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Abstract

:

The Mt.Tomur glaciers, in the Tian Shan mountains of Western China, are usually debris-covered, and due to climate change, glacial hazards are becoming more frequent in this region. However, no changes in the long-time series of glacier surface velocities have been observed in this region. Conducting field measurements in high-altitude mountains is relatively difficult, and consequently, the dynamics and driving factors are less studied. Here, image-correlation offset tracking using Landsat images was exploited to estimate the glacier surface velocity of glaciers in the Mt.Tomur region from 2000 to 2020 and to assess glacier ice thickness. The results show that the glacier surface velocity in the Mt.Tomur region showed a significant slowdown during 2000–2020, from 6.71 ± 0.66 m a−1 to 3.95 ± 0.66 m a−1, an overall decrease of 41.13%. The maximum glacier ice thickness in the Mt.Tomur region was estimated based on the ice flow principle being 171.27 ± 17.10 m, and the glacier average thickness is 50.00 ± 5.0 m. Glacier thickness at first increases with increasing altitude, showing more than 100 ± 10 m ice thickness between 3400 m and 4300 m, and then decreases with further increases in altitude. The reliability of the surface velocity and ice thickness obtained from remote sensing was proved using the measured surface velocity and ice thickness of Qingbingtan glacier No. 72 stall (the correlation coefficient R2 > 0.85). The debris cover has an overall mitigating effect on the ablation and movement rate of Qingbingtan Glacier No. 72; however, it has an accelerating effect on the ablation and movement rate of glacier No. 74.
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1. Introduction


Since the end of the 20th century, the global temperature has continued to rise, with the resulting sharp shrink, the rapid thinning of glaciers and the loss of large ice and snow reserves have attracted widespread global attention [1,2,3,4]. Glacier change reveals the contribution of glacial meltwater to river runoff, the decrease of which, to some extent, affects regional ecology and sustainable social development, most notably in arid northwest China [5,6,7]. The velocity of glacier movement is an important parameter for monitoring glacier changes. The glacier surface velocity is the displacement per unit time of the glacier surface mass relative to a surrounding bedrock reference point and reflects the combination of internal deformation, bottom moraine deformation, and superposition of bottom sliding (and glacial leap) of the glacier under gravity [8,9]. Glacier movement causes a redistribution of mass, changes the hydrothermal environment of the ice body, and maintains the dynamic equilibrium. It is a vital mechanism in glacier development and, as such, one of the main focuses of glaciological research [10,11,12]. Glacier floods, lake outbursts, mudflows, and leaps are caused by glacier mass loss, which is closely linked to the movement of glaciers.



The increasing spatial resolution of remote sensing imagery has provided critical research data for studying glacier ablation, ice thickness, and glacier flow dynamics on a regional scale. The capability of spaceborne Global Navigation Satellite System-Reflectometry (GNSS16 R) for Greenland ice sheet melt detection is investigated using the TechDemoSat-1 satel17 lite (TDS-1) data [13]. An application of L-band frequency Global Navigation Satellite System (GNSS) Interferometric Reflectometry (GNSS-IR) for the estimation of lake ice thickness [14]. A study of the Greenland ice sheet using data obtained by the GNSS-R instrument aboard the British TechDemoSat-1 (TDS-1) satellite mission [15]. The use of Global Navigation Satellite System Interferometric Reflectometry (GNSS-IR) for the study of lake ice with a particular focus on the estimation of ice thickness [16]. The increasing spatial resolution of remote sensing imagery has provided critical research data for studying glacier flow dynamics at the regional scale. The main methods for extracting glacier surface velocity from remote sensing data include differential interferometric synthetic aperture radar (DInSAR) and feature tracking [17]. Optical image correlation is suitable for glacier surface velocity extraction at annual scales [18,19]. To obtain glacier surface velocity at annual scales, various feature tracking methods are used to calculate glacier surface velocities, and although some errors are introduced using this approach, these errors are within manageable limits [20]. Critically, using offset tracking based on remote sensing images to extract glacier surface velocities at different time scales is a fast approach. Notwithstanding the remote sensing inversion can provide large-scale glacier flow monitoring, remote sensing technology suffers from the inadequacy of local resolutions in space and time, and the consequents are often insufficiently dense to disentangle and capture fine-scale glacier surface velocity signals



The Tian Shan region glacier mass balance shows a decreasing trend [21]. Mt.Tomur is in the westernmost part of the Chinese Tian Shan Mountains, which is the largest modern glacier action area in China and the main origin of the Tarim River [22]. The glaciers in the Mt.Tomur area are not only composite, but surface debris covers a large number of glacier ablation areas. Studies have shown that surface debris has a considerable impact on the mass balance changes of the glacier itself, and the degree of debris cover directly affects the glacier surface movement rate [23]. The Tian Shan Mt.Tomur region has traditionally been a hotspot for international glacier research [24,25,26], but the high altitude and difficulties in glacier observation in this region have led to a scarcity of glacier observations, with only some short-term expeditions and observations [27,28]. Mt.Tomur is the most heavily glacierized region in the Chinese Tian-shan Mountains. Based on remote sensing images, in situ glaciological mass balance, and meteorological and hydrological data, the Mt.Tomur glacier area has decreased at a rate of 0.81 km2 a−1 [23,29,30] over the past 30 years. The average glacier surface elevation change is—0.35 ± 0.29 m a−1, and region-wide glacier mass balance is estimated be to about—0.30 ± 0.25 m w.e. a−1, the corresponding water equivalent is 15.97 ± 13.31 × 108 m3 [31]. Consequently, glacial hazards increased significantly.



Generally, there is no way to overcome the error in remote sensing inversion results of glacier surface velocity due to the different resolutions of remote sensing images and sensors. The accuracy of remote sensing inversion results can only be verified with the help of actual measurement data. In 2008, the Tian Shan Observatory of the Chinese Academy of Sciences (CAS) observed Qingbingtan Glacier No. 72 and obtained a series of glaciological parameters (RTK-GPS and GPR), which can be used to verify the remote sensing inversion results of this glacier. In this paper, we have determined the continuous long-series surface velocity of debris-covered glaciers and their glacier ice thickness based on remote sensing images and evaluated the reliability of the inversion results using the CAS data.




2. Study Region


The Tian Shan is the most crucial glacier resource in China. The total number of glaciers in the Tian Shan is 7934, with an area of about 7179.78 km2, and an ice volume of about 756.48 km3 [32]. Mt.Tomur is in the central part of Tian Shan, at 7435.3 m a.s.l, and is the highest peak in Tian Shan. It forms part of the Tomur-Khan Tengri sink, the highest part of the Tian Shan that includes more than 40 peaks more than 6000 m a.s.l in height, and is on the China–Kyrgyzstan border (Figure 1). Mountains with peaks more than 4000 m in height account for 60% of the Mt.Tomur region. Large valley glaciers are mainly developed in the area and cover 86.4% of the total area [33,34]. According to the First Glacier Inventory of China (GIC), the Mt.Tomur region is the most concentrated area of glaciers in China, with 509 glaciers, an area of 2746 km2, and a volume of 350 km3.



The glaciers of the Mt.Tomur region are the source of rivers such as the Muzart, the Great Kuzbayi, the Little Kuzbayi, the Great Tairan, the Little Tairan, the Taklak, and the Atoinak. These rivers are the primary water resources in their lower reaches [35]. The region receives more precipitation in the west than in the east, and it is the warmest and most precipitated area in the Tian Shan region [35].




3. Data and Methods


3.1. In-Situ Measurements


3.1.1. Glacier Surface Velocity Measurements


To verify the accuracy of the remote sensing analysis results of glacier surface velocity, this paper uses RTK-GPS and GPR data acquired on Qingbingtan Glacier No. 72 measured by CAS [35]. There are two GPS receivers, one installed at a fixed base point on a non-glaciated area to the southeast of the glacier margin and the other monitoring the ablation stakes on the glacier. The removal vectors could be estimated from two estimations made inside a specific period, which was used as the velocity of ice flow at the corresponding location point. In this case, the ice flow velocity is the surface velocity, which can be divided into two vectors, the horizontal and vertical velocity. The positions of the ablation stakes were recorded each summer from 2008 to 2009. The horizontal error of the GPS measurements was 0.02 m, the vertical error was 0.02–0.04 m [36], and the calculated glacier velocity error was within 8% of the input data.




3.1.2. Glacier Ice-Thickness Measurements


Four ice-thickness measurement profiles (Figure 1b) summing 97 measurement points were selected for the ice-thickness measurement of Qingbingtan glacier No. 72 using EKKO PRO 100A pulse-enhanced ground-penetrating radar in August 2008 (Figure 2). The results were then processed by EKKO_View Deluxe software, and the thickness was calculated using Equation (1). The relative error of the ice-thickness estimation was within 1.2% [37].


  h =      v 2   t 2  −  x 2     2   



(1)




where h is the ice thickness of the glacier, v(m/ns) is the propagation speed of the radar signal in the glacier, t(ns) is the two-way propagation time of the radar wave, and x(m) is the distance between the GPR antennas.





3.2. Remotely Sensed Displacement Measurements


3.2.1. Landsat Data


In this study, Landsat images were selected to acquire glacier surface velocities in the study area, with a 16-day repeat period and a time interval of 365 + 16,365–16 selected for image acquisition [38]. We used the Google Earth Engine (GEE) platform (a cloud-based geospatial processing platform) to acquire the Landsat series after pre-processing. Landsat7ETM+, a multispectral image with a resolution of 15 m, was chosen for the period 2006–2012, and Landsat8OLI, a multispectral image with a spatial resolution of 30 m, was selected for the period 2013–2020. Landsat8OLI has a spatial resolution of 15 m in the panchromatic band.



The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM analyses the factors affecting glacier surface velocity changes (surface elevation, slope, and breakout direction).




3.2.2. Extraction Glacier Surface Velocity


This study selected the COSI-Corr (Co-registration of optical sensing images and correlation) method to extract glacier surface velocity. Previous studies have used the same approach [39,40,41,42]. The COSI-Corr technique enables the automatic and accurate correction and correlation calculation of satellite images or aerial photographs. It is more convenient and accurate than traditional technical methods, which use the Fourier transform to estimate the relative displacement between remote sensing images, replacing traditional field control points with feature information provided by satellite imagery, and ultimately, estimating feature movement distances in terms of sub-image level changes [43].



To reduce the effect of cloudiness and shadows on local variations in glacier surface velocity, the 5 × 5 operator proposed by Dehecq et al. [9] was used. To achieve this, the 64 × 64–32 × 32 search window was iterated five times when Landsat images were correlated, and Landsat1–7 and Landsat8 correlations were examined. The COSI-Corr method adds horizontal displacements in the north–south and east–west directions, and the signal-to-noise ratio (SNR) indicates the quality of the velocity assessment. Poorly correlated image elements (SNR < 0.9) were removed from the data. The horizontal displacement Dxy =     D  x 2  + D  y 2   2   , on which all velocity image elements were normalized, was set to 365 days [44].



Errors and uncertainties in the glacier surface velocity assessment arise primarily from the quality of the remotely sensed imagery, such as cloudiness, surface debris, seasonal snow, and the alignment process. To reduce errors, images with the least amount of cloudiness and seasonal snow were used in the image selection process. Image alignment errors in Landsat imagery are computable in glaciological studies [43,45]. Orthorectification errors may cause minor horizontal displacements. However, these are negligible in estimating glacier velocities for images of the same path [45]. Finally, the velocity uncertainty was calculated using the root mean square error of displacement data from ice-free zones [46]. Assuming that the ice-free zones in the study area are stable, four areas in each region were selected, and the estimated uncertainties are shown in Table 1. Glacier flow velocity error is taken as the average value (0.66 m a−1).




3.2.3. Glacier Thickness Estimation


According to Paul and Linsbauer’s research, the thickest ice is found along the streamlines [47]. In this study, the ice thickness of the glacier was estimated along the streamlines adopting ice-flow principles, which neglected any longitudinal stress gradients [45]. It can be assessed quantitatively using the laminar flow equation [8]:


   U s  =  U d  +  U b   



(2)




where Us, Ud, and Ub are the surface velocity, ice deformation, and basal velocity, respectively. To date, no precise assessment of basal velocity for the Tomur Peak glacier has been obtainable, and basal sliding is small in winter. Therefore, the basal velocity was assumed to be 25% of the surface velocity [48]. Given that the basal temperature of high mountain glaciers is near the melting temperature in winter and that subglacial draining is predominantly frozen, the movement of glaciers is dominated by ice deformation.


   U d  =   2 A   n + 1    τ n  H  



(3)




where A is a creep parameter that is influenced by fabric properties, grain size, ice temperature, and content purity (for temperate glaciers, A has a value of 3.24 × 10−24s−1Pa−3), and H is the ice thickness.



The basal shear stress  τ  is calculated from:


  τ = f ρ g H sin a  



(4)




where f is the scale parameter, defined as the ratio between the driving stress and basal stress along the glacier (for temperate glaciers, the range is usually [0.8, 1], we refer to other uses of 0.8 [48], ρ is the ice density (which usually takes 900 kg/m3 as the standard), g is the acceleration due to gravity (9.8 m s−2), and a is the surface slope angle, which is related to elevation [8,9].



Landsat OLI images were used to get winter velocities from 2013 to 2018, and ASTEER_DEM (2013) was used to estimate the glacier surface slope. The glacier ice thickness based on (1) and (2) can then be expressed as:


  H =     1.5  U s    A    (  f ρ g sin a  )   3       4   



(5)







We calculated a depth for every region between successive 100 m contours, and a 3 × 3 kernel was utilized to smooth out the ice thickness to avoid any dramatic changes in subsequent ice layers [48].



Errors in the calculation of ice thickness arise from errors in the estimation of the velocity, US; creep parameter, A; shape factor, f; ice density, ρ; and slope angle, a. In terms of velocity estimates, orthorectification errors can be confirmed by calculating for location over the ice-free area (where the velocity may be assumed to be zero). If there are clouds, seasonal snow cover, mountain shadows, or landslides in the glacier area, this can also lead to errors. Based on this, we choose images with less than 10% clouds for analysis where possible.



To quantify the total uncertainty in volume using Equation (5), we fix the values for dUs, df, dρ, d(sina)/(sina), and dA. We excluded basal velocity variation as the variation magnitude of the ice-thickness estimate is very small [48].


    d H  H  =  1 4    d  U d     U d    −  1 4    d A  A  −  3 4    d f  f  −  3 4    d ρ  ρ  −  3 4    d ( sin a )   sin a    



(6)







The value of dUs was fixed as 0.66 m a−1, which is the average of the differences between the observed and modeled outputs, df was set to 0.2 [48], and dA was set to be the value difference between our estimates and 3.24 × 10−24 Pa−3 s−1. For assessing the uncertainty in slope angle, the vertical accuracy of the DEM is of great significance. The uncertainty in ASTER DEM for the Tomur Peak region is 20 m. Therefore, the d (sin a)/(sin a) has a value of 0.11. The density value chosen for the estimate of the uncertainty in ice thickness was 850 kg·m−3. Plugging the above values into Equation (5), it is found that the uncertainty of ice thickness in the volume estimation for Tomur Peak Glacier is 5 m, accounting for 10% of the average thickness.






4. Results


4.1. Spatial and Temporal Characteristics of Glacier Movement Velocities


Mt.Tomur area glacier is a surface debris-cover glacier. Its surface is covered with snow, and its accumulation area and surface debris cover area uncertainty are large, so there are a small number of data voids in the velocity field, but the impact on the velocity change trend is not significant, so it can be neglected. An analysis of the interannual variation of glacier surface velocity in this region (Figure 3a) shows that the overall trend of the glacier surface velocity in the Mt.Tomur region is toward a slowing of glacier movement. The glacier surface velocity shows a certain altitude gradient distribution (Figure 3b), and the glacier velocity at first increases with increasing elevation, reaching a maximum value of 5.30 ± 0.66 m a−1 at the equilibrium line altitude (ELA) (4000 m) [30]; then, after crossing the equilibrium line, decreases with the further increase in elevation, and shows a higher rate of fall. Glacier movement is concentrated between 3000 m and 4500 m a.s.l, with an average velocity of 3.77 ± 0.66 m a−1. Glacier movement between 4500 m a.s.l and 6800 m a.s.l is much slower, with an average velocity of only 0.39 m a−1.



For valley glaciers, the greater the slope of the glacier surface, the greater the movement velocity, and the width of the ice surface also cause the glacier surface velocity to change. As the width becomes narrower, the glacier surface velocity increases, and vice versa [49]. The southern section of the a.s.l glacier zone (Kochikar Glacier, Kokol Glacier, Qiongkuermu Glacier, Bingtan Glacier, and Qingbingtan No. 72 Glacier) are typical dendritic glaciers, and their surface velocity maxima occur in the area where the glacier narrows from wide to narrow and slows down from the equilibrium line to the end, in addition to being near the glacier equilibrium line.



Between 2000 and 2020, the glacier flow velocity in this area shows a clear trend of slowing down, and the glacier surface velocity decreased from 6.71 ± 0.66 m a−1 to 3.95 ± 0.66 m a−1, with an overall decrease of 41.13%. Compared with the period 2000–2012 (Figure 3c, d), the glacier surface movement velocity slowed down significantly from 2013 to 2020, with the maximum value decreasing from 122.00 ± 0.66 m a−1 to 70.70 m a−1 and the average value decreasing from 5.25 ± 0.66 m a−1 to 4.43 ± 0.66 m a−1.




4.2. Ice Thickness


The spatial distribution of glacier ice thickness in the Tomur region was estimated based on the principle of glacier surface velocity and ice flow (Figure 4). The maximum glacier thickness in the Tomur area was found to be 171.27 ±17.10 m, and the average thickness of a glacier was 50.00 ± 5.00 m. Compared to the methods by Hussand Farinotti (2012) [50], Paul and Linsbauer (2012) [47], and Su et al. (1984) [51] to estimate the thickness of Mt.Tomur region glacier as 81.97 m, 75.76 m and 102.04 m, respectively, our results are slightly lower. The average thickness near the glacier terminal is smaller, and the thickness of the glacier at first increases with the increase in altitude, showing an ice thickness of greater than 100 m ice between 3400 m and 4300 m, and then, decreases with a further increase in altitude. The average thickness of the Tomur Glacier, the largest glacier in the Tomur area, is 34.56 ± 3.46 m, followed by Ailangsu Glacier (33.40 m), and the smallest thickness is that of the Kokolong Glacier.




4.3. Validation


We verified the flow velocity of the Tomur Peak glacier using surface flow velocity data of Qingbingtan Glacier No. 72 collected in 2008 and 2009. We conducted field measurements of glacier flow velocity in the ablation area of Qingbingtan Glacier No. 72 glacier in the same period (Figure 5). Our working assumption is that the glacier flow velocity during the observation period is similar to the velocity of remote sensing inversion calculated for the same period. For Qingbingtan Glacier No. 72, we found that the remote-sensing-derived values are slightly higher than the field-study values. We compared the values of measured and remotely sensed inverse glacier flow velocities at each observation site in 2008 and 2009 and found the correlation coefficient (R2 > 0.85) (Figure 6). Therefore, we believe that the remote sensing inversion results are reliable



We likewise compared the field observations of Qingbingtan Glacier No. 72 with the estimated ice thickness results in this paper with the working assumption that the thickness in the observation period is similar to the current glacier thickness. We selected the glacier median GPR glacier thickness data to compare the calculated and measured glacier thickness values. They proved to be comparable. A comparison of the glacier thicknesses from the 2008 field observations and the 2013 remote sensing inversions returned correlation coefficients (R2 > 0.85) (Figure 7).





5. Discussion


5.1. Effect of Glacier Surface Velocity


The principle of ice flow states that surface velocity is mainly affected by ice deformation and basal sliding. The basal shear stress depends on two factors, the first of which is the slope of the glacier surface. It is hypothesized that glaciers with too large slope values will have strong basal stress, and ice flow will be accelerated if the ice thickness is kept constant. The second factor is the difference triggered by unequal snow and ice accumulation and ablation. Thus, assuming a stable surface slope, a big ice volume will result in significant basal forces. This is due to the higher the elevation from the place of initial ice movement to the velocity terminus of the movement, the greater and thicker the total volume of the glacier. In addition, because large glaciers have thicker ice masses, the large gravitational potential energy is subject to relatively less resistance, making their surface velocities higher than those of small glaciers. Glacier meltwater can reduce ice firmness and lubricate smooth beds or form basal hydraulic jacks, enhancing shear sliding and basal sliding of the ice. In our study, the surface velocity of large glaciers such as the Tomur, Qiongkuermu, and Kochkar Glaciers is much higher than that of small glaciers, with values of 34.50 m, 34.90 m, and 31.50 m, respectively (2013–2020). Typical glacier surface velocities of small glaciers such as the Kekewulong, Bingtan, and Ayilangsuare Glaciers are 27.80 m, 27.20 m, and 30.90 m, respectively (2013–2020). This is consistent with the theoretical basis described previously.



5.1.1. Effects of Aspect and Slope on Glacier Surface Velocity


Glacier movement velocity is a basic parameter and is a combination of ice creep, glacier basal sliding, and glacier basal deformation. It is influenced by factors such as glacier topography and surface debris cover. The effect of elevation on glacier surface velocity can be seen in Figure 3b, which shows the average glacier surface velocity within each 100 m elevation rise. The higher glacier surface velocities observed between 3500–4500 m a.s.l may be because the glacier surface velocity in the upper mass transport of the accumulation zone is more variable due to the ice volume in the accumulation zone. It has been shown that regional ice accumulation tends to increase significantly after 1900 [55], which leads to an increase in the rate of transport from the accumulation zone to the ablation zone, and further may be one of the reasons for the higher glacier rates between 3500–4500 m a.s.l. The glacier ablation zone rate increased after 1990, and the rate of glacier ablation increased [52], which would lead to insufficient glacier recharge and consequently to a decrease in glacier rate below 3500 m a.s.l.



To further analyze the distribution characteristics of glacier surface velocity in the Tomur Peak region, the average glacier surface velocity in each aspect from 2000 to 2020 was selected for analysis (Figure 8). The maximum variation values of glacier surface velocity in Southeast, East, and Northeast, and the average annual glacier flow velocity, were 9.83 m a−1, 8.2 m a−1, and 9.25 m a−1, respectively, because the glaciers are mainly concentrated in the east of the region, and the study showed that the surface movement velocity of large glaciers is greater under similar geographical location and climatic conditions [20]. Thus, glacier movement velocity is the fastest on the eastern aspect of the glacier, followed by the southern aspect, where the average velocity is 2.00 m a−1. From the statistics of the grid data points of glacier flow velocity changes from 2016 to 2020, it is found that the points on the southern aspect account for 50% of the entire grid, and the southern aspect receives more solar radiation, resulting in faster glacier flow velocity.



We also explored the surface velocity distribution of the glacier surface slope (Figure 8b). The glacier surface velocity decreases (<70°) with the increase in slope, and then increases (70°–80°), and the glacier surface velocity concentrates on the slope of <40 °. Generally speaking, the glacier surface velocity increases with the increase in slope, but the opposite phenomenon appears in this region. It may be caused by the following reasons: (1) Within the slope range of <40°, the glacier area accounts for 65.8%, and it is concentrated in the glacier tongue, where the thickness of the glacier is large, the ice volume are large, the downward component of the glacier is large, and the glacier surface velocity is large (Figure 4 and Figure 5). (2) The slope range of 40°–80° is concentrated on the upper part of the glacier. The thickness of the glacier is small, the longitudinal stress of the glacier is smaller, and the surface velocity is smaller. (3) It may be related to the sliding of the glacier’s bottom. According to field observation, in 2009, several ice fissures in the glacier’s tongue region closed rapidly, indicating that the glacier may have bottom sliding.




5.1.2. Effects of Debris Cover on Glacier Surface Velocity


The rock debris material within the glacier ice moves from the upper part of the glacier with the glacier’s downward movement to the ablation zone. In the ablation zone, due to melting, the ice surface rock debris, and other materials form a surface moraine. In addition, in the process of glacier movement, events such as freeze–thaw action, ice/avalanche, and gravity slide collapse can lead to the glacier around the slope of the rock debris material crumbling, bringing material to the glacier surface or dropping it into the glacier interior. The general rule is that the further downstream the glacier, the thicker the surface moraine cover and the larger the moraine area. Moraines cover many valley glaciers in the western region of China in the tongue or end area. Typically the ablation area is partially or entirely covered with a layer of the moraine of varying thickness [53]. The moraine and the glacier move together, and as the glacier movement slows down, the moraine accumulates at different elevations, especially at the end of the glacier. The physical properties (particle size, color, etc.), thermal processes, and albedo of the surface moraine layer are different from those of bare ice or snow, resulting in different ablation processes of the overlying glacier underneath the surface moraine [54]. The influence of the surface moraine on the ablation of the overlying glacier depends mainly on its thickness. When the surface moraine layer is thin, the existence of the surface moraine accelerates glacial ablation, and the ablation rate of its lower overlying ice layer is greater than the ablation rate of the bare ice area. As the moraine layer thickens, the existence of the surface moraine inhibits glacial ablation, and the ablation rate of the lower overlying ice layer is lower than the ablation rate of the bare ice area [54].



A 2008 study on the debris of Qingbingtan Glaciers Nos. 72 and 74 in the Tomur Peak region found that the total area of debris cover of Qingbingtan Glacier No. 72 is 0.87 km2, the average thickness of debris is 11.5 cm, and the glacier area covered by debris on the west side is larger than that on the east side. While surface debris covers the whole ice tongue of Qingbingtan Glacier No. 74. The total area of surface debris cover of the latter glacier is 2.94 km2, and the thickness of debris generally shows the law of decreasing from both sides to the middle. The study also shows that, while the critical value of glacier debris cover thickness in the Tomur area is about 4 cm [23], the debris cover thickness of Qingbingtan Glacier No. 72 is more than 4 cm, covering an area of 0.66 km2. The debris cover coverage area is about 76%, and the debris cover has an overall mitigating effect on the ablation and movement rate of Qingbingtan Glacier No. 72. For Qingbingtan Glacier No. 74, the glacier debris cover thickness of more than 4 cm, covers an area of 2.12 km2, accounting for 22.2% of the whole glacier, while the area of debris cover less than 4 cm is 0.82 km2, accounting for 77.8% of the whole glacier. In general, the debris cover has an accelerating effect on the ablation and movement rate of glacier No. 74.





5.2. Thickness Evaluation Based on Glacier Velocity


Assuming that glacial ice is fully plastic, because of the generalized flow law of ice, the relatively flat lower section of a river valley glacier should be much thicker than the steeper upper glacier section [8]. Our results indicate that about 78.3% of the glacier volume in the Tomor Peak region is stored in the ablation zone with an ice thickness of about 56 m on average, while about 21.7% of the glacier volume is stored in the accretion zone with an ice thickness of about 45 m on average. About 38% of the glacier area is in the accretion zone. It should be noted that the low image contrast in the ablation zone leads to uncertainty in the glacier velocity [29].



Ice thickness prediction based on ice flow principles necessitates precise modeling of the physical processes involved and relies on numerous, only loosely known, processes [50]. In a previous study, an ensemble of up to five models was used to provide a consensus assessment for the ice thickness distribution of all about 215,000 glaciers outside the Greenland and Antarctic ice sheets [55]. We compared our estimated glacier volumes based on an empirical formula with the glacier volume estimation dataset from the Farinotti et al. study [55] and found that our results are 8.5% higher than the dataset average. The reason for the analysis error is that the glacier thickness calculated by the empirical formula used in this study is estimated using the glacier surface velocity as the input data, and it is difficult to find sufficient measured data for constructing the model for simulation, as the model simulation requires many parameters. Considering an acceptable uncertainty of ±10%, our results are suitable for glacier volume estimation.




5.3. Effect of the Surge-Type Glacier on Glacier Flow Velocity and Surface Elevation


Glacier surge is a phenomenon in which glaciers periodically undergo rapid movement within a relatively short period of time, and is a concentrated expression of the complexity of glacier dynamics, with large differences in the speed of movement and the ablation status of the tongue area before and after the glacier surge [56,57]. Landsat TM/ETM+/OLI remote sensing images were used to identify glaciers in the Tien Shan region from 1990 to 2019 and found that Qingbingtan Glacier No. 72 and Kekeer Glacier are surge-type glaciers, the terminus is advanced by 537 m (Qingbingtan Glacier No. 72, 1993 to 1999) and 870 m (Kekeer Glacier, 1998 to 2007), respectively [58]. Although Kekeer Glacier was in a leap-forward state in 2006–2007, the small size of this glacier and the lack of field monitoring have negligible impact on the overall regional glacier surface velocity study. Therefore, the effect of surging glaciers on glacier surface velocity and ice thickness in this remote sensing study can be excluded. However, glacier surging has an important influence on the surface velocity and surface elevation changes of glaciers, so the next step should be to strengthen the field observation of regional surging glaciers (end changes, hydrological changes, surface elevation, surface velocity, glacier internal temperature, and glacier bottom debris distribution, etc.) based on remote sensing monitoring to provide data support for the study of glacier surging mechanism.





6. Conclusions


In this study, image correlation offset tracking using Landsat series images was used to assess the surface velocity of the glaciers in the Tomur Peak region from 2000 to 2020, and to assess the ice thickness of the glaciers in the Tomur Peak region in 2013 based on the ice flow principle. The glacier flow velocity showed a significant downward trend during 2000–2020, with the glacier surface velocity decreasing from 6.71 ± 0.66 m a−1 to 3.95 ± 0.66 m a−1, an overall decrease of 41.13%. In addition, compared with the 2000–2012 period, the rate of decrease in glacier surface motion velocity was significantly higher during 2013–2020.



The maximum value of ice thickness in the Tomur Peak region was estimated to be 171.27 m based on the ice flow principle, and the average thickness of the glacier was 50 m. The thickness of the glacier first increased with the increase in altitude, presenting more than 100 m of ice thickness between 3400 m and 4300 m, and then decreased with the further increase in altitude.



In a comparison of the 2008–2009 field measurements of Qingbingtan Glacier No. 72 with the remote sensing inversion results, the correlation coefficient (R) between the glacier flow velocity and thickness of the remote sensing inversion, and the measured data was found to be >0.85, which is within the confidence level, indicating the feasibility of the method in the calculation of glacier surface velocity.



Remote sensing data-based glacier surface velocity extraction methods have enabled the study of this to expand in the temporal and spatial domains, and gradually become an important means of obtaining glacier surface velocity information, but the accuracy of glacier surface velocity extraction based on remote sensing data needs to be improved. The current research on glacier surface velocity focuses on methods and velocity mapping on a large scale, while the dynamics behind the changes in velocity need to be analyzed in detail in a small-scale glacier system, combining long time series of glacier length, area, and surface elevation variation parameters.
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Figure 1. Geographic location of the Tomur Peak glacier, Tian Shan, China, (a) the regional glacier distribution, (b) the location of the study area in the Tian Shan Mountains, and (c) (① Tomor Glacier, ② Duntelian Glacier, ③ Keqikar Glacier, ④ Keke Ulong Glacier, ⑤ Keker Glacier, ⑥ Qiong Kurm Glacier, ⑦ Bingtan Glacier, ⑧ Qingbingtan Glacier No. 72, ⑩ Ailangsu Glacier) the distribution of stakes and GPR surveys on the Qingbingtan glacier No. 72. 






Figure 1. Geographic location of the Tomur Peak glacier, Tian Shan, China, (a) the regional glacier distribution, (b) the location of the study area in the Tian Shan Mountains, and (c) (① Tomor Glacier, ② Duntelian Glacier, ③ Keqikar Glacier, ④ Keke Ulong Glacier, ⑤ Keker Glacier, ⑥ Qiong Kurm Glacier, ⑦ Bingtan Glacier, ⑧ Qingbingtan Glacier No. 72, ⑩ Ailangsu Glacier) the distribution of stakes and GPR surveys on the Qingbingtan glacier No. 72.



[image: Remotesensing 15 00150 g001]







[image: Remotesensing 15 00150 g002 550] 





Figure 2. (a) Horizontal movement velocity of the GPS stakes and (b) GPR field measurements. 
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Figure 3. (a) interannual variation of glacier movement velocity in the Tomur Peak area, (b) distribution of the annual average velocity of glaciers in the altitude zone (3000 m–6800 m) from 2000 to 2020, (c) distribution of the annual average velocity of glaciers from 2000 to 2012, and (d) distribution of the annual average velocity of glaciers from 2013 to 2020. 
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Figure 4. Glacier ice thickness distribution in the Tomur region in 2013. 
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Figure 5. Distribution of glacier movement velocity in 2008 and 2009. 
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Figure 6. Comparison of RTK−GPS observed data and calculated remote sensing inversion data for the Qingbingtan No. 72 glacier. 
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Figure 7. Comparison between the estimated and in situ measured ice thickness of the central axis of the Qingbingtan glacier No. 72. 
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Figure 8. Influence of aspect and slope on glacier flow rate in the Tomur peak region, 2000–2020 (a,b). 
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Table 1. The satellite data used in this study.
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	Image ID
	Date of Acquisition
	Band
	Resolution





	LE07_L1TP_147031_20001031_20200917_01_T1
	31 October 2000
	8
	15



	LE07_L1TP_147031_20011002_20200917_01_T1
	2 November 2001
	8
	15



	LE07_L1TP_147031_20021005_20200916_01_T1
	5 October 2002
	8
	15



	LE07_L1TP_147031_20031109_20200915_01_T1
	9 November 2003
	8
	15



	LE07_L1TP_147031_20041010_20200915_01_T1
	10 October 2004
	8
	15



	LE07_L1TP_147031_20051130_20200914_01_T1
	30 November 2005
	8
	15



	LT07_L1TP_147031_20061008_20161118_01_T1
	8 October 2006
	8
	15



	LE07_L1TP_147031_20071104_20170101_01_T1
	4 November 2007
	8
	15



	LE07_L1TP_147031_20081021_20161224_01_T1
	21 October 2008
	8
	15



	LE07_L1TP_147031_20091024_20161217_01_T1
	24 October 2009
	8
	15



	LT05_L1TP_147031_20101019_20161012_01_T1
	19 October 2010
	8
	15



	LT05_L1TP_147031_20111022_20161006_01_T1
	22 October 2011
	8
	15



	LE07_L1TP_147031_20121117_20161127_01_T1
	17 November 2012
	8
	15



	LC08_L1TP_147031_20130925_20170502_01_T1
	25 September 2013
	8
	15



	LC08_L1TP_147031_20141014_20170418_01_T1
	14 October 2014
	8
	15



	LC08_L1TP_147031_20151001_20170403_01_T1
	1 October 2015
	8
	15



	LC08_L1TP_147031_20161003_20170319_01_T1
	3 October 2016
	8
	15



	LC08_L1TP_147031_20170920_20170930_01_T1
	20 September 2017
	8
	15



	LC08_L1TP_147031_20181025_20181031_01_T1
	25 October 2018
	8
	15



	LC08_L1TP_147031_20191113_20191202_01_T1
	13 November 2019
	8
	15



	LC08_L1TP_147031_20201014_20201104_01_T1
	14 October 2020
	8
	15
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