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Abstract

:

High Mountain Asia (HMA) hosts the largest glacier concentration outside of polar regions. It is also distinct glaciologically as it forms one of two major surge clusters globally, and many glaciers there contradict the globally observed glacier recession trend. Surging glaciers are critical to our understanding of HMA glacier dynamics, threshold behaviour and flow instability, and hence have been the subject of extensive research, yet many dynamical uncertainties remain. Using the cloud-based geospatial data platform, Google Earth Engine (GEE) and GEE-developed tool, GEEDiT, to identify and quantify trends in the distribution and phenomenological characteristics of surging glaciers synoptically across HMA, we identified 137 glaciers as surging between 1987–2019. Of these, 55 were newly identified, 15 glaciers underwent repeat surges, and 18 were identified with enhanced glaciological hazard potential, most notably from Glacier Lake Outburst Floods (GLOFs). Terminus position time series analysis from 1987–2019 facilitated the development of a six-part phenomenological classification of glacier behaviour, as well as quantification of surge variables including active phase duration, terminus advance distance and rate, and surge periodicity. This research demonstrates the application of remote sensing techniques and the GEE platform to develop our understanding of surging glacier distribution and terminus phenomenology across large areas, as well as their ability to highlight potential geohazard locations, which can subsequently be used to focus monitoring efforts.
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1. Introduction


High Mountain Asia (HMA) constitutes the third major global cryospheric hub, hosting the largest glacier concentration outside polar regions, and hence aptly termed the ‘third pole’ [1,2,3]. These glacierised catchments significantly influence streamflow into major populated regions, emphasising the necessity to understand HMA glacier dynamics. HMA forms one of two major glacier surge clusters globally, with the ‘Arctic Ring’, stretching through the Arctic and Sub-Arctic from Alaska to Novaya Zemlya, forming the second major cluster [4]. Glacier surges are quasi-periodic, internally driven oscillations between slow-flow (quiescent phase) and fast-flow (active surge phase) [5,6]. During a surge, glacier mass is redistributed from a reservoir area to a receiving area. This is often, but not always, accompanied by a terminus advance (Figure 1) [7]. Although surging glaciers represent a small percentage of global glacier populations (about 1%, [8]), they are of critical importance to our understanding of glacier dynamics, threshold behaviour, flow instability, and glaciological hazards. Since being highlighted as one of the ‘outstanding unsolved problems in glacier mechanics’ [9] surging glaciers have been the subject of extensive research, yet many aspects of their behaviour remain uncertain [10,11,12,13,14]. Surging glaciers also represent a glaciological hazard [15,16]. Glaciers that surge have the potential to inundate land, advancing across glacier valleys, blocking proglacial streams, facilitating glacier lake formation, and increasing the Glacier Lake Outburst Flood (GLOF) hazard potential. This highlights the further importance in understanding their distribution and behaviour.



With the paradigm shift facilitated through the development and application of remote imaging systems, the study and understanding of glacier surging has been transformed, [17,18]. Remote imaging systems and cloud-based data catalog and processing platforms such as Google Earth Engine (GEE) provide the potential for rapid visualisation and analysis of geospatial data without the need to download, process, visualise and analyse data locally. Use of the cloud alleviates requirements at the user’s end for high processing powers and extensive disc space - a problem previously inherent to large-scale geospatial studies. GEE is a cloud-based platform launched in 2010 for planetary-scale geospatial analysis [19]. GEE has collated multi-petabyte satellite imagery archives from widely used geospatial datasets including the entire Landsat collection, extending back over 40 years, and the complete Sentinel -1 and -2 archives. The combination of this continually updated archive, and an entirely cloud-based user interface makes GEE an appropriate platform for this synoptic study of glacier surging.



This study can be divided into two principal aims. The first aim was to identify and digitise surge-related glacier terminus position change through time, using remotely sensed imagery, utilising within GEE the Google Earth Engine Digitisation Tool (GEEDiT, [20]), a tool that enables rapid digitisation and downloading of glacier extent data through time. The second aim was to quantify trends in the distribution and phenomenological characteristics of surging glacier termini across HMA using these digitised terminus positions.




2. High Mountain Asia


The study area encompasses the entirety of HMA, extending from around 25°–45° N to 70°–100° E. This study focusses on five sub-regions (Tian Shan, Pamir, Karakoram, (West) Kunlun Shan, and Himalaya) simplified from the Randolph Glacier Inventory (RGI) v6.0 second-order regions. The RGI v6.0 sub-divides HMA into three first-order regions -Central Asia, South Asia (West), and South Asia (East), which encompass the broader regions in Asia, and 15 second-order regions (sub-divisions of the three stated first-order regions, encompassing mountain ranges across HMA). The RGI is a global inventory of glacier outlines and is supplemental to the Global Land Ice Measurement from Space (GLIMS) glacier database, which contains digital glacier outlines and related metadata extracted from satellite data [21].



Glaciers are found on all HMA mountain ranges greater than 4000 m a.s.l., adjacent to the Tibetan Plateau, but predominantly to the south and west, where steep elevation gradients emerging from the Indian plains act as a barrier for moisture advected by the Indian Monsoon and Winter Westerly Disturbances (WWDs) (Figure 2) [22]. The glacierised area of HMA comprises 16% of the global glacierised area in the RGI [21]. The mountains of HMA are characterised by complex topographic gradients; consequently, glacier behaviour and response to climate is heterogeneous throughout the region [23]. In addition to this, despite glaciers being one of the most sensitive and visible responders to climate change, the relative contribution to Sea Level Rise (SLR) from HMA glaciers remains poorly constrained in models. Digital Elevation Model (DEM) differencing covering 92% of HMA glacierised area was used between 2000 and 2016 to assess glacier volume changes across HMA. This study revealed glaciers in HMA underwent a mass change of −16.3 ± 3.5 Gt a−1, equating to −0.18 ± 0.04 m we−1 [24]. This estimate is significantly lower than previous estimates for the period 2003–2009 (−26 ± 12 Gt a−1) [25], demonstrating uncertainty of model outputs. This uncertainty is partly related to the heterogeneous glacier behaviour and response to climate observed across HMA.



The interaction between atmospheric circulation and the world’s tallest mountains produce strong horizontal and vertical gradients in both temperature and precipitation due to orographic forcing [26]. The climate of HMA is influenced by both East Asian and Indian Monsoon systems delivering the bulk of precipitation in Central and Eastern Himalaya, and Karakoram between June and September, with precipitation totals up to 3000 mm a−1 [27,28]. In Western HMA, including Tian Shan, Pamir and Karakoram, WWDs account for greater than 80% precipitation rates of 1000–2000 mm a−1 (Figure 2) [29,30].



A balanced to slightly positive glacier mass budget is observed along a northwest-southeast transect stretching from Eastern Pamir to West Kunlun Shan through the Karakoram, in contrast to the rest of HMA, characterised by a negative mass budget [31]. In line with this slightly positive mass budget (120 ± 140 kg m2 a−1, [32]), ice flow velocities and surge occurrence have increased. This region of anomalous behaviour has been termed the Karakoram Anomaly [33]. The Karakoram Anomaly is partly attributed to increased regional precipitation and decreasing summer temperatures since the 1960s, causing the observed localised mass gain since the late 1990s, and enhanced regional surging [1,34,35]. More recently, changes in glacier accumulation and ablation patterns due to enhanced irrigation and evaporation, weakening of the monsoon, and enhanced westerlies have been proposed in conjunction with previous observations [31,36,37].



Surging Glaciers in HMA


Surging is heterogeneously distributed across HMA sub-regions. Previous research has investigated surging at both individual sub-region and glacier scale. In Tian Shan, surge studies are limited, although the most comprehensive study by Mukherjee et al. (2017) [38] identified 39 potentially surging glaciers using literature and time series satellite imagery analysis, with nine confirmed as surging, seven of which surged within the timeframe of this study, although not all glaciers underwent a terminus advance.



In Pamir, surging is extensive. Kotlyakov et al. (2008) [17] identified 215 glaciers with a dynamically unstable regime, and 51 actively surging glaciers between 1973–2006. They used a combination of satellite imagery time series analysis and photogrammetry to identify and monitor surging glaciers. More recently, Sevestre and Benn (2015) [4] applied species distribution model, MAXTENT, to constrain global surge distribution. They identified 90 confirmed surge-type glacier, 355 probable and 375 possible surging glaciers in Pamir. Observations of repeat short-lived surge cycles at several Pamir glaciers, e.g., Medvezhiy Glacier (1963, 1973, 1989, 2001, 2011) and Bivachny Glacier (1958, 1976, 1991, 2011), are indicative of a hydrologically regulated surge mechanism in this HMA sub-region [39,40].



Surging has been widely studied across the Karakoram, typically at a sub-regional scale. Recently, Bhambri et al. (2017) [18] produced an inventory of surging in the Karakoram, identifying 220 surge-type and surge-like glaciers via compilation of extensive literature searches, ground-based observations and satellite imagery. Reports of surging indicate both thermal and hydrological mechanisms operate in the Karakoram, suggesting surging in this region represents a spectrum of flow instability, where processes that control surge evolution may vary on an individual glacier basis [10,41,42].



By contrast, only two satellite-based surge-related studies have been conducted in West Kunlun Shan [43,44]. Yasuda and Furuya (2015) [43] identified nine surge-type glaciers, two likely surge-type and six possible surge-type. Chudley and Willis (2019) [44] identified a further nine surging glaciers in West Kunlun Shan. Surge incidence in the Himalaya is isolated and has only been recorded on an individual basis. Lovell et al. (2018) [45] studied Sabche Glacier, Nepal, which surged several times over the last 50 years.



Glacier surging in HMA can represent a major glaciological hazard. Terminus advance associated with surging can inundate land and block glacier valleys [16,38,46,47]. This can result in damming of proglacial streams leading to glacier lake formation and/or expansion, increasing likelihood of GLOFs and inundation of the proglacial area, e.g., Lake Merzbacher, Inylchek Glacier, Tian Shan [48,49]. This also occurred in the Karakoram where Khurdopin Glacier advanced, inundating the valley to the far headwall, blocking the Vijerab River. This resulted in rapid lake growth in late April 2017 from 72,000 m3 to 1 × 106 m3 at the end of May, peaking at 2 × 106 m3 at the end of June 2017 [50].





3. Data and Methods


3.1. Data


The principal data used in this study were optical satellite imagery accessed via cloud-based GEE archives. This study used Landsat imagery, using data from the Landsat 5 Thematic mapper (TM) (1984–2013) and Landsat 8 Operational Land Imager (OLI) (2013- Present), with most surge time series obtained in this study for the period 1987–2018. Landsat 5 imagery has a spatial resolution of 30 m, whilst Landsat 8 imagery has a resolution up to 15 m when using pan-sharpened imagery (panchromatic band 8). All satellite images used in this research were Level 1T (terrain corrected), meaning data were radiometrically calibrated and orthorectified using ground control points and DEMs to correct for relief displacement [51]. This ensured high quality data, suitable for pixel-level time series analysis. No further image correction was required.



Due to the recurrent issue of Scan Line Corrector Failure (SLF) in Landsat 7 imagery, this dataset was omitted. Fortunately, the overlap of data collection between sensors meant that data availability of Landsat sensors 5 and 8 was sufficient to minimise the impact of the lack of Landsat 7 data.



The availability of satellite imagery was further restricted by snow/cloud detection issues, topographic effects and debris mantling on termini. Snow/cloud detection issues occur because snow and clouds share similar spectral properties in visible wavebands. Furthermore, clouds can prevent the receipt of information from land to optical sensors. Snow/cloud detection issues were a recurring limitation during image acquisition and processing because cloud-cover is very common in high elevation regions characterised by complex topography, such as HMA [52]. The ability to filter and view satellite images with a customised cloud-cover percentage within GEEDiT [20] minimised cloud-cover effects, except for a few images. This feature uses the metadata from the cloud detection algorithm applied to Landsat data. This study applied a fixed cloud percentage cover filter of 20%. Although applying a cloud percentage cover filter reduced the number of satellite images overall, it minimised time spent looking at unusable imagery, and enhanced the usability and quality of imagery available for this study.



Terrain shadow affects are also limiting in topographically complex areas. In HMA, images acquired through winter months are typically affected more by terrain shadow due to the solar zenith angle. Additionally, many HMA glaciers are debris-mantled resulting from avalanches, landslides and rockfall from adjacent mountains, melt-out of englacial debris and thrusting from the glacier bed. This debris cover is often thicker in the ablation zone [53], limiting the ability to distinguish between the glacier termini and the pro-glacial landscape in satellite imagery. This restricted surge identification in the early stages of surge-related terminus advance. Once surge-related advance was well-underway, advancing debris-covered termini became more readily identifiable in the imagery.



Glacier identifications, coordinates, and variables, including area, length, minimum and maximum elevation, slope, and aspect were obtained from RGI v6.0 [21]. The alphanumeric identifiers created for use in this study represent a concatenation of the region identifier and an arbitrary glacier index number for that region. The gaps in index numbers represent glaciers which were studied but determined to be not surging. The study glacier identifications and their associated RGI identifications are available in the Supplementary Information Section S2 (doi.org/10.17863/CAM.66426 (accessed on 5 January 2021)).




3.2. Methods


3.2.1. Surge Identification and Validation


A preliminary search for possible surge-type behaviour was undertaken by manually identifying surge-indicative features in Google Earth (Figure 3). These surge-indicative features include bulbous termini and enhanced crevassing due to bulge and surge-front propagation by transfer of mass from a glacier’s reservoir area to its receiving area and glacier extension during an active surge phase. Looped and unstable moraines are also indicative of surging and form due to glacier flow instability and by advance of a glacier tributary into another glacier [18,41]. In total, 305 glaciers were identified as likely surging and shortlisted for terminus change examination. Of the 305 glaciers examined within GEEDiT, 137 exhibited some form of terminus advance, and thus were classified as surging. As such this dataset does not represent a comprehensive study of every glacier in HMA, but rather a subset that was deemed a suitable size and scope for this study.



These 137 were validated using glaciers marked in the RGI v6.0 as confirmed surging (category 3) [4], and by collating sub-regional confirmed surge literature post-2015. From this validation, it was possible to calculate the number of newly identified surging glaciers based on those not reported in RGI v6.0 as category 3 or in post-2015 literature [18,38,43,44,45].




3.2.2. Terminus Change Delimitation


Terminus change was tracked and digitised using GEEDiT [20]. This tool allows for rapid collation and visualisation of data within a standard browser, digitisation and export of vector data in GeoJSON, KML, KMZ or SHP formats. Shapefiles of glacier termini digitised in this study (S1) and terminus change time series graphs (S3) are available in the Supplementary Information (doi.org/10.17863/CAM.66426 (accessed on 5 January 2021)). Uncertainty associated with terminus positions stems from two sources of error [54]. The first is georeferencing accuracy. This is in the order of half a pixel for Landsat 4–5 TM, and Landsat 8 OLI [55,56,57]. The second source of error is associated with the precision of manual digitisation of terminus positions. This error was minimised by maintaining consistency in the method and interpretation of glacier termini by using the same manual digitiser for all glacier termini. Despite this, manual digitisation error is estimated to be between 10–30 m based on the previous study [45].



Around ten images were delimited for each glacier during the study timeframe. Where possible temporal resolution was increased around behaviour of interest or for glaciers exhibiting multiple surge events.




3.2.3. Terminus Change Quantification


Terminus data was exported from GEEDiT into QGIS [58]. Terminus change through time was quantified for each glacier using the QGIS distance matrix tool to measure the distance between the intersections of delimited termini with the glacier centreline over chronologically successive images. A standard single centreline approach was adopted where termini were uniformly advancing or retreating [59]. A shortcoming of the single centreline approach is that this provides a one-dimensional measure of change and only accounts for behaviour of the terminus at the centreline intersection, rather than providing an accurate width-averaged value of change. For most glaciers in the study its application was sufficient.



For each glacier, terminus position was plotted as a time series. From these data we quantify: surge initiation and termination dates, surge active phase duration (herein referred to as surge duration), terminus change distance, surge periodicity, and surge terminus advance rates. Where the time interval between image acquisition dates was short, quantifications of margin change rate were better resolved and thus more accurate. From absolute terminus advance distance plots, daily and maximum-averaged terminus advance rates were calculated to obtain approximated surge velocity values, which could be used for comparison between quiescent and active surge phase velocities, or to make inferences regarding surge dynamical processes and mechanisms. Daily averaged advance rates were calculated by dividing total surge distance (m) by surge duration (days), and maximum-averaged advance rates represent the greatest advance rate observed between consecutive image pairs.



For the purposes of this study “surge duration” has been defined as the total observed period of any positive terminus advance which includes surge characteristics. Consequently, surge duration is inclusive of the initiation and termination phases. Some glacier analyses will also overpredict duration due to lack of definition around the advance rate inflection during initiation and termination, however interpolation of terminus position in imagery gaps to better define the duration in these cases was not deemed appropriate. Future implementation of this method should, where possible, include more temporal resolution between image pairs around inflection points to better resolve surge duration. Some glacier analyses will underpredict duration as the initiation or termination did not fall within the study period. This definition could also be inclusive of non-surge related advance, however it is widely acknowledged that distinction between these phases is subjective and difficult [38,60]. Overall, the selection of this definition likely results in a moderate uncertainty of surge duration in many specific cases, which are identifiable by the features discussed above. However, this approach was considered the most consistent and rigorous to apply across the entire dataset.




3.2.4. Classification of Surge Phenomenology


Surging glaciers were identified by the presence of surge-indicative features in combination with observed terminus advance, or a clearly surge-indicative terminus advance time series. For descriptive purposes of these surging glaciers, an analysis of terminus change graphs revealed several glacier behavioural trends, facilitating the development of a six-part phenomenological classification in this study. This classification scheme differs from conventionally adopted surge index classifications which are based on strength of surge evidence and therefore likelihood of surging, e.g., [4,41,61,62,63]. The novel surge classification presented here was developed to facilitate clear inferences on broad surge behaviour, and to identify and cluster trends in surging based solely upon terminus change.



Surge-Type 1: Glaciers are generally stable but may show a small degree of oscillation in terminus position over time. Terminus position deviation ranged between 0–5% glacier length, arguably an insufficient deviation to classify them as surging.



Surge-Type 2: Glaciers exhibit gradual advance over several years/decades. Over these extended time periods glacier termini advance between 5–30% their length.



Surge-Type 3: Glaciers are characterised by abrupt terminus advance. This is exhibited by their steep gradients on terminus change time series graphs. Glaciers characterised by type 3 phenomenology typically advance a greater proportion of their length (up to 60%) over months to years.



Surge-Type 4: Glaciers are characterised by multiple phases of advance or retreat.



Surge-Type 5: Glaciers are characterised by gradual retreat, with just brief periods of advance. These glaciers typically retreat between 0–15% their length over extended periods of years to decades.



Surge-Type 6: Glaciers are characterised by abrupt retreat of around 10–20% glacier length. Terminus change time series characterised by this abrupt retreat are often preceded or followed by a period of relative terminus advance or stability. Despite exhibiting some degree of terminus advance or stability, retreat appears to be the dominant behaviour observed in these terminus change time series.



The glacier surge distance was normalized with respect to glacier length to capture the effect of catchment size on the extent of the surge and make results from glaciers of different magnitude sizes comparable. This does however have the effect of suppressing visualisation and ability to classify some surges at the largest glaciers.



The six behaviour types identified were evaluated by asking five researchers at the Scott Polar Research Institute to independently classify the 137 surge-type glaciers identified. Good agreement between the classifications made was found, with researchers agreeing on 133 of the 137 (97%) surging glaciers. The classification outlined here is likely to be applicable in other regions characterised by surging or glacier flow instability.






4. Results


In total, 137 glaciers were identified as surging during the study timeframe (1987–2019). Surge occurrence was heterogeneous across sub-regions, with the highest surging frequency occurring in the Karakoram, and lowest frequency in the Himalaya. Four glaciers were identified as surging in Tian Shan, 22 in Pamir, 83 in the Karakoram, 26 in West Kunlun Shan, and three in the Himalaya (Table 1, Figure 4). Of the 137 surging glaciers identified, 55 were newly identified at the time of the study, with 82 appearing in either the RGI or post-2015 surge literature [18,38,43,44,45]. Among the newly identified surge-type glaciers one was in Tian Shan, nine in Pamir, 28 in the Karakoram, 15 in West Kunlun Shan, and two in the Himalaya.



4.1. Surge Phenomenology


Table 1 and Figure 5 show the sub-regional distribution of surge phenomenologies, and Figure 6 highlights example glaciers demonstrating the observed phenomenologies. Glaciers characterised by Type 1 behaviour were observed across all sub-regions, totalling 20 of 137 study glaciers (15%). Type 2 behaviour was the most frequently observed across HMA, representing 69 of 137 study glaciers (50%), 45 glaciers of which were in the Karakoram. In total, 26 of 137 study glaciers (19%) were characterised by Type 3 behaviour. Type 4 behaviour was observed in 15 of 137 study glaciers (11%). In these glaciers, advance was typically abrupt, nominally advancing 10–50% glacier length over 0–5 years. Subsequent retreat was typically gradual. Two phases of advance or retreat was most typical throughout the study period for this surge-type, however H16 (Sabche Glacier) underwent three repeat surge cycles over the 30-year study period. In total, 5 (4%) of the study glaciers exhibited Type 5 behaviour. Type 6 behaviour was observed for two study glaciers (1%), making it the most infrequently occurring class.




4.2. Surge Characteristics


Terminus change records revealed regional variations in the derived surge characteristics, including surge duration, distance, terminus advance rate and surge periodicity (where two or more surges were observed at any individual glacier during the study timeframe), (Figure 7).



Surge duration in the Karakoram and West Kunlun Shan was greater than in adjacent sub-regions. Maximum duration (29 years) and range of surge durations (28 years) were also greatest for these sub-regions. The lowest surge durations were observed in Pamir and Himalayan sub-regions, where around 75% of surges lasted less than ten years. The sub-regions with least variation were the Himalaya and Tian Shan, although this is partly attributable to their small sample sizes.



On average Tian Shan glaciers showed a greater proportional advance, relative to their length, compared with adjacent sub-regions. Pamir and Karakoram glaciers had the greatest ranges in proportional surge distance, surging between 2–50% and 0.5–208%, of the total length, respectively.



Establishing daily and maximum-averaged terminus advance rates without using conventional techniques such as feature tracking was difficult due to non-uniformity of image acquisition dates and quality. However, the greatest terminus advance rates were observed in Pamir, and the lowest were observed in West Kunlun Shan.



Of the 137 study glaciers, 15 glaciers surged multiple times, five in Pamir, eight in the Karakoram, one in West Kunlun Shan, and one in the Himalaya. H16 surged three times, while the remaining 14 surged twice. Surge periodicity ranged from six to 20 years.





5. Discussion


5.1. Glacier Surging across High Mountain Asia


In this study, 137 glaciers across HMA were identified as surging over the 32-year time series (1987–2019) based on changes in glacier terminus position. The total value is likely to be an underestimation of surging glacier frequency across HMA due to the synoptic scale (100,000 km2) of this study, probable overlooking of smaller ice masses, and satellite coverage being constrained both temporally and by quality of overpasses. Many glaciers, despite exhibiting geomorphic and glaciological evidence of surging, did not always display evidence of surging according to our terminus change criteria. Additionally, surging termini that were heavily debris- mantled, a common feature of HMA glaciers, were difficult to identify.



Surge incidence across HMA is heterogeneously distributed: the Pamir, Karakoram and West Kunlun Shan sub-regions have significantly higher rates of surge occurrence, in contrast to adjacent Tian Shan and Himalaya, which are characterised by isolated surge incidence. Several studies have similarly acknowledged enhanced surge frequency in these HMA sub-regions, e.g., [44]. These observations are proportionately supported by literature, whereby the majority of HMA surge studies focus around these sub-regions, most notably the Karakoram. This heterogeneous distribution of surging is likely linked to localised mass gain in the area since the late 1990s, in line with increased precipitation and declining summer temperatures from 1960s onwards [34], and the Karakoram Anomaly [33].




5.2. Surge Classification


Of the 137 glaciers, 20 (15%) glaciers were identified as Type 1 (stable). These glacier terminus change time series may have exhibited some minor advance or retreat (±5%), suggesting that these glaciers are more or less in equilibrium. This behavioural-type was observed across all five sub-regions. Glaciers of this type do not exhibit the typical global trend of glacier retreat.



Type 2 glaciers were the most frequently observed in this study, with 69 (50%) exhibiting this behaviour. These glaciers continuously, but gradually, advance over timescales of years to decades by around 5–30% of glacier length. This is characteristic of a thermally regulated surge mechanism, distinguished by longer surge durations [4,64] compared with hydrologically regulated surges [9]. This surge-type was observed most frequently in Pamir, Karakoram and West Kunlun Shan sub-regions. When considering the principal distribution of this behaviour it is also possible that glacier termini are gradually advancing in line with the long-term mass gain trend occurring between eastern Pamir, through the Karakoram to West Kunlun Shan. However, it is difficult to disentangle the effects of surge-related and mass gain-related advance. Differences between surging and advancing glaciers have recently been investigated in the Eastern Karakoram [65]. That study identified three potential differences including (i) advancing terminus characteristics, where the surging glacier terminus was more ‘bulbous’, (ii) the surging glacier experienced a more dramatic fluctuation in surface velocity, whereas the advancing glacier exhibited more stable flow, and (iii) surface elevation on the surging glacier decreased in the reservoir area and increased in the receiving zone. These differences may however be related to heterogeneous thermal and hydrological regimes, and the spectrum of flow instability operating in the region.



Type 3 glaciers, representing 26 (19%) of the study glaciers, undergo a period of abrupt advance (up to 60% glacier length) over months to years at some point during the study time series. It is likely that Type 3 glaciers advance a greater proportion of their length, compared with other surge-types identified in this study, due to their ability to more rapidly convey mass from a reservoir to a receiving zone. This behaviour is characteristic of a hydrologically regulated surge mechanism, the typical mechanism thought to control temperate surging glaciers, e.g., Variegated Glacier, Alaska [9], and Kyagar Glacier, Karakoram [66]. This surge-type is observed most often in Karakoram and Pamir sub-regions. In some of the glacier terminus position graphs, abrupt advance can be observed superimposed onto a gradual advancing trend. This is consistent with the mass gain trend and associated Karakoram Anomaly [33].



Type 4 glaciers reveal the most about surge dynamics, including surge periodicity and event magnitude changes through time. Glaciers characterised by this behaviour have undergone multiple phases of advance or retreat during the study period. This surge-type was observed in 15 (11%) of the study glaciers. All glaciers from this class underwent two surges during the study timeframe, with the exception of H16, which surged three times. Surge periodicity (quiescent phase durations) from this type of glacier ranged between 12 and 23 years. These glaciers are likely regulated hydrologically, as if a thermal-regulation mechanism was operating, expected surge periodicity would be substantially lower due to the longer quiescent phase durations typical of thermally regulated surges. The glacier terminus position graphs from Type 4 glaciers can be used as a basis for comparison between surge events at the same glacier. For example, Sabche Glacier (H16) underwent three surges between 1988–2019. According to the glacier terminus position graph (Figure 6), H16 surges increased in magnitude for each subsequent event. The first recorded surge advanced approximately 25% of the glacier length, the second 30% and the most recent 45%. This is likely related to quantity of accumulated mass in the reservoir area located roughly 3 km up-glacier from the terminus. Lovell et al. (2018) [45] identify a bowl-shaped depression, which they interpret as the glacier’s reservoir area. When this reservoir reaches a critical threshold, surging ensues, and mass is transferred down-glacier. In this instance, topography exerts a strong control on surge dynamics at this glacier. This study’s results support their inferences and validate their observations.



Behaviour-types 5 (five glaciers, 4%) and 6 (two glaciers, 1%) were the least frequently observed behaviours in this study. Despite overall retreat being the defining characteristic of Type 5 and 6 terminus change time series graphs, all glaciers exhibited some degree of short-term advance within the study period. These behavioral-types were found entirely in the Karakoram and West Kunlun Shan, despite a high proportion of glaciers in these sub-regions being characterised by mass gain and glacier expansion, highlighting that these observed trends are not sub-region-wide. This fits with observations in other studies, e.g., Gardelle et al. (2012) [67] who identified that around 50% glaciers were advancing or stable between 2000–2008; however, some glaciers still retreated, in line with the globally observed recession trend.




5.3. Regional Surge Characteristics


Analysis of surge characteristics can contribute to the identification of a specific controlling mechanism of a surging glacier, e.g., hydrological or thermal regulation. Each controlling mechanism has an indicative range of associated characteristics, however these ranges are anecdotal and can overlap. Overall, surge characteristics observed in this study were variable within and between sub-regions. This variability, combined with the overlap in range of mechanism indicators restricts analysis in this study to speculation only, however some notable trends were identified. Characteristics derived from terminus change time series data included surge duration, distance, and daily and maximum-averaged terminus advance rates. Terminus advance rates established in this study are calculated using total surge duration, or duration between image pairs and absolute terminus advance distance. The values obtained are therefore partially biased by image frequency.



5.3.1. Tian Shan


In Tian Shan, surge durations ranged from 1 to 12 years, with mean and median durations of 7.25 and 8 years, respectively. This is comparatively short-lived, considering average durations in some adjacent sub-regions, e.g., Karakoram and West Kunlun Shan, but still longer than many hydrologically regulated surges. Surge distances observed in Tian Shan ranged from 0.12 to 3.2 km. A maximum-averaged terminus advance rate of 7.8 md−1 was observed at North Inylchek Glacier (TS24), while the other glaciers in this sub-region were characterised by significantly lower advance rates. The small number of sub-regional glacier samples, and wide range of observed surge terminus behaviour and derived surge characteristics limit any inferences that can be made regarding the surging phenomenon in Tian Shan.




5.3.2. Pamir


In Pamir, 12 out of 22 (54%) glaciers surged for a duration of 5 years or less. This short duration is indicative of a hydrological mechanism. This is supported by Dowdeswell et al. (1991) and Wendt et al. (2017) [40,64]. Pamir glaciers surged the second furthest absolute distances (1.6 and 1.3 km mean and median), closely following Tian Shan. This is likely linked to the temperate thermal regimes that characterise these glaciers and again supports existence of a hydrological surging control. High maximum-averaged terminus advance rates of 36.4 m d−1 were observed at Medvezhiy Glacier (P21). For reference, quiescent phase terminus change rates at this glacier were three orders of magnitude slower at   4.5 ×   10   − 2     m d−1. Advance rates this high also support a hydrological surge mechanism. Other individual and sub-region-wide studies of surging in Pamir suggest that no clear, distinguishable surge mechanism exists due to ambiguous and conflicting evidence to support both hydrological and thermal mechanisms [17,49]. If this is the case, perhaps the spectrum of flow instability model proposed for the Karakoram by Quincey et al. (2015) [42], or Sevestre and Benn’s (2015) [4] enthalpy framework could also apply to the Pamir sub-region.




5.3.3. Karakoram


In the Karakoram, many study glacier termini begin to advance around the mid-late 1990s. This occurs in line with two potentially inter-linked and widely acknowledged observations. Climate observations indicate an increase in winter precipitation and a small decrease in summer temperatures since the 1960s, resulting in the slight mass gain trend observed in Karakoram and adjacent eastern Pamir and West Kunlun Shan [34]. Hewitt (2005) [33] suggests expansion of Karakoram glaciers from the mid-late 1990s is attributable to thermal shifts in ice masses with extreme altitudinal ranges causing accelerated redistribution of ice mass by elevation. These thermal shifts at high elevations may be triggered by mass gain, caused by increased precipitation at high altitudes thickening ice, resulting in pressure melting, reduced friction at the glacier bed and enhanced sliding.



Observed surge duration in Karakoram ranges from 2 to 29 years, with the central 50% of surges lasting 7–20 years. Based on the duration of many Karakoram surges, in conjunction with their gradually advancing termini over annual to decadal timescales, thermal regulation of surges seems the likely dominant controlling mechanism. However, some surge durations are clearly indicative of a hydrological mechanism, such as glacier K30 which advanced around 50% its glacier length (3.55 km) in less than 5 years. The literature supports these inferences, highlighting the difficulty of categorizing surging into one clearly defined end-member.



Quincey et al. (2011) [10] suggested surges in the Karakoram are largely thermally regulated, evidenced through gradual acceleration over several years, in response to observed climate anomalies since the 1960s, and associated high altitude warming of ice masses. Quincey et al. (2015) [42] later revised their interpretation due to observing a variety of surge behaviour characteristic of both thermal and hydrological regulation, and suggested that Karakoram surging occurs on a spectrum of flow instability. Our study similarly observed this variety of surge behaviour, further supporting the existence of a spectrum, as also implied by the enthalpy theory [4].



The maximum terminus advance distance, 6.4 km (equivalent to 62.7% of glacier length) was observed in this sub-region over an 11-year period. The Karakoram also exhibits low daily and maximum-averaged terminus advance rates, further supporting a dominant thermal regulation mechanism. The maximum advance rate observed in the Karakoram was at Glacier K5, where the glacier advanced at a rate of 12.5 m d−1, equating to 4.5 km a−1. This value is approximately 2.5 km a−1 faster than the maximum observed Karakoram surge velocities of 2 km a−1 observed by Quincey et al. [10]. However, their sample size was smaller (eight glaciers) and consequently less representative of surging across the Karakoram.




5.3.4. West Kunlun Shan


In West Kunlun Shan, 16 out of 26 (62%) study glaciers exhibited surge durations exceeding 10 years. These protracted durations are characteristic of thermally regulated surges. Chudley and Willis (2019) [44] partially support this inference, based on relatively slow observed surge velocities, ranging 0.2–1.5 km a−1, and prolonged build-up and termination phases, similar to those observed in this study. However, they also suggest seasonality of surges (summer speed-up) could be indicative of hydrological regulation. Yasuda and Furuya (2015) [43] support a hydrological model of surging in West Kunlun Shan based on seasonal modulation of velocity by about 200% in early winter, compared with those in early summer. Overall, no classical surge model describes the observations, either within or between studies, providing further support for the enthalpy model.



The lowest absolute terminus advance distances were observed in West Kunlun Shan (1.7 km maximum). The small terminus advances observed in West Kunlun Shan could be linked to thermal regime. The climate in West Kunlun Shan is one of the most continental, cold and dry climates across HMA, only influenced by the East Asian Monsoon, receiving around 300 mm a−1 precipitation [68].



When considering surge terminus advance distance in conjunction with surge duration and local climate in West Kunlun Shan, there is clear supporting evidence for a thermally regulated surge mechanism. The lowest daily and maximum-averaged terminus advance rates were observed in West Kunlun Shan (mean daily averaged terminus advance rates 0.15 m d−1, and mean maximum-averaged terminus advance rates 0.4 m d−1), in line with observations of surge duration, and absolute terminus advance distance. This reinforces the likelihood of a dominant thermal surging control. Terminus advance rates calculated for West Kunlun Shan in this study (0.6 m d−1) were within range of feature-tracked velocities established by Yasuda and Furuya (2015) [43], where velocities ranged from 0.2 to 1 km a−1 and Chudley and Willis (2019) [44], where velocities ranged from 0.2 to 1.5 km a−1.




5.3.5. Himalaya


Himalayan glaciers show the least variation in surge duration, however this is partly a consequence of the small sample size (three glaciers). On average, Himalayan glacier surge durations span around seven years. This is neither long nor short compared with clearly thermally or hydrologically regulated surges, complicating assignment of a clear surge mechanism.





5.4. Implications


Developing a well-established understanding of the surge phenomenon in HMA is necessary for several reasons. It may help to shed light on our understanding of the anomalous mass gain and glacier expansion widely observed between eastern Pamir and West Kunlun Shan. The limited understanding of this anomalous trend may partially explain why the behaviour of HMA glaciers is poorly constrained in models, e.g., [24,25], and the disparities in mass loss estimates between studies of the same region.



Surging remains a complex and not fully understood phenomenon on a global scale. HMA is hugely under-studied considering it represents the second major global surge cluster [4]. Based on this study’s results, it was possible to suggest mechanisms that control surging synoptically across HMA, as well as identify trends and heterogeneity between repeat surge events at individual glaciers, and locations where surge-related hazard potential is elevated. Considering surge duration, terminus advance distance and rate, and surge periodicity, surging in Pamir is likely to be largely controlled by a hydrological switch mechanism. This is supported by other studies, e.g., [40,64], and provides validation for other surge studies in Pamir. In contrast, West Kunlun Shan and Karakoram sub-regions appear to be predominantly controlled by a thermal surge mechanism based on their long durations and relatively slow advance rates. However, surge characteristics in the Karakoram show greater variability, supporting the idea of surging occurring on a spectrum of flow instability and via the enthalpy framework proposed by Quincey et al. (2015) [42] and Sevestre and Benn (2015) [4]. Due to smaller sample sizes and ambiguous surge characteristics (in-between hydrological and thermal end-members), attributing Tian Shan and Himalayan surges to an individual surge-type was not feasible. These results validate findings from several studies across HMA at the sub-regional and individual glacier scale. In line with Quincey et al. (2015) [42], it is possible to determine that surging in HMA represents a spectrum of flow instability and in general sub-regions show evidence of both hydrologically and thermally regulated surging.



By analysing trends and heterogeneity between repeat surge events at individual glaciers, we obtain insight into their potential future glacier and surge dynamics. Glacier H16 (Sabche Glacier) represented the best example of this. Sabche Glacier surged three times during the study timeframe, each time characterised by a terminus advance more extensive than the previous. Regular monitoring of Sabche glacier could be used to review continuation of this behaviour. In many other repeat surge events from this study, terminus advance distance was comparable at individual glaciers between events, suggesting the controlling mechanisms between events were unified.



There were 18 surging glaciers identified in this study that have the potential to block valleys (Figure 8). Blocking of glacier valleys encourages formation of ephemeral proglacial lakes, increasing glaciological and GLOF hazard potential. Of particular interest is glacier TS24 (North Inylchek Glacier), Tian Shan, where a surge in 1996 displaced 1.5 × 108 m3 water from upper Lake Merzbacher, filling lower Lake Merzbacher, culminating in its GLOF three months later [48]. Downstream from North Inylchek Glacier and Lake Merzbacher is a settlement that is potentially vulnerable to these catastrophic drainage events. By developing a comprehensive understanding of surge distribution and where surge-related terminus advance is likely to inundate land using GEE and remote imagery, it is possible to gain insight where glacial lakes may form and potentially cause catastrophic GLOF hazards. This information can subsequently be used to assist with hazard modelling, which may be of interest to local communities, stakeholders and scientists.




5.5. Evaluation of Methods


The use of satellite imagery and GEE for surge identification and quantification of characteristics has significantly enhanced our understanding of the surge phenomenon. Prior to remote sensing, observations of glacier surging were sparse and so understanding of the phenomenon was limited. In this study, the approach used successfully facilitated identification and quantification of the surge characteristics of 137 glaciers across HMA. This study represents one of the largest-scale remote sensing-based studies of surging that exists. It has achieved a degree of representation of surging occurrence across HMA that is not attainable in smaller scale (sub-regional or individual glacier) studies by providing a synoptic overview of surging. Large-scale studies, like this, complement highly detailed smaller-scale studies of surge behaviour.



Focusing solely on terminus change consequently meant that surging glaciers identified in this study represent a minimum number of surges occurring in the study timeframe, as surges are often but not always accompanied by terminus advance [7]. Obscuration of glacier termini by debris cover may also have resulted in the overlooking of some surge events. Enhanced satellite image availability would have facilitated a higher resolution glacier terminus position time series. This would increase the accuracy of the derived quantified surge characteristics, including duration, and terminus advance rate calculations.



Satellite image acquisition rate is continuously increasing through time. This can be observed in the terminus change time series calculated here, where data points (representing image dates) generally increase through time. Consequently, study data becomes higher temporal resolution, and the strength of the method utilised in this study therefore also increases with enhanced image availability.



Some issues were encountered relating to image availability and suitability. One of the most prevalent issues was the absence of satellite imagery between 2000–2008 for many study glaciers. This issue is a consequence of omitting Landsat 7 data from the image selection due to recurring SLF. SLF is a known issue with Landsat 7 imagery since 2003 when the scan line corrector, which compensated for the forward motion of Landsat 7 failed [69]. This technical failure resulted in a 22% reduction of usable data in each Landsat 7 ETM+ scene. Potential methods for correcting the SLF imagery such as interpolating median surrounding values or mosaicing across time were deemed not suitable and out of the scope of this study. In many instances this influenced visualisation of surge data and glacier terminus change time series, making small-scale change detection particularly difficult for the affected period. Specifically, surge-related terminus advance during this period was generally visible in the time series based on terminus positions before and after the imagery gap, but accurately defining the duration of surges where this occurred was more difficult. Other image suitability issues related to snow-cloud detection, minimised using the built-in GEEDiT cloud filter, and topographic shadow. Moving forward, data availability will continue to expand as the number of available platforms, e.g., Sentinel, and NISAR (launch 2022), increase.



For potential future development, it would be possible to automate the margin change and quantification methods utilised in this study using computer vision and machine learning to develop an algorithm for edge detection of glacier termini.





6. Conclusions


Satellite imagery has revolutionised the study of surging glaciers, providing researchers with a greater understanding of their causes, mechanisms and behaviour. As satellite imagery archives expand and become higher resolution both temporally and spatially, its potential to characterise increasingly fine-resolution glacier dynamics will develop. This will significantly contribute to our understanding of surge dynamics and holds potential for continuous monitoring of the surging phenomenon.



This study has successfully identified, characterised and quantified glacier surging at an unprecedented scale across High Mountain Asia between 1987–2019 by accurately digitising glacier terminus change through time. This is a much-needed synoptic-scale study of this highly complex phenomenon using an entirely remote sensing-based approach. By utilising Google Earth Engine, and the GEEDiT algorithm, developed to quickly digitize glacier terminus position [20], 137 surging glaciers were identified in total, 55 of which were newly identified, and 15 of these glaciers surged multiple times within the study timeframe. Common limitations associated with satellite imagery for time series analysis, including frequency of high quality images limits the accuracy of the quantified surge characteristics. This was largely overcome with a subjective characterisation approach.



Results of this study revealed glacier surging across HMA is a complex phenomenon. The distribution of surging was heterogeneous, with the greatest frequency of surge incidence occurring between Pamir, through the Karakoram, to West Kunlun Shan. Only isolated incidences of surging occurred in Tian Shan and Himalayan sub-regions. This distribution of surging validated previous sub-regional studies, as well as provided additional evidence in support of the Karakoram Anomaly.



Glacier terminus change time series analysis enabled the development of a six-part classification of surge phenomenology. This novel classification provided a simple, effective means for classifying this large dataset and clustering trends in terminus change behaviour. This classification could also be applied in other glaciated regions characterised by glacier surging and flow instability, and it has potential for wider application to glacier terminus change studies. Surge-types 2 and 3 (gradual and abrupt advance) were the most frequently observed behaviours.



Several variables were also quantified from terminus change time series analysis, including surge duration, terminus change distance (absolute and proportional), daily and maximum-averaged terminus advance rates, and surge periodicity. Although considerable intra- and extra- sub-regional variation in surge behaviour was observed, this study suggests a change in the dominant surge mechanism across HMA exists, with hydrological regulation mechanisms common in Pamir, and thermal regulation mechanisms dominant in the Karakoram and West Kunlun Shan. However, in most sub-regions there was evidence in support of both hydrologically and thermally regulated surging, supporting the idea that surging occurs along a spectrum of flow instability, and within the unifying enthalpy framework.



Future developments with machine learning are suggested and with increasing image frequency and automation, near real-time monitoring of surging glaciers could be achieved, with positive outcomes for hazard mitigation.
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Figure 1. Schematic diagram showing generalised glacier response pre-surge (quiescent phase) and during an active surge phase. 
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Figure 2. Map of HMA sub-regions using RGI v6.0. Coloured areas correspond to simplified sub-regional glacier data exported from RGI v6.0, a supplemental inventory to the GLIMS glacier database. Arrows indicate air mass influences across HMA. 
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Figure 3. Examples of surge-indicative features from Google Earth Satellite Imagery. (A) Looped moraine at Glacier K13, Sugatyanatjilga Glacier, (B) Unstable moraine at Khurdopin Glacier, (C) Bulbous terminus at Glacier WKS4, RGI60-13.38961, (D) Enhanced crevasses at Glacier K53, RGI60-14.02215. 
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Figure 4. Glacier surges identified and digitised using GEEDiT. Tian Shan (top left), Pamir (top right), Karakoram and West Kunlun Shan (bottom left), and Himalaya (bottom right). Glacier outlines taken from RGI, v6.0 (RGI Consortium, 2017). 
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Figure 5. Sub-regional frequency of observations in each surge-type class. 
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Figure 6. Study examples of surge phenomenology classification. Composite figure includes terminus change time series in graph and map form, and imagery pre- and post- surge. *NB. Red circle indicates terminus position. 
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Figure 7. Boxplots showing surge variables at the sub-regional scale: surge duration (top left), RGI v6.0 glacier length (top right), surge terminus advance distance (middle left), surge proportional distance (middle right), daily averaged and maximum-averaged terminus advance rate (bottom left and right). 
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Figure 8. Surging glaciers identified with the potential to block glacier valleys, encourage glacier lake formation, and increase the glacier lake outburst flood (GLOF) hazard. 
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Table 1. Total numbers of glaciers identified as surging in this study and their respective phenomenological classifications. Newly identified glacier totals also noted.
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Sub-Region

	
Total




	

	
Tian Shan

	
Pamir

	
Karakoram

	
West Kunlun Shan

	
Himalaya

	






	
Type 1

	
1

	
4

	
8

	
5

	
2

	
20




	
Type 2

	
2

	
7

	
45

	
15

	
0

	
69




	
Type 3

	
1

	
6

	
18

	
1

	
0

	
26




	
Type 4

	
0

	
5

	
8

	
1

	
1

	
15




	
Type 5

	
0

	
0

	
2

	
3

	
0

	
5




	
Type 6

	
0

	
0

	
2

	
0

	
0

	
2




	
Total Surging

Glaciers Identified

	
4

	
22

	
83

	
26

	
3

	
137




	
Newly Identified

	
1

	
9

	
28

	
15

	
2

	
55
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