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Abstract

:

Glaciers experience periodic variations in flow velocity called surges, each of which influences the glacier’s characteristics and the occurrence of downstream disasters (e.g., ice-dammed lake outburst floods). The Karakoram region contains many surging glaciers, yet there are few comprehensive studies of multiple surge cycles. In this work, Landsat, topographic map, Shuttle Radar Topography Mission (SRTM), TerraSAR-X/TanDEM-X, ITS_LIVE, and Sentinel-1 glacier velocity data were used to systematically analyze the characteristics of Kyagar Glacier since the 1970s. Three surging events were identified, with active phases in 1975–1978, 1995–1997, and 2014–2016. The timing of these surges was similar, with a cycle of 19–20 years, an active phase of 3–4 years, and a quiescent phase of 16–17 years. During the quiescent phase, a large amount of ice accumulates in the lower part of the accumulation zone, and the terminal of the tongue thins significantly. According to the most recent surge event (2014–2016), glacier flow accelerated suddenly in the active phase and reached a maximum velocity of 2 ± 0.08 m d−1. Then, the glacier terminal thickened sharply, the reservoir zone thinned by 12 ± 0.2 m, and the terminal receiving zone thickened by 28 ± 0.2 m. The glacier may have entered a quiescent phase after July 2016. The glacier surge causes a large amount of material to transfer from upstream to downstream, forming an ice dam and creating conditions for a glacial lake outburst flood (GLOF). At the termination of the active phase, the subglacial drainage channel became effective, triggering the GLOF. For a period of the quiescent phase, the glacier ablation intensifies and the GLOF repeats constantly. One surge caused 7–8 GLOFs, and then a continuous reduction in the ice dam elevation. Eventually, the ice dam disappeared, and the GLOF no longer continued before the next glacier-surging event.
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1. Introduction


Surging glaciers are characterized by quasi-periodic changes between periods of fast (active phase) and slow flow velocities (quiescent phase) [1]. A surging cycle is divided into two phases: the active and quiescent phases [2]. During an active phase, the flow velocity can be 10–1000 times greater than in the quiescent phase, thus causing rapid mass transfer from the reservoir zone to the receiving zone, which can even result in a frontal advance [3]. Meanwhile, natural disaster events caused by glacier surging can greatly threaten downstream areas, such as glacial lake outburst floods (GLOFs), glacial meltwater debris flows, and glacier collapses [4,5,6]. Therefore, studying the dynamics of surging glaciers can help predict glacier behavior and hazard development.



About 1% of the world’s glaciers are surging glaciers, which have a clustered distribution and mainly occur in High-Mountain Asia (HMA) and the high latitudes of the Arctic (from Alaska, Novaya Zemlya, and Svalbard to Greenland); [7]. There are also a number of surging glaciers in other parts of the world, such as the Andes [8]. As HMA is the birthplace of many great rivers, its future development of glaciers is of great concern [9]. Glaciers in HMA have decreased significantly in mass under global warming [10]. However, glaciers in some areas, such as Pamir, the Karakoram Mountains, and West Kunlun, have shown stable/advanced or weakly positive mass balances [11,12], which is a part of the “Karakoram anomaly” [13]. Historically, Karakoram glacier surges have been widely recorded, with at least 220 glaciers reported to do so. These surges do not appear to be dependent on climate change [14]. Therefore, in order to better understand the Karakoram glacier changes, we need to strengthen the monitoring of the glacier surging.



The surface features of a surging glacier change dramatically during its development, which facilitate their detection by remote sensing. We have to underline that remote sensing plays an important role in the study of surging glaciers, which is mainly used to monitor the flow velocity, elevation change, and surface change of glaciers [6,8,14,15,16,17,18,19,20,21,22,23,24]. At present, the remote sensing works in the literature on the surface velocities of glaciers include two methods: Feature Tracking and Synthetic Aperture Rada Interferometry (InSAR) [14,17,22]. The rapid changes of the glacier’s surface during the glacier surge often result in incoherence between Synthetic Aperture Rada (SAR) images, which renders it difficult to extract the velocity effectively by the InSAR method [14,17,22]. Therefore, for SAR images, the glacier velocity is also extracted by Feature Tracking [25]. The Digital Elevation Model (DEM) is mainly used to explore the surface elevation change of the surging glacier [23,24]. Currently, there are two main methods for DEM extraction based on remote sensing, namely stereo remote sensing photogrammetry and InSAR, which both play an important role in examining the glaciers’ properties [10,11,12].



There are many studies on glacier surging in the Karakoram, mainly comprising surging glacier inventories [14,15] and analyses of individual (or several) glaciers [16,17,18]. Most detection and analysis of surging glaciers are based on remote sensing methods according to changes in their morphology, velocity, elevation, and other factors [19,20,21]. In particular, glacier velocity data extracted from optical and radar remote sensing images play an important role in the study of surging glaciers [16,22]. A glacier can be determined to be surging due to unusual changes in its velocity, and the dynamics of glacier surging can be analyzed using velocity time series [23,24]. Remote sensing image data (e.g., Landsat TM) relevant to glacier velocity sequences became available in the 1990s. However, due to the effects of clouds and snow, it can be very difficult to obtain a long, complete time series. In addition, in the past, it was difficult to obtain glacier velocity time series on a monthly scale; however, in recent years, Sentinel-1 data have provided good data for this purpose [25]. Elevation changes can be detected by multi-period Digital Elevation Model (DEM) subtraction or radar interferometry while surging glaciers can be identified based on elevation changes in their reservoir and receiving zones. However, it is difficult to obtain elevation-change data before the year 2000, so a few studies employ topographic maps or DEMs extracted from spy satellites (such as Corona and Hexagon) to identify surging glaciers [23]. As remote sensing is a relatively new technology, suitable data have only become abundant after 2000 [26]. As some glacier surge cycles are likely to last longer than 50 years, more than two surge events can rarely be observed on the same glacier by remote sensing [19]. The Karakoram region contains some glaciers that repeatedly surge and, although these processes have been documented [14,19], few studies have focused on multiple surges in a particular glacier.



Karakoram GLOF events are very frequent and many are associated with glacier surging [27]. However, the dynamic process of GLOFs caused by glacier surging is still not well understood [24]. Hence, it is very important to clarify the relationship between surging behavior and GLOF disasters. The Kyagar Glacier (Figure 1), located on the northern slope of the Karakoram Range, has been a site of several GLOF events that have caused severe damage in the lower reaches of the Yarkand River [28]. Although the Kyagar Glacier showed signs of advancing in the 1920s, 1970s, and 1990s [29], it was not identified as a surging glacier until a surge in the year 2014–2015 was reported by Round et al. [30]. Bhambri et al. [14] confirmed that the glacier surged in the 1990s, the details of which were not reported.



To enhance the understanding of the surge dynamics of Kyagar Glacier and the relationship between surges and GLOFs, this study identified three surges of Kyagar Glacier since the 1970s using Landsat data, glacier velocities extracted from optical and radar remote sensing images, topographic maps, Shuttle Radar Topography Mission (SRTM), and TerraSAR-X/TanDEM-X. The relationship between surges and GLOFs was analyzed, and the surging period and process were established.



The rest of this work is structured as follows: In Section 2, the general situation of the study area is described. The data and method are analyzed in detail in Section 3. In Section 4, the glacier surging process is described, and in Section 5, our results from the methodological and glaciological perspectives are discussed, respectively. Finally, the conclusions of our work are drawn in Section 6.




2. Study Site


The Kyagar Glacier (Figure 1) is a polythermal valley glacier located in the Karakoram Mountains in the southeast of the Xinjiang Uygur Autonomous Region. Its elevation ranges from 4759 m to 7186 m, with a total area of about 95 km2, an average surface slope of 22°, and an average aspect of 37.2°. It is composed of three tributaries ranging from 6 km to 10 km in length, which converge to form an ice tongue 8 km long and about 1.5 km wide. The north–south Kyagar Glacier blocks the east–west Shaksgam Valley, creating a glacial lake that, if it did outburst, would flood the downstream Yarkand River. The region is dominated by westerlies, with most of the precipitation occurring from May to September and the average annual temperature below 0 °C. The ERA5 data from 1950 to 2019 show that the average temperature in this region is −17.8 °C, and the annual average precipitation is 454 mm.




3. Data and Methods


3.1. Data


3.1.1. Landsat Images


To monitor the surge process of the Kyagar Glacier, we acquired 24 Landsat images from the United States Geological Survey (USGS) taken between 1975 and 2021 (Table 1). These images are all L1T products, and systematic radiometric and geometric corrections were carried out by the USGS as well as orthorectification with a DEM.




3.1.2. Glacier Surface Velocity Data


To evaluate the interannual changes in the velocity of Kyagar Glacier, we acquired the Inter-Mission Time Series of Land Ice Velocity and Elevation (ITS_LIVE) data from NASA. This glacier velocity product is based on Landsat 4, 5, 7, and 8 images and adopts the autonomous Repeat Image Feature Tracking processing scheme described by Gardner et al. [31] to extract glacier velocity through local normalization, over-sampling, and feature tracking. The data have good robustness, and errors may be caused by image matching. However, surge events may be much shorter than a year (e.g., a few months), and a mean annual value will then strongly underestimate real flow velocities. In our study, annual glacier velocity data from 1986 to 2018 were used with a spatial resolution of 240 m.



We also used the glacier velocity product derived from Sentinel-1 radar images described by Friedl et al. [25]. This provides monthly average glacier velocity data since October 2014 with a spatial resolution of 200 m. The product input data are Sentinel-1 data, a type of SAR data that is not affected by cloud and fog. These data do, however, suffer from layover and radar shadow in steep mountain terrain.




3.1.3. TerraSAR-X/TanDEM-X Data


The German radar satellites TerraSAR-X and TanDEM-X, developed by EADS Astrium in conjunction with the German Aerospace Centre, were launched into their intended orbits in 2007 and 2010, respectively [32]. TanDEM-X and TerraSAR-X fly synchronously at a distance of less than 200 m from their orbit to accurately scan the earth’s surface. These satellites work in a similar way to human eyes, scanning the entire surface of the earth repeatedly to create a high-precision 3D digital model of the planet. To determine changes in glacier elevation, we used CoSSC (Co-registered Single-look Slant-range Complex) experimental files obtained between 2013 and 2017 under the bistatic InSAR strip-map model (Table 1).




3.1.4. Other Data


The Shuttle Radar Topography Mission (SRTM) DEM and topographic map (1:50,000) were also used to analyze glacier elevation changes. SRTM data were obtained for 11–22 February 2000. We used 1 arc-second (about 30 m)-resolution C-band SRTM DEM [33]. The topographic map was taken by aerial photography in October 1976. The contour distance of the topographic map is 10 m, the vertical accuracy of flat areas (i.e., slopes less than 2°) and hilly areas (i.e., slopes of 2–6°) is better than 3–5 m, and the vertical accuracy of the mountain and high mountain areas (i.e., slopes more than 6°) is better than 8–14 m. We directly obtained digital contour lines from the State Bureau of Surveying and Mapping of China (SBSMC) for DEM production.



In addition, ERA5 reanalysis temperature and precipitation data were used in our study. ERA5 is the fifth generation of European Centre for Medium-Range Weather Forecasts (ECMWF) Atmospheric Reanalysis global climate data. ERA5 will eventually replace ERA-Interim reanalysis data [34].





3.2. Glacier and Lake Parameter Extraction


The glacier boundary was extracted by visual interpretation of Landsat images. To improve accuracy, we extracted glacier boundaries based on the second Chinese Glacier Inventory data [35]. We kept the glacier’s upper accumulation area unchanged and only modified the part that changed at the glacier terminus so as to obtain glacier boundaries in different years. The glacier area was extracted directly based on the glacier boundary using ArcGIS software.



The glacier has a middle moraine, which divides the glacier into two ice flows, one flowing to the east and the other to the west. We extracted the basis of the centreline of each ice flow based on Euclidean allocation as described by Zhang et al. [36], while the change in length of the centreline at the glacier terminus was taken as the change in glacier length.



The artificial visual interpretation was used to determine the digitized outlines of the glacial lake in different periods, whilst DEM without a lake as a base was used to extract the glacial lake volume.




3.3. DEM Production and Glacier Elevation Change Estimation


Based on the differential synthetic aperture radar interferometry (DInSAR) method, SRTM DEM and TerraSAR-X/TanDEM-X were used to estimate elevation changes for the periods 2000–2013, 2000–2014, 2000–2015, 2000–2016, 2000–2017 (August), and 2000–2017 (September). First, a bistatic interferogram (TerraSAR-X and TanDEM-X form a dual station for data acquisition) was generated from TerraSAR-X/TanDEM-X data and the SRTM DEM. Then, the topographic phase was removed from the bistatic interferogram and a differential interferogram was generated by using the topographic residual phase. Finally, the difference interferogram was used to obtain the surface elevation changes. Meanwhile, TerraSAR-X/TanDEM-X DEMs for 2013, 2014, 2015, 2016, and August and September 2017 were created using the DInSAR method. A detailed description of the above processes is given in Neckel et al. [37]. These methods can directly obtain the surface elevation changes from 2000 to 2013. The elevation changes during 2013–2014, 2014–2015, 2015–2016, 2016–2017, and August–September 2017 were obtained by subtracting TerraSAR-X/TanDEM-X DEMs for different periods. To further reduce the error caused by matching different DEMs, the universal co-registration method proposed by Nuth and Kääb [38] was used for the correction of matching biases.



Digital contour data were extracted from topographic maps from the SBSMC, which was re-projected to the Xi’an Geodetic Coordinate System 1980. The geoid was based on the 1985 Yellow Sea datum. By using the control points of different coordinate systems provided by the SBSMC, we converted the Xi’an Geodetic Coordinate System 1980 into the World Geodetic System 1984 (WGS84) Universal Transverse Mercator (UTM) projection coordinate system using the seven-parameter method. The elevation datum was also converted to the WGS1984 ellipsoid elevation. Then, the Thiessen polygon method (the adjacent elevation points were connected with triangles, and then vertical bisectors for each side of the triangle were made; a polygon surrounded by several vertical bisectors around each elevation point was thus formed; the elevation of a polygon region is represented by the elevation value contained in the polygon) was used to interpolate the contour lines into a DEM with a 30 m resolution. We subtracted the gravity anomaly and converted the elevation datum to the 1996 Earth Gravitational Model (EGM96), which is consistent with the SRTM DEM. Finally, the co-registration method (the DEM matching error can be corrected by taking into account the relationship with the slope and aspect) proposed by Nuth and Kääb [38] was used to correct the matching errors between the topographic map DEM and SRTM DEM, and the glacier surface elevation changes from 1976 to 2000 were obtained by subtraction.




3.4. Uncertainties


Here, Section 3.4.1 describes the uncertainty assessment method for glacier length and area, Section 3.4.2 analyzes the uncertainty assessment method for glacier velocity, and Section 3.4.3 deals with the uncertainty assessment method for glacier elevation change.



3.4.1. Uncertainties in the Glacier Length and Area Changes Estimation


Glacier boundary errors include interpretation errors, technical errors, and methodological errors. When we interpret the glacier boundary, a single person interprets the same inventory data as a reference, and only changes are modified, so the interpretation errors can be ignored. The Landsat data were orthorectified by the USGS, and the technical errors were negligible [39]. Therefore, we only considered method errors, which are determined by the spatial resolution of the Landsat images. The centreline error is difficult to evaluate, so we only considered the changes at the glacier terminus. The length uncertainty (Ec) was determined by the uncertainty at the glacier terminus in each phase, assuming this to be half a pixel (ɛ1 or ɛ2; [40]). On the basis of the law of error propagation, Ec was calculated according to Formula (1).


    E   c   =      ε   1     2   +     ε   2     2     



(1)







The area error can be evaluated as the area of the buffer zone of the glacier boundary with a diameter of half a Landsat pixel. Since we only considered the glacier changes between two periods when interpreting the glacier boundary, in the actual error assessment, we only took the buffer area of the perimeter of the region that did change in each period as ɛ1 or ɛ2. Then, Formula (1) was used to obtain Ec: the uncertainty in the change in the glacier area.




3.4.2. Uncertainty in Glacier Velocity Estimation


The ITS_LIVE data provide estimates of glacier velocity error. In the process of ITS_LIVE data production, the velocity of each component is tied to the stable region, and the median of each velocity component (Vx, Vy) is set to zero on the non-glacial region so as to correct for co-registration errors. Velocity components deviating by more than three times the quartile range from the median value of all pixels in the same position are assumed to be gross outliers and are eliminated. The uncertainty in each image-pair velocity value is set as the standard deviation of the component velocity measured in the stable region. The uncertainties in merging velocities are estimated on a pixel basis by propagating the uncertainty of each image-pair velocity, as described by Dehecq et al. [41].



Assuming that the correction successfully eliminates existing co-registration errors during the production of Sentinel-1 velocity data, the remaining velocity error is 0.1 pixels of the tracking accuracy. Therefore, for Sentinel-1 data with a pixel size of 3 × 14 m, the theoretical velocity errors obtained under 6 d and 12 d repeat cycles are 0.24 m d−1 and 0.12 m d−1, respectively. Friedl et al. [25] suggested that the uncertainty in glacier velocity generated by 12 d Sentinel-1 data is lower (~0.08 m−1).




3.4.3. Uncertainty in Glacier Elevation Change Estimation


We assessed the uncertainty in glacier elevation change using the method of Fischer et al. [42], which was developed by Rolstad et al. [43]. The uncertainty in elevation change (Edh) is derived from Formula (2):


    E   d h   =   σ   d h      π   L   2     5   A   t 1       



(2)




where σdh is the standard deviation of elevation change in the non-glacial region, At1 is the glacier area at the start of the elevation change period, and L is the spatial autocorrelation length. In our study, the spatial resolution of glacier elevation variation obtained by TerraSAR-X/TanDEM-X is 10 m, and L is 185 m as obtained by Moran’s index [44]. As the spatial resolution of glacier elevation changes obtained from topographic maps and SRTM is 30 m, L was set to 600 m.






4. Results


It was found that at least three surges occurred in Kyagar Glacier. In Section 4.1, Section 4.2 and Section 4.3, the surges in three stages (1975–1978, 1995–1997, 2014–2016) were described in detail. In Section 4.4 and Section 4.5, the velocity and elevation changes of Kyagar Glacier were examined, respectively. Moreover, in Section 4.6, the formation process of the glacial lake in front of Kyagar Glacier was thoroughly investigated.



4.1. Glacier Surging during 1975–1978


According to Landsat MSS images from 1973 to 1979 (Figure 2), the east side of the terminus of the Kyagar Glacier showed signs of advancement in March 1975 (by 200 ± 56 m relative to 1973). From November to December 1976, the glacier advanced again by 82 ± 56 m. The glacier advanced 126 m ± 56 (18 ±8 m/month) from December 1976 to July 1977, indicating that the glacier velocity during this period was lower than in November–December 1976. From 14 July 1977 to 18 July 1978, the glacier continued to advance 37 m. The Landsat image on 7 June 1979 shows that the glacier had already begun to retreat and so it had probably stopped surging in 1978. The glacier velocity probably reached its peak in the winter of 1976.




4.2. Glacier Surging during 1995–1997


According to Landsat images from 1995–1997 (Figure 3), the east side of the terminus of the Kyagar Glacier began to advance in 1995. From January to November 1995, the east side of the terminus of the Kyagar Glacier had advanced 247 ± 21 m, and its area increased by 0.08 ± 0.02 km2. From November 1995 to February 1996, the east side of the terminus of the glacier continued to advance by 87 ± 21 m, and the area expanded by 0.08 ± 0.02 km2. From February to August 1996, there was little change in the east side of the terminus position; however, the west side advanced 75 ± 21 m, and the total area expanded by 0.15 km2. From August 1996 to July 1997, the eastern terminus advanced 40 ± 21 m, the western terminus advanced 134 ± 21 m, and the total area expanded 0.20 ± 0.02 km2. The Landsat image from September 1997 shows that the glacier had begun to retreat.




4.3. Glacier Surging during 2014–2016


According to Landsat images (Figure 4), we found that Kyagar Glacier showed signs of advancing (38 m) on 28 April 2014, and then advanced another 97 ± 21 m by September 2014. From September 2014 to April 2015, the glacier advanced 278 ± 21 m, indicating that the advance was faster in winter. Following this, the advance was slower, proceeding only 25 ± 21 m until July 2015. From July to October 2015, there was little change at the terminus. The following winter, however, the glacier advanced 43 ± 21 m by March 2016. According to a Landsat image from September 2016, the west side of the glacier terminus advanced by 30 ± 21 m, while the east side of the terminus also advanced by 40 ± 21 m after March 2016. There was no sign of glacier advancement according to Landsat images taken after September 2016.



In Summary, the Kyagar Glacier has undergone three surges since 1975, with an active period of 2–3 years and a maximum advance of 521 ± 21 m. There was a rapid advance within 10 months of the surge start, which was followed by a slow advance. Another rapid advance occurred within 20–28 months of the first surge (Figure 5).




4.4. Glacier Velocity Changes


According to the time series of glacier velocities derived from ITS_LIVE during 1989–2018 (Figure 6 and Figure 7), it can be seen that the average maximum velocity of Kyagar Glacier from 1989 to 1994 was 185 ± 3 m a−1. The glacier velocity suddenly increased in 1995 (318.2 ± 3 m a−1) and peaked at 452 ± 7 m a−1 in 1996. Then, the glacier slowed in 1997 (294.2 ± 4 m a−1) and returned to its normal velocity in 1998 (194.5 ± 4 m a−1). Therefore, there was a surge event in 1995–1997.



From 1998 to 2013, the average maximum velocity of the glacier was 182 ± 3 m a−1. It began to accelerate sharply again in 2014 (274.3 ± 1 m a−1), peaked at 319 ± 1 m a−1 in 2015, and began to slow down in 2016 (229.0 ± 1 m a−1) before returning to its normal velocity in 2017 (182.6 ± 1 m a−1). Therefore, there was a surge event in 2014–2016.



Although there are no data on changes in glacier velocity from 1973 to 1978, the glacier advanced 208 m in less than one year from November 1976 to July 1977 (Figure 2). We speculate that the velocity peaked in 1976–1977 at >200 m a−1. Therefore, there was a surge event in 1973–1978.



The glacier velocity continued to decrease from 1998 to 2004 (Figure 7), was relatively stable from 2005 to 2009, and increased slightly from 2010 to 2013. Therefore, the period from 1998 to 2009 was the quiescent phase of the last surge, and the period from 2010 to 2013 was a buildup phase before the next surge. The glacier also showed a slightly increasing trend from 1991 to 1994, which may be the buildup phase before the 1995–1997 surge.



According to Sentinel-1 data from October 2014 to April 2021 (Figure 8), the glacier’s monthly velocity was significantly higher from October 2014 to July 2015 than in other months. In fact, the glacier began to be active on 28 April 2014 (Figure 4 and Table 2). From October 2014 to February 2015, the glacier velocity reached its peak (2 ± 0.08 m d−1). However, the glacier slowed sharply in August 2015 to a maximum velocity of only 0.7 ± 0.08 m d−1. From January to May 2016, the maximum velocity was only 0.5–0.6 m d−1. From June to July 2016, the maximum velocity was 0.8 ± 0.08 m d−1, which then decreased significantly in August (maximum velocity = 0.6 m d−1). From 2017 to 2019, there were seasonal differences in glacier velocity, being generally faster in June and July (summer). The glacier velocity showed an overall downward trend after 2016. After 2020, the seasonal differences were less significant, and the maximum velocity was 0.2 m d−1. We also found that the water storage process before the GLOF resulted in an increase in the glacier velocity, and the glacier velocity decreased rapidly after the GLOF. As the height of the ice dam continued to drop, the water storage was getting smaller and smaller, and the glacier velocity was also decreasing year by year. If the ice dam continues to descend and disappears, the GLOF will not occur until the next surge.




4.5. Glacier Elevation Changes during 1976–2017


Based on TOPO DEM (1976), SRTM (2000), and TerraSAR-X/TanDEM-X (2013–2017) data, glacier elevation changes in seven time periods were obtained (Figure 9 and Figure 10). Despite a lack of data on elevation changes in the glacier terminus from 1976 to 2000, it can still be seen that there was a significant thickening of the terminus. The glacier thickness increased by 14 ± 1.1 m (on average) between 2 km and 4 km of the terminus and decreased by 12 ± 1.1 m (on average) between 4 km and 15 km of the terminus during 1976–2000.



The elevation changes from 2000 to 2013 show that the glacier terminus exhibited a significant thinning trend (average thinning = 56 ± 0.4 m). Meanwhile, the elevation above the west branch confluence increased by 17 ± 0.4 m, while that above the east branch confluence increased by 9 ± 0.4 m at most. This elevation variation is typical of a glacier’s quiescent phase, which features thinning of the terminal’s elevation and buildup of ice above the west branch confluence.



There was a slight elevation change of the glacier surface from 2013 to 2014, a slight thickening at the terminus, and a slight thinning in the reservoir zone of the western branch at the upper part of the confluence. These indicate that ice had begun to transfer from the reservoir zone to the terminus.



From 2014 to 2015, the glacier terminus thickened sharply, the reservoir zone (>6 km from the terminus) thinned by 12 ± 0.2 m, and the terminal receiving zone (0.5–6 km from the terminus) thickened by 28 ± 0.2 m, which are typical characteristics of surging. From 2015 to 2016, the glacier thickness increased by 28 m at 0–0.5 km from the terminus, indicating that the surge front moved to the terminus and led to its advance, especially of the eastern terminus. After July 2016, the elevation change of the glacier was relatively weak and the terminus began to show signs of thinning.




4.6. Glacial Lake Formation


During the first surge period (1975–1978), a terminal glacial lake with an area of 0.23 km2 could be seen in the 13 June 1976 image (Figure 2). However, this glacial lake could not be seen in the image of November 1976, indicating that there was a glacial lake burst during the period. The Landsat image of 14 July 1977 shows that the new terminal glacial lake reached 1.52 km2 in area and burst on 16 July 1977 [30]. The image of 1 August 1977, shows that a new glacial lake had formed (1.07 km2), expanding to 1.92 km2 on 18 July 1978, and bursting on 6 September 1978 (Table 3), with the surge probably stopping at the same time [30].



During the second surge period (1995–1997), the terminal glacial lake area reached its maximum area of 2.78 km2 in July 1997 (Figure 3), then burst on 3 August 1997 [30]. The Landsat image of September 1997 shows that a new terminal glacial lake had formed. Therefore, the glacier surge probably ended in August 1997 when the glacial lake burst.



During the third surge period (2014–2016), a terminal glacial lake had formed that covered an area of 0.08 km2 by April 2015 (Figure 4). The lake area reached an area of 0.55 km2 on 4 July 2015 and burst on 27 July [30]. Landsat images taken on 1 October 2015, show that another terminal glacial lake had formed, reaching 0.48 km2 in area by March 2016, and bursting on 17 July 2016 [30]. Considering the 2016 glacier velocities, we suggest that the end time of the glacier surge may have been July 2016, which also corresponds to the timing of the GLOF event.



There were 29 GLOF events from 1959 to 2020 (Figure 11). In the first surge cycle (1972–1990), seven GLOF events occurred. In the second surge cycle (1991–2009), there were eight GLOFs. The last GLOF event of the quiescent phase was in 2009. In the third surge cycle (since 2010), there have been six GLOFs, including two in the active phase. This quiescent phase is not over yet and there may be more GLOFs in the future. There were eight GLOF events from 1959 to 1971, and 1959 may have been an active period. The final GLOF event of the quiescent phase was in 1971. In addition, analysis of changes in temperature and precipitation derived from ERA5 data found that GLOFs were not strongly correlated with these factors.





5. Discussion


5.1. Methodological Aspects


The original resolution of Landsat MSS images was 79 m, so the uncertainty in glacier length changes was 56 m and that of area changes was 0.06 km2. During the first surging period, the east side of the glacier advanced 445 m and its area expanded by 0.13 km2, both of which are greater than the uncertainties. From November 1976 to July 1977, the glacier advanced by 208 m. Even after subtracting the uncertainty of 56 m, the glacier advanced by more than 100 m a−1, which can be confirmed as a surge [46].



Landsat TM and ITS_LIVE data were used for the second surging judgment. The resolution of Landsat TM was 30 m, the uncertainty in glacier length change was 21 m, and the uncertainty in area change was 0.09 km2. During the second surging period, the east side of the glacier advanced 374 m, the west side advanced 209 m, and the total area expanded by 0.59 km2, all of which are greater than the uncertainty. Moreover, according to the ITS_LIVE glacier velocity error results, the maximum error in glacier velocity during 1995–1997 was 6.8 m a−1, which is far lower than the peak velocity during this surging period (452 m a−1).



The third surging period was determined using Landsat OLI, ITS_LIVE, Sentinel-1 glacier velocity, and TerraSAR-X/TanDEM-X data. The maximum resolution of Landsat OLI was 15 m, the uncertainty in glacier length change was 11 m, and the uncertainty in area change was 0.03 km2. During the third surging period, the east side of the glacier advanced 481 m, the west side advanced 30 m, and the total area expanded by 0.42 km2, which are all greater than the uncertainty. According to ITS_LIVE glacier velocity data error results [41], the maximum error in glacier velocity in 1995–1997 was 0.4 m a−1, which is far lower than the peak velocity (319 m a−1) during this surging period. The uncertainty in Sentinel-1 glacier velocity data is 0.08 m−1 [47], which is also less than the peak monthly mean velocity (2 m−1). The uncertainty in glacier elevation changes during 2013–2017 derived from TerraSAR-X/TanDEM-X was 0.2 m, which is far lower than the glacier elevation change during this surge event (>60 m).



In this study, we also used SRTM (C-band) data as auxiliary data to analyze glacier elevation changes during 1976–2000 and 2000–2013. The SRTM can penetrate snow and ice to a certain extent [48]. Round et al. [30] and suggested that the C-band penetration in Kyagar Glacier was <4 m, while penetration of the glacier tongue was 1–2 m. The terminal thickening of Kyagar Glacier from 1976 to 2000 is underestimated due to this penetration, so the terminal thickening is more certain. The glacier terminal thinning from 2000 to 2013 is also underestimated, and it is indisputable that there was terminal thinning during this period.




5.2. Glaciological Aspects


Round et al. [30] suggested that the surging of Kyagar Glacier is hydrologically controlled. The most important basis for this judgment is that the surging stopped after the outburst of the terminal glacial lake. They believe that when the terminal GLOF occurred in July 2015, the velocity of the glacier plunged and the surging stopped. Our results (Figure 6 and Figure 8) also show that there was a sharp drop in velocity in July 2015. However, we found that the glacier terminus was still advancing in 2016 (Figure 4). Combined with the fact that the glacier velocity was still higher in 2016 (Figure 6) and that there was a sharp decline after July 2016 when the terminal GLOF occurred, we suggest that the glacier surging stopped after the GLOF in July 2016. Bhambri et al. [14] also suggested that the surging of Kyagar Glacier ended in 2016. Therefore, we extended the active phase of this surge to 2–3 years, which is consistent with the previous two surges.



The glacier surge causes a large amount of material to transfer from upstream to downstream, forming an ice dam and creating conditions for GLOF. At the end of the surge, the drainage channel at the base of the glacier becomes effective and the water inside the glacier is released [30]. The raising of ice dam due to the surge often leads to the outburst of the glacial lake, and the surge usually ends at the end of GLOF. However, after a period of time, the glacial lake still undergoes outburst events, usually 7–8 times. Such GLOFs are not directly related to temperature and precipitation (Figure 11), although an increase in temperature will accelerate glacier melting. During a surge, ice from the high-altitude reservoir zone is transferred to the downstream low-altitude receiving zone, and low-altitude ice can melt more as the temperature increases. Glacial meltwater also provides water for the formation of GLOF. The rate of decrease in the elevation of the ice dam was >5 m a−1 during the quiescent phase, which is consistent with Haemmig et al. [28] and Bhambri et al. [21]. This cycle of GLOF ends when the dam is low enough to block the river any longer. This is why there was no GLOF between 1972–1976, 1987–1996, and 2010–2014.



The time intervals of the three surges were similar; they occurred every 19–20 years, with an active phase of 3–4 years and a quiescent phase of 16–17 years. Therefore, we speculate that there may have been a surge in 1955–1959 with an initiation time of 1955–1957 and a termination time of 1958–1959. Glacier surges in the Alaska-Yukon, Pamir, and Iceland regions have similar cycles to the Kyagar Glacier, with most of the cycles being around 20–40 years in duration with the active phase being around 1–3 years [49,50,51]. The cycle length of a surging glacier is generally considered to be related to the accumulation (snowfall) rate of mass in the reservoir zone. That is, a surging glacier with a rapid accumulation of mass in the reservoir zone has a short cycle, while one with slow accumulation has a long cycle [52]. The surging period of Svalbard glaciers is 50–500 years with active phases lasting 4–10 years [53]. The snowfall rate in Svalbard is relatively low, and the rate of accumulation of mass in the reservoir zone is slow, so the surging period is relatively long. The cycle also changes with climate change. The Eyjabakkajökull Glacier in Iceland had a cycle of 21–23 years in the 17th and 18th centuries and cycles of 34–38 years in the modern era [54]. In the context of climate change, if there is not enough mass accumulation to recharge the reservoir zone, a surging glacier may gradually become non-surging. Dowdeswell et al. [55] found that there were 18 surging glaciers in Svalbard in 1936–1938 but only five in 1990 and suggested that this trend reflects a continuous negative mass balance at the end of the 20th century. Although this conclusion has yet to be tested, some of the smaller glaciers that have surged before are showing strong negative mass balances and seem to be losing their ability to surge. In the Austrian Alps, for example, there were four surging glaciers during the Little Ice Age but now there are none [56].




5.3. Comparison with Other Surge-Type Glaciers in the Karakoram


The Karakoram region has a concentration of at least 220 surge-type glaciers (including tributaries), with 38 glaciers having been observed to surge twice or more [14]. Paul [19] added 16 glaciers that have surged twice or more. Based on the previous literature, we established 28 glacier surge cycles, among which the shortest is 5–8 years and the longest is more than 60 years (Table 4). Although two surges have been recorded for some glaciers, the cycles are too long (e.g., >100 years). Due to the limited availability of remote sensing data, there is insufficient evidence to prove whether there was a surge in the interval. Of course, it is possible that some surge-type glacier cycles may be longer than 100 years. Therefore, the periodicity of surge-type glaciers in the Karakoram is heterogeneous, which may be related to the thermal properties of the ice (cold /polythermal) and the environment. The surge cycles of the Hasanabad, Staghar, and Khurdopin glaciers are similar to that of the Kyagar Glacier. Among them, Khurdopin Glacier had six surging periods from 1880 to 2020, with active phases of 3–4 years and 19–20-year cycles [24], which is similar to Kyagar. Interestingly, the Khurdopin Glacier surging also led to repeated GLOFs.



The mechanism of Karakoram glacier surging is relatively complex and may be controlled by three types of factors—thermal, hydrological, and geomorphological—to different degrees in different glaciers [16,57,58]. Round et al. [30] determined that the surging of Kyagar Glacier is hydrologically controlled. Its peak surge velocity (2.5 m d−1) is less than those of the Khurdopin (14.2 m d−1), Hispar (14 m d−1), and Shispare Glaciers (18 m d−1), which have been identified as hydrologically controlled glaciers [17,59,60]. Paul et al. [61] indicated that a transition from one mechanism to another may occur during a surge. Therefore, the Karakoram glacier surge mechanism is complex, and complete cycle monitoring is helpful to further understand the glacier surge mechanism. We suggest that future studies strengthen the monitoring of repeated glacier surges. The timing of the formation of the ice dam lake and the GLOF can be estimated for some surging glaciers, providing time for residents and authorities to take preventive measures to limit downstream damage.





6. Conclusions


Landsat, topographic map, SRTM, TerraSAR-X/TanDEM-X, ITS_LIVE, and Sentinel-1 glacier velocity data were used to identify three surge events since the 1970s. The three surges occurred with a similar pattern, being a 19–20-year cycle with a 3–4-year active phase and a 16–17-year quiescent phase. The active phases of these three cycles occurred in 1975–1978, 1995–1997, and 2014–2016, respectively. In a recent surge (2014–2016), the maximum velocity was 2 m d−1 in the active phase. The glacier terminal thickened sharply while the reservoir zone thinned by 12 m and the terminal receiving zone thickened by 28 m. The glacier may have entered a quiescent phase after July 2016 when a GLOF event occurred. Each surge would cause 7–8 GLOF events. The glacier surge causes a large amount of material to transfer from upstream to downstream, forming an ice dam and creating conditions for a GLOF event. In the repeated process of GLOFs, the ice dam elevation continuously decreased. Finally, the ice dam disappeared, and the GLOF no longer continued before the next glacier surging. The results of this study help to better understand glacial surge cycles, which will be useful for further insights into the responsible surge mechanism.
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Figure 1. Kyagar Glacier. Location within the (a) Tibetan Plateau and (b) Karakoram Mountains. (c) Landsat image from 4 July 2015. The pink line indicates the position of a longitudinal profile used to analyze glacier velocity and elevation changes. 
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Figure 2. Glacier boundary and glacial lake boundary in different periods from 1975 to 1978. 
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Figure 3. Glacier and glacial lake boundaries in different periods from 1995 to 1997. 
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Figure 4. Glacier and glacial lake boundaries in different periods from 2013 to 2016. 
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Figure 5. The change in the length of the glacier over a period of time after the beginning of the surge. A negative abscissa means before the surge. The error bar represents uncertainty in the length of the glacier. 
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Figure 6. Spatial and temporal distributions in glacier velocity along the longitudinal profile in Figure 1 during 1989–2018 (Data source: ITS_LIVE). 
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Figure 7. Curves of mean and maximum glacier velocities with time. Pink vertical lines represent GLOF events. Historical GLOF records were from Round et al. [30] and our study. We determine GLOF events based on the disappearance of glacial lakes in remote sensing images. 
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Figure 8. Spatial and temporal distributions in glacier velocity along the longitudinal profile in Figure 1 during 2014–2021. 
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Figure 9. Glacier elevation changes in different periods. 
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Figure 10. Glacier elevation change profiles in different periods (the longitudinal profile in Figure 1). 
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Figure 11. Glacial lake outburst volumes (columns) and annual temperature and precipitation times series from 1959 to 2020. The volumes were derived from (1) 1959–2016 = Round et al. [30], (2) 2018 = Zhang et al. [45], and (3) 2017, 2019, and 2020 = estimates of lake areas in satellite images according to the method of Round et al. [30]. Temperature and precipitation were derived from ERA5 data. 
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Table 1. Overview of data sources.






Table 1. Overview of data sources.





	
Data

	
Acquisition Date

	
Path/Row

	
Pixel Size (m)/Scale

	
Amount

	
Application






	
Landsat MSS

	
1973–1979

	
159/35

	
79

	
9

	
Glacier and glacial lake boundary identification




	
Landsat TM

	
1995–1997

	
148/35

	
30

	
6




	
Landsat OLI

	
2013–2021

	
147/35, 148/35

	
15

	
9




	
ITS_LIVE

	
1989–2018

	

	
240

	
30

	
Annual glacier velocity




	
Sentinel-1 glacier velocity data

	
2014–2021

	

	
200

	
79

	
Monthly glacier velocity




	
Topographic map

	
November 1976

	

	
1:50,000

	
1

	
Glacier elevation change




	
SRTM

	
11–12 February 2000

	

	
30

	
1




	
TerraSAR-X /TanDEM-X

	
28 February 2013

3 February 2014

12 October 2015

13 July 2016

3 August 2017

5 September 2017

	

	
12

	
6
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Table 2. Maximum velocity of glacier flow before and after the surge in 2014–2016.






Table 2. Maximum velocity of glacier flow before and after the surge in 2014–2016.





	Period
	Maximum Velocity (m d−1)





	Before 28 April 2014
	0.5 ± 0.08



	From 28 April to 30 May 2014
	1 ± 0.08



	From October 2014 to February 2015
	2 ± 0.08



	From March to May 2015
	1.5 ± 0.08



	From June to July 2015
	1.7 ± 0.08



	August 2015
	0.7 ± 0.08



	From January to May 2016
	0.5 ± 0.08



	From June to July 2016
	0.8 ± 0.08



	August 2016
	0.6 ± 0.08
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Table 3. Glacial lake area and volume change.






Table 3. Glacial lake area and volume change.





	Time
	Lake Area (m2)
	Lake Volume (mio. m3)





	13 June 1976
	0.23
	6.13



	14 July 1977
	1.52
	58.93



	1 August 1977
	1.07
	42.17



	18 July 1978
	1.92
	114.10



	7 June 1979
	0.91
	35.81



	2 February 1996
	0.22
	5.56



	16 August 1996
	2.01
	131.03



	18 July 1997
	2.78
	214.83



	4 September 1997
	0.13
	0.99



	24 April 2015
	0.08
	0.63



	4 July 2015
	0.55
	25.95



	1 October 2015
	0.15
	1.90



	16 March 2016
	0.48
	15.26



	24 September 2016
	0.10
	0.64
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Table 4. Characteristics of Karakoram surging glaciers observed to have surged at least twice.
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	GLIMS ID
	Glacier Name
	Glacier Area (km2)
	Active Phase

(year)
	Surge Cycle (year)
	Whether It Causes GLOF by Surging (Number of GLOFs Caused by a Surge Cycle)
	References





	G077158E35562N
	Kyagar
	97.10
	1975–1978 (3)

1995–1997 (2)

2014–2016 (2)
	19–20
	Yes

(7–8)
	This study



	G075308E36242N
	Yazghil
	133.75
	1997–1998 (2)

2005–2006 (2)

2010–2011 (2)

2018–2019 (2)
	5–8
	Yes
	[14]



	G077294E35212N
	
	5.51
	1976–1978 (3)

1991–1994 (4)

2006–2010 (5)
	15
	No
	[14]



	G076960E35666N
	First Singhi
	8.49
	1990–1996 (7)

2008–2011 (4)
	18
	No
	[14]



	G076900E35638N
	Staghar
	76.13
	1989–1991 (3)

2009–2011 (3)
	20
	Yes
	[14]



	G074619E36437N
	Hassanabad
	45.71
	1995–1997 (3)

2014–2016 (3)
	19
	Yes
	[14]



	G077662E35097N
	Kichik Kumdun
	66.24
	1902–1903 (2)

1935–1936 (2)

1970–1972 (3)

1998–2000 (3)
	28–35
	Yes
	[14]



	G075680E35803N
	Tonga
	11.33
	1990–1994 (4)

2014–2016 (2)
	24
	No
	[14]



	G074581E36501N
	Batura
	311.65
	1990–1995 (5)

2005–2010 (5)

2013–2018 (5)
	8–15
	Yes
	[14]



	G074990E36246N
	Gharesa
	78.00
	1995–1997 (2)

2001–2003 (2)

2015–2015 (1)
	6–14
	No
	[14]



	G075218E35874N
	West Marpoh
	295.32
	1995–1998 (3)

2005–2006 (1)

2013–2015 (2)
	8–10
	No
	[14]



	G075438E36192N
	Khurdopin
	203.34
	1977–1979 (3)

1998–2002 (4)

2016–2020 (4)
	19–20
	Yes

(6)
	[14,24]



	G075653E36149N
	Virjerab
	167.43
	2004–2007 (4)

2018–?
	14
	Yes
	[14]



	G076036E35822N
	1st Feriole
	12.92
	1953–1973 (20)

1998–2017 (20)
	45
	No
	[19]



	G076049E35853N
	Shingchukpi
	14.51
	1950–1960 (10)

1995–2006 (10)
	45
	No
	[19]



	G075959E35848N

(Chiring)
	
	334.69
	1955–1960 (5)

1992–1995 (3)
	35–40
	No
	[19]



	G075959E35848N

(Drenmang)
	
	334.69
	1964–1967 (3)

2005–2007 (2)
	35–40
	No
	[19]



	G076298E35850N

(Sarpo Laggo)
	
	199.17
	1950–1955 (5)

1993–1998 (5)
	40
	No
	[19]



	G076298E35850N

(NN7)
	
	199.17
	1953–1963 (10)

1998–2009 (9)
	45
	No
	[19]



	G076298E35850N

(NN10)
	
	199.17
	1945–1950 (5)

1993–2001 (8)
	50
	No
	[19]



	G076261E35935N
	
	3.85
	1954–1961 (7)

1980–1987 (7)

2002–2010 (8)
	20–25
	No
	[19]



	G076406E35964N
	
	3.35
	1980–1990 (10)

2000–2010 (10)
	20
	No
	[19]



	G076267E35990N
	
	7.16
	1945–1960 (15)

1995–2010 (15)
	50
	No
	[19]



	G076247E36088N
	
	11.54
	1980–1995 (15)

2005–2018 (13)
	35
	No
	[19]



	G076225E36119N

(North Crown)
	
	57.58
	1950–1955 (5)

2008–2013 (5)
	60
	No
	[19]



	G076225E36119N

(NN30)
	
	57.58
	1953–1958 (5)

1981–1986 (5)

2008–2015 (7)
	27
	No
	[19]



	G076417E36281N
	Tatulu Guo
	29.91
	1940–1955 (15)

2002–2017 (15)
	60
	No
	[19]



	G075997E36267N
	Saxinitulu
	39.51
	1955–1960 (15)

2009–2015 (15)
	55
	No
	[19]
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