    S  E a s t    , north displacement    S  N o r t h    , and vertical displacement    S  V e r t i c a l    , which was calculated using Formula (2) [53,55,56]:


   S  3 D   =    S  E a s t  2  +  S  N o r t h  2  +  S  V e r t i c a l  2     



(2)








3.3. Estimation of 3D Surface Motion Displacement of Glacier in Each Season


The seasonal periods of the Muz Taw glacier were divided into autumn (from September to November 2017), winter (from December 2017 to February 2018), spring (from March to May 2018), and summer (from June to August 2018). For the Muz Taw glacier, the 3D surface motion velocity in different directions was    υ i D  ( i = 1 , ⋯ , 28 )   and the time interval of each period was    T i  ( i = 1 , ⋯ , 28 )  , and based on length of each time period in each seasonal period, the displacement of each season    S m  ( m = S p r i n g ,   S u m m e r ,   A u t u m n ,   w i n t e r )   could be calculated using the following formula [53,55,56].


   S  A u t u m n   =  υ 1  ×  3 /  12 ×  T 1    +  υ 2  ×  T 2  + ⋯ +  υ 7  ×  T 7  +  υ 8  ×  4 /  12 ×  T 8     



(3)






   S  winter   =  υ 8  ×  8 /  12   ×  T 8  +  υ 9  ×  T 9  + ⋯ +  υ  14   ×  T  14   +  υ  15   ×   10  /  12   ×  T  15    



(4)






   S  S p r i n g   =  υ  15   ×  2 /  12   ×  T  15   +  υ  16   ×  T  16   + ⋯ +  υ  22   ×  T  22   +  υ  23   ×  6 /  12   ×  T  23    



(5)







Since the end time of the last period of the acquired Sentinel-1A image pair was 17 August 2018, the approximate displacement of summer—from 18 to 31 August 2018—was calculated using    υ  28     instead of the velocity of this period, as follows:


   S  S u m m e r   =  υ  23   ×  6 /  12 ×  T  23     +  υ  24   ×  T  24   + ⋯ +  υ  28   ×  T  28   +  υ  28   ×   14  /  12 ×  T  28      



(6)









4. Results


4.1. Overall Distribution Characteristics of Muz Taw Glacier Displacement


The 3D surface motion displacement of the Muz Taw glacier was estimated for the period from 22 August 2017, to 17 August 2018, and its distribution is shown in Figure 2.



During the study period, the total 3D displacement of the Muz Taw glacier ranged from 0.52 m to 13.19 m. The total 3D displacement of the glacier was 7.07 m, which was converted into a displacement rate of 7.17 m/a. The surface motion displacement rate of Chinese glaciers ranges from 0 to 515.4 m/a [72], and the flow rate of the Muz Taw glacier is significantly smaller than that of most glaciers in China. Meanwhile, the east and north displacements of the whole glacier were determined to be 4.27 and 4.07 m, respectively, which were converted into displacement rates of 4.33 and 4.13 m/a, respectively. By combining the east and north displacements, it can be seen that the horizontal displacement of the Muz Taw glacier was 5.90 m, with a displacement rate of 5.98 m/a.



From the analysis of the distribution of the total 3D displacement of the Muz Taw glacier in Figure 2d, it could be found that the displacement in the higher elevation area was higher than that in the lower elevation area. The regions with high values of total 3D displacements were mainly distributed near the regions of the main glacier at 3300–3350 and 3450–3600 m above sea level. From the firn basin in the upper reaches to the terminus, the total 3D displacement showed the distribution characteristics of increasing and then decreasing, increasing, and decreasing. At the location where the tributary glaciers converge, the total 3D displacement was significantly larger than those of the other surrounding areas.



The above distribution characteristics were mainly due to the fact that the change in the glacier surface elevation affects the total 3D displacement to a certain extent. In addition, the transformation of the surface feature structure plays a key role in glacier surface movement, and the accumulation and exchange of glacier mass were also important factors affecting the accelerated movement of the glacier. Considering the results of distribution of the displacement of the Muz Taw glacier in the eastward, northward and vertical directions, it could be seen that in the firn basin area upstream from the glacier, the accumulation of glacier mass was greater than the loss of mass, and the glacier was in an accumulation state with relatively small displacement. However, when the glacier moved from upstream to the middle, the elevation of the glacier decreased rapidly, the slope increased rapidly, and the sections of the glacier narrowed and the longitudinal slope became steeper, so the glacier mass in part of the higher elevation area might have transferred rapidly to lower elevation areas. Therefore, the displacement of the glacier would have increased sharply, easily generating an extreme value near the mass balance line. In the terminus of the glacier, the terrain gradually became relatively gentle and the surface displacement also decreased. When the tributary glacier merged into the main glacier, its elevation also decreased rapidly, its slope increased rapidly, and the mountain section narrowed; thus, the displacement of the glacier at the convergence location increased.




4.2. Seasonal Variation in Muz Taw Glacier Displacement


Figure 3 shows the distribution of the 3D surface motion displacement of the Muz Taw glacier in different seasons. There were clear seasonal differences in glacier surface motion displacement in the study area, among which the displacement was larger in summer, followed by spring, with similar and minimal displacements in autumn and winter. The high value of glacier surface displacement in spring was near the east side of the main glacier from 3450 to 3550 m above sea level. The high value of glacier surface displacement in summer was located near the east side of the main glacier at an altitude of 3300 to 3550 m and near the middle of 3550 to 3700 m above sea level, which was similar to the distribution of the high value of total 3D displacement throughout the study period. The high-value area of glacier surface displacement in autumn was distributed in the middle of the upper reaches of the main glacier at an altitude of 3600 to 3750 m. In winter, the high value of glacier surface displacement was mainly found near 3400 m above sea level of the main glacier and in the middle area of 3600–3700 m upstream from the glacier.



The displacements of the whole glacier were determined in different seasons, and the results are shown in Table 1. It can be seen that the total 3D displacements of the Muz Taw glacier in different seasons were as follows: 2.58 m in spring, 5.95 m in summer, 1.95 m in autumn, and 1.20 m in winter. The displacement in summer was significantly higher than that in other seasons, which was consistent with the flow characteristics of continental glaciers in China [15]. The reasons why the displacement of the Muz Taw glacier was significantly higher in summer than that in other seasons were as follows: the summer temperature is higher than that of other seasons, resulting in the formation of large amounts of glacier meltwater, which penetrated into the ice bed. This reduced the frictional resistance to glacier sliding and thus increased the glacier surface motion velocity. On the other hand, the Muz Taw glacier is a summer-accumulation-type glacier, and high precipitation or an increase in ablation water caused by the temperature increase during summer may have led to the increase in hydrostatic pressure on the glacier, which led to a peak in the surface motion velocity. However, glacier freezing in autumn and winter would correspondingly increase the resistance to sliding at the bottom, which would reduce the surface motion velocity and the displacement of the glacier.




4.3. Variation in Muz Taw Glacier Displacement Along Centerline and Profiles


We used the automatic extraction method of the glacier centerline designed by Yao et al. [73] to calculate and extract the centerline of the Muz Taw glacier, as shown in Figure 4. The length of the centerline of the Muz Taw glacier, which was the length of this glacier, was measured to be 3406.35 m.



As could be seen from Figure 4, the Muz Taw glacier trunk had three tributaries converging near 3300, 3350, and 3450 m. Therefore, to accurately analyze the glacier surface displacement characteristics, a total of five profiles were selected at the confluence and tributaries to explore the changes in displacement of the glacier tributaries as they converged into the glacier trunk in detail. The extracted total 3D displacement of the glacier along the centerline and the five profiles for the entire study period and for each season is shown in Figure 5. The beginning of the centerline was the terminus of the glacier; profiles 1 and 4 started at the northern end of the profile; and profiles 2, 3, and 5 started at the side with higher elevation.



For the convenience of statistics, the centerline and profile lines were converted into points to obtain the total 3D displacement of glaciers for each pixel where each point was located, where the distance between adjacent points was 15 m. Figure 5a–f show the changes in total 3D displacement of the Muz Taw glacier along the centerline and the five profiles from the beginning to end, respectively.



As shown in Figure 5a, the total 3D displacement of the glacier varied greatly along the centerline throughout the study period and in spring, summer, and autumn, while the change was relatively gentle in winter. At distances of 1–1.5 and 2.5–3 km along the centerline, the total 3D displacement of the glacier had a relatively clear rising trend throughout the whole study period and in all seasons, and these locations were the same locations as the elevation area, demonstrating a high total 3D displacement, described in the summary of Section 4.1 and Section 4.2. The statistics of the total 3D displacement of the glacier at each time period showed that the average value of the whole study period on the centerline was 7.83 m, and the average values of the total 3D displacement of spring, summer, autumn, and winter were 2.80, 6.60, 2.63, and 1.60 m, respectively, which were closer to the average values of the total 3D displacement of the whole glacier at each corresponding time period.



Combining (b)–(f) in Figure 5, it could be seen that the total 3D displacement of the Muz Taw glacier was generally the largest in summer, followed by spring, autumn, and winter, and this feature is most clear in Figure 5e. The total 3D displacement was lower and less variable in winter for all five profiles.



The trend of point values in Figure 5b roughly showed the characteristics of being high in the middle and low on both sides, which was due to the fact that although the convergence of the tributary into the glacier trunk increased the displacement of the convergence area, the area of displacement increase was limited, and its influence on the displacement upstream and downstream from the convergence area decreased slowly and relatively with the increase in the distance from the convergence area.



In Figure 5b–f, profiles 2, 3, and 5 showed similar characteristics of variation; when the distance along the profile approached the end of the profile, there was a rapid increase in the total 3D displacement throughout the study period and all seasons. This variation also reflected that the convergence of the tributary into the glacier trunk drove the acceleration of glacier surface motion, which resulted in an increase in surface motion displacement. Figure 5c,d,f show that the total 3D displacement at some locations on the glacier was larger in summer than in the whole study period. This was due to the fact that the total 3D displacement in summer was relatively high and accounted for a large proportion of the total displacement, while the movement of the glacier might have reversed in seasons other than summer, resulting in negative values. Thus, negative values at these locations would lead to smaller total 3D displacements in the whole study period than in summer when considering the whole study period.





5. Discussion


5.1. Effect of Topography on the Surface Motion Displacement


	(1)

	
Elevation







Starting from the end of the Muz Taw glacier, every 100 m increase in elevation was divided into an elevation band, and the glacier area with an elevation of 3135–3824 m was divided into seven elevation zones. The total 3D displacements of the Muz Taw glacier in spring, summer, autumn, winter, and the whole study period were statistically obtained in each altitude zone, and the glacier movement displacement conditions in different periods of time in each altitude zone were obtained, as shown in Figure 6.



From Figure 6, it can be seen that the total 3D displacement was at a maximum throughout the study period in all elevation zones except for the elevation zone of 3135–3235 m, followed by summer, spring, and then autumn, with a minimum in winter. In winter, the total 3D displacement of the glacier showed a gentle fluctuating trend in all altitude zones, while it generally increased and then decreased with increasing altitude in all other seasons, which was consistent with the results of Li et al. [74] and Zhang et al. [75]. The maximum values were mainly concentrated in the elevation zone of 3335–3535 m. As shown in Figure 2, the tributary glacier of the Muz Taw glacier was located in the 3335–3535 m altitude zone. Therefore, the increase in glacier displacement in this altitude zone was caused by the tributary glacier merging into the main glacier. It also shows that the elevation had a limited effect on the surface motion displacement of the glacier, and the change in topography had a greater effect on it.



The determination of the glacier equilibrium line usually requires a large amount of a priori knowledge, and the height of the equilibrium line varies from time to time and from space to space, so it is difficult to estimate precisely. For a single glacier, in the longitudinal section, the glacier flow velocity usually increases from the top of the accumulation zone downward, reaching a maximum at the glacier equilibrium line, and then decreases toward the terminus of the glacier. Therefore, combined with Figure 6 and taking into account the conclusion that the maximum value of total 3D displacement of each season due to the confluence of tributaries into the glacier trunk was mainly concentrated in the elevation zone of 3335–3535 m, it could be seen that the total 3D displacement in the upper part of the Muz Taw glacier was the largest in each season between 3535 and 3635 m, except for the elevation zone of the confluence of tributaries into the glacier trunk. Based on the red box in Figure 5a, the initial high glacier centerline from upstream to downstream of the total 3D displacement was in the elevation range of 3562–3618 m. It could be inferred that the equilibrium line of the Muz Taw glacier was in the elevation range of 3562–3618 m.



	(2)

	
Slope







The slope of the Muz Taw glacier was divided at every 5°, as shown in Figure 7. The total 3D displacement of glaciers on each slope grade in spring, summer, autumn, winter, and the whole study period was counted, as shown in Figure 8.



As can be seen from Figure 8, the total 3D displacements in all the profiles in all time periods were largest in summer, followed by the whole study period, autumn, and then spring, with the lowest in winter when the slope was greater than 40°. When the slope was between 0° and 40°, the total displacement was the largest in the whole study period, followed by summer, spring, autumn, and finally winter. On the whole, in autumn and winter, the total 3D displacement of the glacier on each slope grade had a small fluctuation and exhibited a stable trend. In summer, the total 3D displacement showed a slight upward trend, and in spring and the whole study period, it showed a decreasing trend with an increase in the slope. This trend was consistent with the conclusion that “glacier movement velocity decreases with increasing slope and eventually plateaus”, as concluded from a study on the topographic control of glacier movement velocity in the northwestern Karakorum Mountains [73].



Theoretically, glacier motion velocity is closely related to slope. If the slope of the glacier surface increased, the longitudinal slope of the glacier surface becomes steeper and the component of gravity increases, thus prompting the glacier surface motion to accelerate and vice versa. However, as mentioned above, there was no absolute positive correlation between glacier motion displacement and slope; on the one hand, it is due to the slope of the glacier surface affecting the glacier surface velocity to some extent. However, it is not the only major factor affecting the glacier surface velocity. The latter is also influenced by the friction of the surrounding terrain, downstream glacier reactions, glacier size, glacier thickness, and glacier bedrock morphology; on the other hand, it may be because when the displacement of some slope grades have definitely higher values than others, the average displacement of each slope grade tends to be similar. The reason for the changing trend of the displacement of the altitude zone is also likely related to the second reason mentioned above.




5.2. Effect of Glacier Thickness on the Surface Motion Displacement


To explore the effect of glacier thickness on the surface motion displacement of the glacier, we applied the simplified glacier surface motion equation [76], as follows.


   u s  = 1 / 2 A h  τ 3   



(7)




where    u s    is the surface motion velocity of the glacier;  A  is a temperature-dependent parameter;  h  is the ice thickness; and  τ  is the flow driving force from the slope of the ice bed and ice weight, referred to as the basal shear stress, which was calculated as


  τ = ρ g H f sin α  



(8)




where  ρ  is the density of glacial ice,  g  is the gravitational acceleration,  H  is the thickness of the glacier on the centerline,  f  is the shape factor related to the glacier profile and valley shape, and  α  is the slope of the ice bed.



From Formulas (7) and (8), it could be seen that for the same ice thickness and external conditions, the larger the slope of the ice bed, the greater the driving force for surface flow, and the greater the flow rate at the glacier surface. In reality, however, glaciers have generally adapted to the slope of the ice bed by changing over long periods of time, and their long-term development process is in equilibrium; thus, the ice bed usually does not have too much influence on the change in glacier velocity on smaller time scales.



From the above equations, it could be seen that glacier thickness was the main factor determining the driving force of glacier surface motion. Under the same external conditions, the greater the thickness of the glacier, the greater the kinematic driving force, the greater the surface motion velocity, and the greater the displacement.



Huai et al. (2016) [69] conducted a study on the thickness of the Muz Taw glacier using the pulse EKKOPRO 100A enhanced ground-penetrating radar [70], and the resulting thickness contour distribution of the Muz Taw glacier is shown in Figure 9. Combined with Figure 10, it could be seen that the location of the contour area with a glacier thickness of 100–120 m was roughly the same as that of the high-displacement-value area marked by the red box in Figure 10. This is consistent with the conclusion that the thicker the glacier, the higher the displacement, and that the glacier thickness is one of the most important factors influencing the surface motion displacement of the Muz Taw glacier.




5.3. Effect of Climate on the Surface Motion Displacement


Temperature and precipitation were the most common, and, at the same time, the most important climate factors affecting glacier movement. In order to explore the effects of temperature and precipitation on glacier surface motion displacement, we selected three meteorological stations, Jimunai, Hebukeser, and Habahe, which were closer to the Muz Taw glacier, and counted the temperature and precipitation from 1961 to 2016 by seasons, as shown in Figure 11, in which temperature was the average of multi-year temperatures in three months in each season from 1961 to 2016 and precipitation was the sum of the multi-year average precipitation for the three months in each of the 2016 seasons.



As can be seen from Figure 11, the average temperatures at the three stations were highest in summer, followed by spring and then autumn, with the lowest being in winter, while the precipitation was highest in summer and lowest in winter, with little difference between spring and autumn. Combined with the characteristics presented by the total 3D displacements of the Muz Taw glacier in all seasons, it could be concluded that the changes in glacier surface motion displacements had a high degree of synchronization with changes in temperature and precipitation. The reason for this seasonal change was that higher temperatures not only accelerate the formation of glacier meltwater but also increase the precipitation of liquid water at the same time. This is not conducive to the accumulation of glacier masses, resulting in changes in the mass balance of the glacier. Glacier melt water and liquid precipitation would also produce a larger runoff from the surface of the ice through the scouring effect of the intensification of the ice crevasses and the development of other changes in the stability of the glacier, which in turn would change the glacier morphology and ultimately increase the glacier surface movement velocity. On the other hand, glacier meltwater and liquid precipitation through the glacier crevasses penetrate into the ice bed, reducing the frictional resistance to sliding and thus accelerating the glacier’s movement and increasing displacement. Rising temperatures might also increase the internal temperature of the glacier, increasing the glacier’s activity, which in turn would affect the acceleration of glacier movement and the increase in displacement. From the above analysis, it could be concluded that temperature and precipitation are also important factors affecting the surface motion displacement of the glacier.



Temperature and precipitation could also affect glacier movement and displacement by causing changes in glacier mass balance, glacier thickness, glacier morphology, and other factors. When exploring the relationship between glacier area and climate change in the Sawir Mountains, it was found that these mountains and the surrounding areas were in a period of increasing temperature and precipitation. Combined with the conclusion above that the changes in glacier surface motion displacements had a high degree of synchronization with changes in temperature and precipitation, it could be concluded that in the future, the surface motion displacement of glaciers would increase further.





6. Conclusions and Outlook


Based on 75 image pairs of Sentinel-1A ascending and Sentinel-1B descending data, the inversion method of the glacier 3D surface motion displacement (verified using field observation data at Urumqi Glacier No. 1) was used to invert the 3D surface motion displacement of the Muz Taw glacier from 22 August 2017, to 17 August 2018. In addition, the effects of the topographic factors, glacier thickness, and climatic factors on the 3D surface motion displacement of the Muz Taw glacier have been discussed in this paper, with the main conclusions of this study as follows.



During the study period, the total 3D displacement of the Muz Taw glacier ranged from 0.52 to 13.19 m; the eastward displacement was 4.27 m, the northward displacement was 4.07 m, and the horizontal displacement was 5.90 m. These high values were mainly distributed in the vicinity of the main glacier at elevations of 3300–3350 m and 3450–3600 m. The displacement from the upper part of the snow basin area to the ice tongue and other ablation zones presented initially increased, then decreased, increased, and finally decreased. The displacement in the area of tributary glacier confluence was significantly larger than that in other surrounding areas. The total 3D displacement of the Muz Taw glacier varied significantly among the seasons, with a larger displacement in the summer, followed by the spring, with similar displacements in the autumn and winter.



The total 3D displacement along the centerline distance varied greatly throughout the study period and in spring, summer, and autumn, while the change in the point values in winter was relatively gentle. At the centerline distances of 1–1.5 km and 2.5–3 km, the total 3D displacement of the Muz Taw glacier in the whole study period and in all seasons showed a relatively clear upward trend. The total 3D displacements in all the profiles in all time periods were highest over the whole study period, followed by summer, and then spring and autumn, with the lowest found in winter. The surface motion displacements of the Muz Taw glacier along profile 1 showed the characteristics of being high in the middle and low on both sides. Profiles 2, 3, and 5 exhibited similar characteristics, with the total 3D displacements rapidly increasing throughout the study period and across seasons when approaching the end of the profile.



Elevation had a limited effect on the surface motion displacement of the Muz Taw glacier, while the presence or absence of tributary inflow had a greater effect. Slope affected the rate of glacier movement to some extent but was not a major factor in the rate of movement. Glacier thickness was one of the most important factors influencing this displacement, while temperature and precipitation were also important factors.



In this study, we inverted the 3D surface motion displacement of the Muz Taw glacier and analyzed and discussed its change characteristics and its main influencing factors, providing a reference for understanding the trends in changes in glacier motion in the high-latitude mountains of China. However, the field measurement data from the Muz Taw glacier were not obtained using the method presented in this study but were verified using the field measurement data of Urumqi Glacier No. 1. In addition, there were no up-to-date data on the influencing factors of the glacier 3D surface motion displacement, and the study period was relatively short, which may have particularities, so there were still some deficiencies. In future research, we will obtain more abundant data to further develop the relevant research.
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Table A1. Parameter list of Sentinel-1 on Muz Taw glacier.






Table A1. Parameter list of Sentinel-1 on Muz Taw glacier.





	
Satellite

	
Track Direction

	
Track

	
Acquired Time

	
Polarization Mode

	
Incidence Angle/°






	
Sentinel-1A

	
Ascending

	
Track_114

	
2017–08–22

	
VV

	
40.119




	
2017–09–03

	
VV

	
40.120




	
2017–09–15

	
VV

	
40.125




	
2017–09–27

	
VV

	
40.126




	
2017–10–09

	
VV

	
40.123




	
2017–10–21

	
VV

	
40.118




	
2017–11–14

	
VV

	
40.117




	
2017–11–26

	
VV

	
40.125




	
2017–12–08

	
VV

	
40.118




	
2017–12–20

	
VV

	
40.115




	
2018–01–01

	
VV

	
40.110




	
2018–01–13

	
VV

	
40.116




	
2018–01–25

	
VV

	
40.122




	
2018–02–06

	
VV

	
40.123




	
2018–02–18

	
VV

	
40.120




	
2018–03–02

	
VV

	
40.119




	
2018–03–14

	
VV

	
40.118




	
2018–03–26

	
VV

	
40.121




	
2018–04–07

	
VV

	
40.121




	
2018–04–19

	
VV

	
40.120




	
2018–05–01

	
VV

	
40.117




	
2018–05–13

	
VV

	
40.123




	
2018–05–25

	
VV

	
40.126




	
2018–06–06

	
VV

	
40.123




	
2018–06–30

	
VV

	
40.117




	
2018–07–12

	
VV

	
40.116




	
2018–07–24

	
VV

	
40.121




	
2018–08–05

	
VV

	
40.122




	
2018–08–17

	
VV

	
40.126




	
Sentinel-1B

	
Descending

	
Track_165

	
2017–08–20

	
VV

	
35.290




	
2017–09–01

	
VV

	
35.290




	
2017–09–13

	
VV

	
35.290




	
2017–09–25

	
VV

	
35.286




	
2017–10–07

	
VV

	
35.285




	
2017–10–19

	
VV

	
35.285




	
2017–11–12

	
VV

	
35.289




	
2017–11–24

	
VV

	
35.287




	
2017–12–06

	
VV

	
35.284




	
2017–12–18

	
VV

	
35.280




	
2017–12–30

	
VV

	
35.284




	
2018–01–11

	
VV

	
35.287




	
2018–01–23

	
VV

	
35.289




	
2018–02–04

	
VV

	
35.284




	
2018–02–16

	
VV

	
35.281




	
2018–02–28

	
VV

	
35.285




	
2018–03–12

	
VV

	
35.292




	
2018–03–24

	
VV

	
35.298




	
2018–04–05

	
VV

	
35.288




	
2018–04–17

	
VV

	
35.289




	
2018–04–29

	
VV

	
35.284




	
2018–05–11

	
VV

	
35.291




	
2018–05–23

	
VV

	
35.291




	
2018–06–04

	
VV

	
35.296




	
2018–06–28

	
VV

	
35.286




	
2018–07–10

	
VV

	
35.288




	
2018–07–22

	
VV

	
35.288




	
2018–08–03

	
VV

	
35.289




	
2018–08–15

	
VV

	
35.290











 





Table A2. Sentinel-1 image pairs used on Muz Taw glacier.






Table A2. Sentinel-1 image pairs used on Muz Taw glacier.





	
Track Directions

	
Master Images

	
Slave Images

	
Baseline (m)

	
Time Interval (d)






	
Ascending

	
2017–08–22

	
2017–09–03

	
−18.460

	
12




	
2017–08–22

	
2017–09–15

	
−105.404

	
24




	
2017–08–22

	
2017–09–27

	
−120.308

	
36




	
2017–09–03

	
2017–09–15

	
−87.105

	
12




	
2017–09–03

	
2017–09–27

	
−102.160

	
24




	
2017–09–03

	
2017–10–09

	
−50.686

	
36




	
2017–09–15

	
2017–09–27

	
−16.363

	
12




	
2017–09–15

	
2017–10–09

	
37.136

	
24




	
2017–09–15

	
2017–10–21

	
116.345

	
36




	
2017–09–27

	
2017–10–09

	
51.620

	
12




	
2017–09–27

	
2017–10–21

	
131.213

	
24




	
2017–10–09

	
2017–10–21

	
79.596

	
12




	
2017–10–09

	
2017–11–14

	
96.690

	
36




	
2017–10–21

	
2017–11–14

	
18.407

	
24




	
2017–10–21

	
2017–11–26

	
−108.162

	
36




	
2017–11–14

	
2017–11–26

	
−124.585

	
12




	
2017–11–14

	
2017–12–08

	
−26.450

	
24




	
2017–11–14

	
2017–12–20

	
32.077

	
36




	
2017–11–26

	
2017–12–08

	
99.078

	
12




	
2017–11–26

	
2017–12–20

	
156.523

	
24




	
2017–11–26

	
2018–01–01

	
227.984

	
36




	
2017–12–08

	
2017–12–20

	
58.419

	
12




	
2017–12–08

	
2018–01–01

	
129.361

	
24




	
2017–12–08

	
2018–01–13

	
30.880

	
36




	
2017–12–20

	
2018–01–01

	
71.630

	
12




	
2017–12–20

	
2018–01–13

	
−27.318

	
24




	
2017–12–20

	
2018–01–25

	
−113.047

	
36




	
2018–01–01

	
2018–01–13

	
−98.722

	
12




	
2018–01–01

	
2018–01–25

	
−183.973

	
24




	
2018–01–01

	
2018–02–06

	
−199.559

	
36




	
2018–01–13

	
2018–01–25

	
−85.547

	
12




	
2018–01–13

	
2018–02–06

	
−100.974

	
24




	
2018–01–13

	
2018–02–18

	
−59.494

	
36




	
2018–01–25

	
2018–02–06

	
−16.888

	
12




	
2018–01–25

	
2018–02–18

	
27.917

	
24




	
2018–01–25

	
2018–03–02

	
46.832

	
36




	
2018–02–06

	
2018–02–18

	
41.835

	
12




	
2018–02–06

	
2018–03–02

	
60.795

	
24




	
2018–02–06

	
2018–03–14

	
72.955

	
36




	
2018–02–18

	
2018–03–02

	
19.058

	
12




	
2018–02–18

	
2018–03–14

	
31.280

	
24




	
2018–02–18

	
2018–03–26

	
−7.135

	
36




	
2018–03–02

	
2018–03–14

	
14.409

	
12




	
2018–03–02

	
2018–03–26

	
−24.600

	
24




	
2018–03–02

	
2018–04–07

	
−37.135

	
36




	
2018–03–14

	
2018–03–26

	
−35.532

	
12




	
2018–03–14

	
2018–04–07

	
−48.957

	
24




	
2018–03–14

	
2018–04–19

	
−28.744

	
36




	
2018–03–26

	
2018–04–07

	
−13.893

	
12




	
2018–03–26

	
2018–04–19

	
7.924

	
24




	
2018–03–26

	
2018–05–01

	
61.492

	
36




	
2018–04–07

	
2018–04–19

	
21.785

	
12




	
2018–04–07

	
2018–05–01

	
75.004

	
24




	
2018–04–07

	
2018–05–13

	
−19.945

	
36




	
2018–04–19

	
2018–05–01

	
54.326

	
12




	
2018–04–19

	
2018–05–13

	
−41.108

	
24




	
2018–04–19

	
2018–05–25

	
−93.753

	
36




	
2018–05–01

	
2018–05–13

	
−92.391

	
12




	
2018–05–01

	
2018–05–25

	
−147.020

	
24




	
2018–05–01

	
2018–06–06

	
−102.326

	
36




	
2018–05–13

	
2018–05–25

	
−55.120

	
12




	
2018–05–13

	
2018–06–06

	
−21.182

	
24




	
2018–05–25

	
2018–06–06

	
46.807

	
12




	
2018–05–25

	
2018–06–30

	
143.864

	
36




	
2018–06–06

	
2018–06–30

	
98.497

	
24




	
2018–06–06

	
2018–07–12

	
111.191

	
36




	
2018–06–30

	
2018–07–12

	
12.864

	
12




	
2018–06–30

	
2018–07–24

	
−66.257

	
24




	
2018–06–30

	
2018–08–05

	
−86.142

	
36




	
2018–07–12

	
2018–07–24

	
−79.058

	
12




	
2018–07–12

	
2018–08–05

	
−98.865

	
24




	
2018–07–12

	
2018–08–17

	
−150.746

	
36




	
2018–07–24

	
2018–08–05

	
−20.232

	
12




	
2018–07–24

	
2018–08–17

	
−71.637

	
24




	
2018–08–05

	
2018–08–17

	
−51.861

	
12




	
Descending

	
2017–08–20

	
2017–09–01

	
0.784

	
12




	
2017–08–20

	
2017–09–13

	
−6.517

	
24




	
2017–08–20

	
2017–09–25

	
56.000

	
36




	
2017–09–01

	
2017–09–13

	
−6.074

	
12




	
2017–09–01

	
2017–09–25

	
54.954

	
24




	
2017–09–01

	
2017–10–07

	
75.721

	
36




	
2017–09–13

	
2017–09–25

	
58.454

	
12




	
2017–09–13

	
2017–10–07

	
79.601

	
24




	
2017–09–13

	
2017–10–19

	
70.558

	
36




	
2017–09–25

	
2017–10–07

	
23.372

	
12




	
2017–09–25

	
2017–10–19

	
13.696

	
24




	
2017–10–07

	
2017–10–19

	
−9.181

	
12




	
2017–10–07

	
2017–11–12

	
−69.710

	
36




	
2017–10–19

	
2017–11–12

	
−60.185

	
24




	
2017–10–19

	
2017–11–24

	
−30.067

	
36




	
2017–11–12

	
2017–11–24

	
31.245

	
12




	
2017–11–12

	
2017–12–06

	
74.891

	
24




	
2017–11–12

	
2017–12–18

	
131.818

	
36




	
2017–11–24

	
2017–12–06

	
44.583

	
12




	
2017–11–24

	
2017–12–18

	
100.864

	
24




	
2017–11–24

	
2017–12–30

	
45.316

	
36




	
2017–12–06

	
2017–12–18

	
57.231

	
12




	
2017–12–06

	
2017–12–30

	
2.307

	
24




	
2017–12–06

	
2018–01–11

	
−40.529

	
36




	
2017–12–18

	
2017–12–30

	
−55.530

	
12




	
2017–12–18

	
2018–01–11

	
−97.706

	
24




	
2017–12–18

	
2018–01–23

	
−130.279

	
36




	
2017–12–30

	
2018–01–11

	
−42.073

	
12




	
2017–12–30

	
2018–01–23

	
−74.647

	
24




	
2017–12–30

	
2018–02–04

	
−7.197

	
36




	
2018–01–11

	
2018–01–23

	
−32.610

	
12




	
2018–01–11

	
2018–02–04

	
35.048

	
24




	
2018–01–11

	
2018–02–16

	
86.755

	
36




	
2018–01–23

	
2018–02–04

	
67.590

	
12




	
2018–01–23

	
2018–02–16

	
119.312

	
24




	
2018–01–23

	
2018–02–28

	
58.512

	
36




	
2018–02–04

	
2018–02–16

	
51.728

	
12




	
2018–02–04

	
2018–02–28

	
−11.106

	
24




	
2018–02–04

	
2018–03–12

	
−107.812

	
36




	
2018–02–16

	
2018–02–28

	
−61.105

	
12




	
2018–02–16

	
2018–03–12

	
−159.444

	
24




	
2018–02–16

	
2018–03–24

	
−245.536

	
36




	
2018–02–28

	
2018–03–12

	
−98.376

	
12




	
2018–02–28

	
2018–03–24

	
−184.456

	
24




	
2018–02–28

	
2018–04–05

	
−38.499

	
36




	
2018–03–12

	
2018–03–24

	
−86.084

	
12




	
2018–03–12

	
2018–04–05

	
59.903

	
24




	
2018–03–12

	
2018–04–17

	
50.809

	
36




	
2018–03–24

	
2018–04–05

	
145.977

	
12




	
2018–03–24

	
2018–04–17

	
135.923

	
24




	
2018–03–24

	
2018–04–29

	
203.000

	
36




	
2018–04–05

	
2018–04–17

	
67.284

	
12




	
2018–04–05

	
2018–04–29

	
58.561

	
24




	
2018–04–05

	
2018–05–11

	
−50.565

	
36




	
2018–04–17

	
2018–04–29

	
67.284

	
12




	
2018–04–17

	
2018–05–11

	
−39.954

	
24




	
2018–04–17

	
2018–05–23

	
−32.331

	
36




	
2018–04–29

	
2018–05–11

	
−107.075

	
12




	
2018–04–29

	
2018–05–23

	
−99.125

	
24




	
2018–04–29

	
2018–06–04

	
−172.657

	
36




	
2018–05–11

	
2018–05–23

	
8.286

	
12




	
2018–05–11

	
2018–06–04

	
−65.776

	
24




	
2018–05–23

	
2018–06–04

	
−74.323

	
12




	
2018–05–23

	
2018–06–28

	
68.422

	
36




	
2018–06–04

	
2018–06–28

	
140.698

	
24




	
2018–06–04

	
2018–07–10

	
108.773

	
36




	
2018–06–28

	
2018–07–10

	
−32.063

	
12




	
2018–06–28

	
2018–07–22

	
−34.368

	
24




	
2018–06–28

	
2018–08–03

	
−48.565

	
36




	
2018–07–10

	
2018–07–22

	
11.028

	
12




	
2018–07–10

	
2018–08–03

	
−16.710

	
24




	
2018–07–10

	
2018–08–15

	
−25.851

	
36




	
2018–07–22

	
2018–08–03

	
−23.252

	
12




	
2018–07–22

	
2018–08–15

	
−29.908

	
24




	
2018–08–03

	
2018–08–15

	
−9.169

	
12
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Figure 1. Study site description: (a) Muz Taw glacier boundary in 2017. (b) Location map of Muz Taw glacier. 
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Figure 2. Spatial distribution of 3D surface motion displacement of Muz Taw glacier during the study period. (a) East, (b) north, and (c) vertical displacement, and (d) total 3D displacement. 






Figure 2. Spatial distribution of 3D surface motion displacement of Muz Taw glacier during the study period. (a) East, (b) north, and (c) vertical displacement, and (d) total 3D displacement.



[image: Remotesensing 16 04326 g002]







[image: Remotesensing 16 04326 g003] 





Figure 3. Spatial distribution of 3D surface motion displacement of Muz Taw glacier during the study period. (a) East, (b) north, and (c) vertical displacements, and (d) total 3D displacement. 
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Figure 4. Distribution of centerline and profile lines in Muz Taw glacier. 
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Figure 5. Total three-dimensional displacements of the centerline and five profiles of the Muz Taw glacier. 
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Figure 6. Total three-dimensional displacement of the Muz Taw glacier at different altitude zones. 
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Figure 7. Grading map of surface slope on Muz Taw glacier. 
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Figure 8. Total three-dimensional displacement of Muz Taw glacier in different time periods of each slope grade. 
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Figure 9. Ice thickness contours of Muz Taw glacier [70]. 
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Figure 10. Displacement contours of 3D surface motion of Muz Taw glacier (2017–2018). 
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Figure 11. The average seasonal temperature and precipitation of the three meteorological stations from 1961 to 2016. 
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Table 1. Statistics of displacements in various directions of the Muz Taw glacier in different seasons.
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	Direction
	Spring/m
	Summer/m
	Autumn/m
	Winter/m





	East displacement
	1.42
	2.22
	0.16
	0.05



	North displacement
	0.31
	4.88
	1.48
	0.17



	Vertical displacement
	−0.82
	−1.96
	−0.31
	−0.09



	Total 3D displacement
	2.58
	5.95
	1.97
	1.20
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 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 (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
85°33'0"E  85°33'30"E  85°34'0"E  85°34'30"E

- Glacier surface slope grade N
s [ Eee-se A £
5 [ Ose-100 o
5 | e -15° Y
150 -20°
1200 -25°
25°-30°
1300 - 35° z
1350 — 400 Y
1400 - 45° £
45°-49°
z z
Y £
a Y
o 5
& 2
A &
5
- 250 500 m
£ — z
o s
& e
o 5

85°33'0"E  85°33'30"E  85°34'0"E  85°34'30"E  85°35'0"E





media/file4.png
47°4'N

47°3'N

85°33'E

85°34'E

85°33'E

85°34'E

85°33'E

85°34'E

85°33'E

85°34'E

(a)

-High : 10

(b)

- High : 10

(©)

-High : 10

(Research Period)

(d)

-High : 10

86
(Research Period)






media/file18.png
- 83°33'00" 85°33'30” 85°34'00" 85°34'30"E
:o T T T
“ Ice-Thickness contours
N L1200 m
< Outline of Muz Taw glacier in 2013
-
-
o
m
71 =
—
N ~
= <t
S
<+
o
~
-
0 S
— | <t
4 £
2
ﬁ-
1 |
85°33'00" 85°33'30" 85'34'00" 85°34'30" 8§5°35'00"E





media/file21.jpg
o]

wonmdnag






media/file3.jpg
ATIN

|Rescareh periony

[
T

|Rescarh Peried)

|Resarch perody






media/file22.png
Jimunai Hebkeser Habahe

20 » " *
IAAN EVAN A

‘ . SN ‘ ’ E
0 \ \ :
\ \
90 =
S A
of A g
B [\ SN
y N NE
15

"

Yy

& &

2 &
& S
8 \{&6‘ Yy@, <8






media/file19.jpg
A7430N

440N

85°340"E

85°3430°E

$57330°E

T
—— Total 3D
displacement contours

[ Outline of glacier

0 250 500 m
—

A7430"N

40N





media/file7.jpg
85°33'0"E  85°33'30"E  85°34'0"E  85°34'30"E

— Center line
— Profile line
~==50 m Contour line
L_IGlaciers in 2017

z
2
&
b
&
S

>
47°4'30"N

=
=
2
2
&
2
47°4'0"N

Profile 4

z
2
=
'Y
&
¥

z
2
'Y
i
<

85°33'0"E 85°33'30"E 85°34'0"E  85°34'30"E 85°35'0"E





media/file10.png
Displacement (m)

st Centerline
-:’:i::iil“i!!!!:!!!igi::::EE!E:,“H!||glii::::.5,,‘::“_::"‘»"’;,; R ’Hﬁpﬂmu : 4 --
Profile 1
Profile 2
Profile 3
. Profile 4
+  The whole study period rOHe
+  Spring
+  Summer
+  Autumn Profile 5
+  Winter
| T | ; I : I
’ 1009 2000 3000

Distance along the line (m)






media/file14.png
85°33'0"E 85°33'30"E 85°34'0"E 85°34'30"E
- Glacier surface slope grade N
S | CH0o -5 A z
L =)
> [ CI5°—10° 1%
o~ o
< | CJ10°-15° &
[ 115°-20°
[120°—25°
[125°—30°
Z | [130°-35° 7
S F C135°— 400 1
o b
S | 3400 - 45° &
[ 145° —49°
z z
[ H
en L [
e 1o
B o
A o~
<
v 250 500 m
2 [ (4
L o
- ~
1 1 1 1 -+
85°33'0"E 85°33'30"E 85°34'0"E 85°34'30"E 85°35'0"E





media/file11.jpg
I Spring (o) B Summer (b) B Autumn () B Winter (d) BB The whole study period (¢)

Total 3D displacement (m)

abcdeabcde abedeabede abede abedeabede

31359235 | 3235-335s | 33353435 | sa35-3svs | sv-3ess | sazs-s | smsdman

Altitude (m)





media/file6.png
47°4'N

47°3'N

47°4'N

47°3'N

47°4'N

47°3'N

47°4'N

47°3'N

85°33'E

85°34'E

85°33'E

85°34'E

85°33'E

85°34'E

85°33'E 85°34'E

(Spring)

(Spring)

(Spring)

(Summer)

(b)

- High : 10

(c)

-High : 10

400 800 m

(d)

- High : 10

(Summer)

(@)

- High : 10

(Autumn)

(Autumn)

(Autumn)

(d)

-High : 10

400 800 m

(@)

High : 10

(Winter)

(b)

High : 10

(