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Highlights: 

 Recent geomorphological changes for Hailuogou Glacier terminus area are analyzed using SfM-12 

MVS workflow with UAV images from September 2017 to November 2020. 

 The terminal area not affected by collapse events retreated 132.1 m, whereas the area subject to 14 

collapse events retreated 236.4 m. 

 The ice volume reduction for the observed areas is 184.61 ± 10.32 × 104 m3, and ~28% was 16 

attributed to ice collapse. 

 The evolution of the HLG Glacier terminus will continue to be dominated by the frontal ice collapse 18 

Abstract 

Hailuogou (HLG) Glacier, a rapidly receding temperate glacier in the southeastern Tibetan Plateau, has 20 

been observed to lose mass partly through ice frontal mechanical ablation (i.e., ice collapse). These events 

are difficult to monitor and quantify due to their small scale and frequent nature. However, recent 22 

developments in Uncrewed Aerial Vehicles (UAV) have provided a possible approach to track their 



  

spatiotemporal variation and their impact on the geomorphological evolution of the glacier terminus area. 24 

Here, we present analysis from UAV surveys conducted over eight field campaigns to the HLG Glacier, 

providing evidence of glacier change between October 2017 and November 2020. Structure from Motion 26 

with Multi-View Stereo (SfM-MVS) was applied to produce multi-temporal Digital Surface Models (DSMs) 

and orthophoto mosaics, from which geomorphological maps and DEMs of Difference (DoDs) were 28 

derived to quantify glacier changes. These analyses reveal that at the margins of the glacier terminus 

retreated 132.1 m over the period of analysis, and that in the area specifically affected by collapsing (i.e., 30 

the glacier collapsed terminus), it retreated 236.4 m. Overall the volume lost in the terminal area was of the 

order of 184.61 ± 10.32 x 104 m3, within which the volume change due to observed collapsing events 32 

comprises approximately 28%. We show that ice volume changes at the terminus due to a single ice collapse 

event may exceed the interannual level of volume change, and the daily volume of ice loss due to ice calving 34 

exceeds the seasonal and interannual level by a factor of ~ 2.5 and 4. Our results suggest that the evolution 

of the HLG Glacier terminus is dominantly controlled by the frontal ice-water interactions. If the future 36 

evolution of glaciers such as HLG Glacier is to be robustly predicted, the contribution of mechanical 

ablation should be accounted for by numerical models.  38 

Keywords: Hailuogou Glacier, Frontal ice collapsing, Uncrewed aerial vehicles, Geomorphological 
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1. INTRODUCTION 48 

Hailuogou (HLG; Randolph Glacier Inventory ID: RGI60-15.07886) Glacier is the longest glacier in the 

Glacier Park located on the eastern slope of Mt. Gongga (7556 m above sea level), southeastern Tibetan 50 

Plateau (SE TP). It is a partly debris-covered temperate glacier and is the main source of the River of Moxi, 

a branch of Dadu and Yangtze River. HLG Glacier has been reported to be receding rapidly in a number of 52 

studies, which commonly associate the retreat with warming (e.g., Ding et al., 2006; Pan et al., 2012; Wu 

et al., 2020; Yang et al., 2016). However, apart from processes of ice loss related directly to changes in 54 

temperature (i.e., mass loss due to melt), the mechanical ablation of glaciers can also play an important role 

in contributing to ice mass changes (Benn and Åström, 2018). Mechanical ablation can be described as the 56 

process by which ice fractures from the host glacier, most commonly as a consequence of ice-marginal 

water-glacier interactions (Falatkova et al., 2019; Haresign, 2004; Sakai, 2012; Sakai and Fujita, 2010). 58 

The understanding of mechanical ablation and its contribution to overall ice loss has been hindered because 

it is difficult to track mechanical ablation by commonly-available satellite-based remote sensing datasets, 60 

owning to their small-scale but unpredictable natures. Fortunately, the use of imagery acquired by 

Uncrewed Aerial Vehicles (UAV) can be acquired with much greater frequency, at lower altitudes, to 62 

capture these fine-scale changes. Structure from Motion with Multi-View Stereo (hereon, SfM-MVS) 

photogrammetry has been well developed in connection with the UAV technology to reconstruct the three-64 

dimensional glacier surface through time (Bash et al., 2018; Chandler et al., 2018; Rossini et al., 2018a).  

It is generally agreed that mechanical ablation can amplify ice loss when compared to glaciers without 66 

such processes, leading to the glacier (e.g., no lake-terminating glaciers) behavior that is partly decoupled 

from climatic drivers (Carrivick and Tweed, 2013a). Recently, efforts to characterize and quantify the 68 

mechanical ablation for mountain glaciers have been carried out on lake-terminating glaciers and their 

proglacial lakes (e.g. Ashraf et al., 2014; Carrivick and Tweed, 2013; Haresign, 2004; King et al., 2018, 70 

2019; Liu et al., 2020; Sakai, 2012; Sakai et al., 2009). However, similar rates of mechanical ablation may 

also be observed for some land-terminating monsoonal temperate glaciers in the SE TP, such as HLG 72 



  

Glacier, which exhibits ~13° of surface gradient in the lower glacier tongue (Zhong et al., 2021). They have 

been observed in the field predominantly as collapse events, probably influenced by the ablation induced 74 

by the intensive water-glacier interactions along the subglacial channels, around the subglacial outlet (i.e., 

the intersection between the proglacial river and the glacier terminus), and within the subglacial conduits 76 

around the glacier terminus (i.e., the conduit’s roof)  

Ice collapsing and calving events take place rapidly, meaning their frequency and magnitude can be 78 

difficult to ascertain (Haresign, 2004). Though current satellite-based remote sensing technologies have 

provided multiple options for glacier change monitoring, using optical sensors (e.g., Landsat, ASTER and 80 

Sentinel-2), microwave sensors (e.g., Sentinel-1) and gravity sensors (e.g., GRACE), (Berthier and Toutin, 

2008; Bishop et al., 2007; Chen et al., 2018; Kääb et al., 2016; Li et al., 2008; Strozzi et al., 2002), it is 82 

difficult to quantify fine-scale changes using these coarse resolution data sources. Although field 

investigations can be challenging (e.g., high lateral relief, complex terrain, poor signal transmission, 84 

unsteady weather, etc.), several previous works have been successful in glacier monitoring using low-cost 

consumer-grade UAVs (e.g., Immerzeel et al., 2014; Fugazza et al., 2018; Rossini et al., 2018a; Yang et al., 86 

2020; Karimi et al., 2021; Fu et al., 2021). For example, to track the modification of glacial 

geomorphological features over short timespans (Fugazza et al., 2018), to characterize the sub-annual and 88 

annual formation of ice-marginal landforms (Rossini et al., 2018a), and to quantify glacier volume changes 

and the dominant melting processes (Di Rita et al., 2020).  90 

Land-terminating mountain glaciers in the SE TP, such as HLG Glacier, are undergoing remarkable 

recessions in recent decades (Li et al., 2009, 2010; Liu et al., 2010; Lu and Gao, 1992; Zhang et al., 2011). 92 

In this study, we aimed to quantify the extent to which this enhanced recession could be attributed to 

seasonally enhanced ice-marginal water-glacier interactions (i.e., during summer period), and a consequent 94 

increase in mechanical ablation activity. With the employment of UAV-captured imagery over the HLG 

Glacier from October 2017 to November 2020, and 3D surface reconstruction technology, we sought to 96 

achieve the following objectives: 



  

1. to characterize the morphological evolution of the glacier terminus due to mechanical ablation (i.e., 98 

collapse activity) using fine spatial resolution images from UAV, and; 

2. to quantify volumetric ice loss across the terminus area owing to mechanical ablation as opposed to 100 

other ablation processes (i.e., melt and sublimation).  

2. STUDY AREA 102 

HLG Glacier is the longest temperate glacier located at the eastern slope of Mt. Gongga (29.6°N, 

101.9°E), which is the highest mountain on the southeastern edge of the Tibetan Plateau (Fig.1; Li et al., 104 

2010). Mt. Gongga (i.e. Minya Konga) has the highest peak reaching 7556 m above sea level (a.s.l) and it 

is one of the most extensively glaciated regions in the SE TP  (Zhang et al., 2010, 2012). There are 74 106 

glaciers located in the region of Mt. Gongga (Liu and Zhang, 2017), but only five exceed 10 km in length 

(Li et al., 2010). The temperate glaciers in these regions are known for high mass turnover and high ice 108 

flow velocity due to high ablation and high accumulation simultaneously in summer (Aizen and Aizen, 

1994; Liu et al., 2018; Su and Shi, 2000). The climate of HLG catchment is characterized by southwest 110 

(India and Bengal monsoons) and southeast monsoons, which dominate during the summer (wet season), 

and by the westerly circulation, which dominates during the winter (dry season) (Li et al., 2010; Zhang et 112 

al., 2010). 

Within the HLG catchment (area of ~ 80.5 km2), there are seven contemporary glaciers with total areal 114 

coverage of 36.44 km2 (Zhang et al., 2012; Xu and Yi, 2017). HLG Glacier is the largest glacier in the HLG 

catchment with a length of about 13 km, 25 km2 in area, and covering an altitude range of 2901 – 7556 m 116 

a.s.l (Li et al., 2010; Zhang et al., 2010; Liu et al., 2010; Sun et al., 2018; Wang et al., 2013).  Below the 

ice fall, the ablation area is about 2 km2 and most of the glacier tongue is covered by supraglacial debris 118 

due to processes of frost weathering and rock avalanches (Zhang et al., 2011, 2012). The Equilibrium Line 

Altitude (ELA) of HLG Glacier is about 5273 m a.s.l in 2009 and the ELA for most glaciers in this region 120 

ranges from 4200 to 5200 m a.s.l (Li et al., 2010; Zhang et al., 2018). The thickness of supraglacial debris 



  

increases progressively from the icefall down to the terminus, where it has been measured at 0.6 m 122 

according to Zhang et al. (2010).  

 124 

Fig 1. Site plan showing the location of Tibetan Plateau and within that, the location of our study area, and 
the location of UAV flights. (a) An illustration of the rough range of the Tibetan Plateau and the locations 126 
of the study area. The glacier outline is from the Second Glacier Inventory of China version 1 (Liu et al., 
2014). The terrain background was extracted from GTOPO30 (~ 1km resolution) (USGS, 1997). (b) 128 
Glaciers of the Gongga Mountain range are highlighted in yellow, and the extent of the HLG Glacier is 
outlined in blue. The background image is a false-color composite of Sentinel 2A of 10th November 2020 130 
(same for the subfigure c). (c) The extent of UAV mapping in the HLG Glacier valley. The green polygon 
shows the UAV mapping area, ranging from the icefall to periglacial forest.  132 

The terminus of HLG Glacier has retreated about 2 km since the 1930s (Liu and Zhang, 2017). HLG Glacier 

retreated around 1.15 km from 1966 to 2010 with an annual retreat rate of 25 to 30 m a-1 (Zhang et al., 134 

2015). The mean thinning rate of the HLG Glacier tongue was 33.9 ± 11.2 m between 1989 and 2008, 

which equates to around 26% of the ice thickness recorded in 1990 (~130 m) (Liu and Zhang, 2017). Based 136 

on repeat stake surveying, glacier velocity in the ablation zone decreased by about 31% between 1981 and 

2008, indicating a reduction in mass turnover (Zhang et al., 2015, 2010). Moreover, the area of HLG Glacier 138 

has reduced to 25.3 km2 from 26.1 km2 between 1966 and 2009 (Pan et al., 2012), and the annual average 

thinning rate is 0.90±0.45 m a-1 (Zhang et al., 2016) (Tab. 1). Based on recent research, the area of the HLG 140 

Glacier tongue has declined from 2.65 ± 0.01 to 1.95 ± 0.02 km2 between 2002 to 2020, and the retreat rate 



  

of the glacier terminus was about 6 ± 0.44 m a−1 and ∼ 54 ± 0.39 m a−1 during the periods 2002 to 2016 and 142 

2016 to 2020, respectively (Zhong et al., 2021).  

Table.1 HLG Glacier changes from 1966 to 2010 (adapted from Zhang et al., 2015) 144 

Characteristics of Changes 1966-1989 1989-2010 Total 

Terminus retreat (m) 743 410 1153 

Area changes (km2) 0.3 0.5 0.8 

Elevation changes (m) 15.1 ± 22.8 24.1 ± 11.0 39.2 ± 20.0 

Volume changes (10-3km-3) - -1.71 

 

3. DATA AND METHODS 146 

The glacial geomorphic features and the 3D surface of the glacier terminus were mapped and 

reconstructed based on the high-resolution UAV images captured from field trips. From 2017 to 2020, we 148 

undertook eight field trips to HLG Glacier, most of which fell within ablation months (June to November). 

Owing to the flying capacity of the UAV and the unsteady weather conditions, the area covered, and the 150 

flight altitude of mapping varied between campaigns (Table 2). 

Table 2. General Information about products generated from SfM-MVS workflow 152 

No. 
Date 

(y/m/d) 

Numbers of 

photo  

DSM 

(m/px) 

Ortho-

images 

(m/px) 

Georeferencing errors 

(RMSE; cm) 

1 2017/10/17 2463 0.09 0.022 15.47  

2 2017/12/04 1284 0.16 0.040 21.45 

3 2018/06/30 1066 0.27 0.066 25.49 

4 2018/10/28 4850 0.31 0.079 31.37 

5 2019/10/03 3013 0.35 0.087 19.36 

6 2020/09/05 898 0.07 0.037 35.51 

7 2020/09/10 282 0.11 0.053 32.63 

8 2020/11/05 315 0.18 0.054 33.82 



  

3.1 Data source 

Nearly 14,000 still images were acquired, and more than 3600 images were extracted from aerial videos. 154 

We implemented the UAV mapping missions covering the part or whole glacier tongue by different piloting 

strategies mainly due to the weather conditions (i.e., heavy cloud or wind) in the HLG glacier valley. In 156 

this paper, we only focus on the terminus region of the glacier tongue. 

a) UAV Platform 158 

We used a consumer-grade quadcopter, DJI Mavic Pro, for implementing the fieldwork, known for 

high-performance in high mountain regions, as well as being compact size, having good handling ability 160 

and relatively low cost for conducting high-resolution landform investigations (Hendrickx et al., 2019; 

Stucky de Quay et al., 2019). The positioning systems are an integrated GNSS system with BDS, GPS and 162 

GLONASS. The onboard camera is a 12.71-megapixel sensor with the ability to capture JPEG format or 

RAW images in the visible light range. The onboard camera is an FC220 with a focal length of 4.73 mm.  164 

b)  Drone Sorties Planning and UAV Images Capturing 

We used Pix4D capture to plan flight missions in detail and execute missions automatically. The flight 166 

parameters can be set up in advance such as camera posture, overlapping parameters and drone speed. 

However, it is not suitable to conduct a fully automatic flight mission for the entire ablation zone of the 168 

HLG glacier due to its high relief and frequently unstable weather conditions. We therefore flew manually 

for parts of the ablation zone to ensure sufficient image overlap and quantity. Specifically, firstly we 170 

adopted the terrain-following flight mission strategy for the UAV mapping as the elevation of the HLG 

Glacier tongue is ranging from ~2900 to 3500 m a.s.l. In other words, the mapping area was covered 172 

separately with four gridded flight paths with variable flying heights to maintain relatively constant ground 

resolutions. The onboard camera of the UAV was pre-set with nadir viewing angle to obtain orthophotos 174 

with a longitudinal and side overlapping of 70% and 80%, respectively. The drone was not able to capture 

images beyond the icefall (red triangle in Fig. 1) given its altitude, so the mapping area covers from icefall 176 

to glacier terminus and part of the periglacial forest (as shown by the yellow grid in Fig. 1).  



  

c) Ground control point collection 178 

We collected six sets of Ground Control Points (GCPs; Fig. 2) during the field trip of 2018. These GCPs 

are distributed around the proglacial zone of the HLG Glacier since the glacier surface is highly unstable 180 

and points are often difficult to locate in aerial imagery. We aimed to identify features from artificial and 

stable constructions, such as road junctions, using two GNSS geodetic receivers simultaneously (i.e., one 182 

was set as the master station and the other is the rover). The master station was installed on the rooftop of 

a hotel in the HLG Glacier Park to acquire the long-time observation needed for a static referencing point. 184 

The rover measurement was conducted by occupying the GCPs for at least 2 mins during periods of 

comprehensive satellite coverage, and the resulting coordinates were post-processed to export the GCPs. 186 

 

Fig 2. Spatial distribution of the GCPs and the tie points. The background orthophoto mosaic is generated 188 
from the dataset of November 5th 2020. The blue polygon indicates the HLG Glacier terminus extent (2009) 
extracted from the Second Glacier Inventory of China (Liu et al., 2014).  190 

3.2. Method 

3.2.1 Image processing 192 

Aerial images were used as input to generate point clouds, Digital Surface Models (DSMs) and 

orthophoto mosaics by a surface reconstruction workflow in Agisoft Metashape Professional version 1.5.3 194 

(AgiSoft LLC). In addition, some images (Tab. 2 - No.1 and No.2) were extracted by screenshots with a 

constant time interval from the aerial videos. These extracted images were integrated with the still aerial 196 



  

images to form an input dataset for the 3D surface reconstruction. Agisoft Metashape Professional is now 

a well-established and widely used 3D reconstruction software in landform investigations (Bash et al., 2018; 198 

Rossini et al., 2018b; Rusnák et al., 2018; Verhoeven, 2011).  

We followed a standard SfM-MVS processing workflow, as described in many previous studies(e.g., 200 

Immerzeel et al., 2014; Rossini et al., 2018b; Ryan et al., 2015; Smith et al., 2016). We used high accuracy 

settings for image alignment and the embedded GNSS location data for each image to aid georeferencing 202 

of the sparse point cloud. The georeferencing was refined using our external GCP locations, and the dense 

point cloud was then extracted. DSMs and ortho-images were derived from the dense point cloud at the 204 

sub-meter resolution, and with centimeter-scale error. We georeferenced the point cloud of November 5th 

2020 using our external GCPs, and then registered the remaining clouds to this master cloud using easily 206 

identifiable and stable surface features (e.g., giant rocks or erratic boulders) evenly distributed in the glacier 

snout area. A complete workflow of the 3D scene reconstruction for the case of HLG Glacier is shown in 208 

Fig. 3. 



  

 210 

Fig. 3. The workflow of the study, including the generation of DSMs and orthomosaics from SfM workflow 
(output 1), multi-temporal geomorphological mapping results (output 2), DoD (output 3), and surface 212 
displacements from the digital image correlations (output 4).  

3.2.2 Geomorphic mapping 214 

The primary datasets for the geomorphic mapping were the orthophoto mosaics (Fig. 3). Their sub-

decimeter spatial resolution provided an unprecedented view of the evolving glacier geomorphology, and 216 

the opportunity to characterize landform features in exceptional detail (Chandler et al., 2018). The 

georeferenced orthophoto mosaics were imported to ArcGIS to digitize glacial geomorphic features by 218 

visual interpretation, such as glacier terminus extent, calved or collapsed area, ice cliffs, ice crevasses, 

marginal fresh ice, proglacial river/ponds, periglacial vegetation, supraglacial ponds and lateral landslides. 220 

In order to determine the precise identification of the landform features in the HLG Glacier valley, the 3D 

scene of the point clouds was consulted for cross-checking. For example, the visual assessment of terrain 222 



  

relief from the 3D scene of the dense point cloud was useful for identifying the boundary between the 

debris-covered glacier and lateral cliff walls.  224 

3.2.3 Comparison between multi-temporal DSMs  

Quantifying the surface elevation changes, and their corresponding volume changes is critical for 226 

evaluating the landform development. DEMs of Difference (DoDs) represent a possible approach to 

tracking the landform changes (Wheaton et al., 2009). We used the open-source software Geomorphic 228 

Change Detection (James et al., 2012; Wheaton et al., 2009) to compute the ice height changes and the 

corresponding volumetric variations (Fig. 3). The eight DSMs were re-sampled to 0.5 m/pixel, as a 230 

compromise between maximizing information retention and computational efficiency. Seven DoDs were 

computed from these DSMs, to characterize surface changes between each of the field campaigns. We used 232 

Minimum Level of Detection (MinLoD) as a threshold for distinguishing real surface variation from the 

noise (Fuller et al 2003). A conservative MinLoD of 0.5 m was identified based on the previously published 234 

rates of surface elevation change over subsequent ablation seasons.  

3.2.4 Surface displacement at the HLG Glacier snout 236 

We also derived glacier flow fields from each pair of orthophotos (resampled to 0.25 m/pixel) because 

previous work has shown that the surface displacement can be strongly linked with frontal processes – in 238 

particular for the glacier frontal ice collapses (Che et al., 2020). The method based on digital image 

correlation (DIC), also known as feature tracking, is commonly used to identify the movement of common 240 

features between subsequent images (Bickel et al., 2018; Heid and Kääb, 2012; Strozzi et al., 2002). Here 

we used an open-sourced DIC algorithm based on Fast Fourier Transform (hereon, DCI-FFT) (Bickel et al., 242 

2018; Guizar-Sicairos et al., 2008). We employed a Wallis filter to mitigate the negative effect of unsteady 

lighting conditions in the glacier valley – based on a locally-adaptive contrast enhancement, and filtered 244 

the outputs to remove noise and improve the aesthetics of the results (Fig. 3). 



  

4. RESULTS 246 

4.1 Evaluation of the accuracy of UAV-derived data 

The accuracy of the DSMs generated by SfM-MVS is predominantly influenced by the quality of the 248 

captured images. It is particularly challenging to obtain high-quality images by UAV in the rugged high 

mountain environment, as the rapidly changing regional weather (e.g., mist or cloud) in the HLG Glacier 250 

valley causes different lighting conditions and temporally-variable shadows. Nevertheless, visual 

assessment of the resulting point clouds, and the very uniform signal of stability in the off-ice areas, 252 

suggests that where shadowing was severe and/or variable, those images were not successfully matched 

(and therefore had minimal impact on the DSMs or orthophotos).  254 

The absolute georeferencing of the DSMs and the orthophotos depends primarily on the quantity and 

quality of the GCPs and their spatial distribution. We were limited to just six GCPs distributed around the 256 

proglacial zone, which somewhat limited the positional accuracy of the products generated from UAV 

images. However, our strategy of georeferencing only one of these point clouds, and then co-registering the 258 

remainder of our data to this ‘master’ cloud, minimizes the impact of this limitation. Indeed, given that our 

confidence in the internal (relative) accuracy of the point clouds is high, the resulting DoDs generated 260 

between datasets can be considered similarly robust. There may be some minor error associated with the 

manual placement of tie-points between each pair of clouds, but it is probably negligible given the high 262 

number and careful choice of tie-point locations that we used.  

Therefore, eight DSMs and orthophoto images were successfully derived from the overlapping UAV 264 

imagery (Tab. 2). The number of points in each cloud varied from ~150,000 to ~60,000,000 according to 

their covered area, and then the point clouds were able to produce DSMs with the spatial resolution no more 266 

than 0.36 m/px and orthophotos with a spatial resolution of <0.1 m/px. Georeferencing errors were 

generally of the order of 0.35 m. All DSMs and orthophotos were resampled to 0.5 m/px and 0.25 m/px 268 

respectively for multitemporal DSM comparisons and surface displacement analysis, respectively. 



  

4.2 Geomorphic mapping for tracking glacial feature changes 270 

The overall impression of the tongue of HLG Glacier is shown in Fig 4. The surface of HLG Glacier is 

covered with a thick debris mantle, below the icefall. Lateral valley relief presents steep cliffs that are the 272 

source of debris falling either directly onto the glacier surface, and transported towards the terminus, or 

buried in the accumulation area beneath snow cover, and carried englacially for meltout in the ablation area 274 

(Zhang et al., 2010). Both lateral sides of the HLG Glacier valley are covered with vegetation such as shrubs 

and trees etc., and several small streams fed by  smaller glaciers in the HLG Glacier valley possibly (Figs. 276 

4f and 4g) flow down from higher elevation to link with the supraglacial river networks or subglacial 

drainage systems as an external supply of the freshwater to the glacier hydrological system. Meltwater 278 

runoff and external water supply transfer into the glacier hydrological system by various means such as 

supraglacial, englacial and subglacial drainage networks. These runoffs combine towards the terminus to 280 

form the proglacial river (Fig. 4b).  

Clean ice is evident within certain areas of the otherwise thickly debris-covered tongue; one is around 282 

the glacier terminus (i.e., Fig. 4c), and the other is around the icefall (Fig. 4i). Around the terminus 

numerous ice crevasses and ice fractures are evident, especially for the upper part of the frontal collapsed 284 

area (Fig. 4d), providing the structural weaknesses that eventually become points of failure in calving events. 

Large ice crevasses and ice fractures are also evident in the glacier arches (i.e., in the elevation zone ranging 286 

from 3850 to 3480 m a.s.l; Fig. 4g) and lower part of the icefall (i.e., around 3900 m a.s.l; Fig. 4i). The 

presence of these large ice crevasses is somewhat different in size and orientation from those around the 288 

glacier terminus, indicating their formation might be related to fast flow through the icefall. 



  

 290 

Fig. 4. An example of the three-dimensional representation of HLG glacier with an oblique viewing angle 
and other photos demonstrating glacial features (dataset of 3rd October 2018). The center image (a) is the 292 
oblique view of the dense point cloud of most of the glacier tongue (from the icefall to the periglacial forests) 
produced by the SfM-MVS workflow. The surrounding images are as follows: (b) shows the proglacial 294 
river and periglacial zone; (c) shows the calved ice margin, frontal ice cliffs and the subglacial outlet; (d) 
shows ice crevasses concentrated around the glacier terminus and calved margin; (e) shows a series of ice 296 
cliffs on the glacier surface; (f) shows a lateral landslide in the glacier valley and a seasonal stream; (g) 
shows an inlet of a lateral stream and ice crevasses centered around the inlet; (h) shows a series of lateral 298 
marginal ice cliffs distributed near the glacier arches (3850 to 3480 m a.s.l); (i) shows the lower part of the 
icefall with an extensive falling and collapsing fresh ice mass. 300 

Over the period of observation, the terminus area of the glacier evolved very rapidly (Fig. 5). In 

particular, the subglacial channel outlet (i.e., the frontal ice cave) changed its position several times, which 302 

subsequently led to multiple variations of the path of the main HLG proglacial rivers. This fluctuation 

impacted heavily on the glacier terminus position. In order to highlight the effects of collapse events on the 304 

glacier retreat, we compared the forward-most (hereon the glacier frontal terminus) and the backward-most 

(hereon the glacier collapsed terminus) points of the glacier terminus. We generated the centerline of HLG 306 

Glacier by using the Open Global Glacier Model (OGGM) (Maussion et al., 2019), and used this to define 

these positions. The area not affected by the subglacial channel (and therefore collapse/calving processes) 308 

retreated approximately 132.1 m from 2017 to 2020 (i.e., the distance highlighted by yellow dash lines in 



  

Fig. 5), in contrast to the area to the more dynamic south side of the glacier, which retreated by more than 310 

236.4 m over the same period (i.e., highlighted by blue dash lines in Fig. 5). The fastest recession for the 

terminus of HLG Glacier affected (glacier collapsed terminus) or non-affected (i.e., glacier frontal terminus) 312 

by the ice collapsing events occurred between 2018-10-28 and 2019-10-03. It is notable that both glacier 

margins (i.e., glacier frontal terminus and glacier collapsed terminus) have suffered substantial terminus 314 

retreating due to ice collapsing events over a relatively short time span as shown in Fig. 6c. 



  

 316 



  

Fig 5. Results of geomorphic mapping based on the orthophoto mosaic. Top to bottom (a to g) indicated 
the glacier terminus changes and the changes of surrounding glacial landscapes from October 2017 to 318 
November 2020. Left column and right column are the mapped illustration and orthophoto mosaic, 
respectively. We used one figure to show 2020/09/05 and 2020/09/10 as their interval is too short to identify 320 
geomorphic changes. Although the area mapped in the seven maps are different, they provide sufficient 
coverage of the glacier terminus to show the evolution surrounding it. The blue and yellow dash lines 322 
represented extreme changes of the glacier collapsed terminus and glacier frontal terminus between 
2017/10/17 to 2020/11/05, respectively.  324 



  

 



  

Fig 6. Longitude profiles for the HLG Glacier terminus (a and b) and statistical analysis about the HLG 326 
Glacier terminus evolution (c-e). (a) shows the spatial distribution of the center flowline of the HLG Glacier 
and terminus line of HLG Glacier from 2017-10-17 to 2020-11-05. The HLG Glacier extent (2009) was 328 
extracted from the Second Glacier Inventory of China and the background orthophoto mosaic is from the 
2019-10-03 dataset. (b) shows the profile along the center flowline of HLG Glacier. Profile of SRTM is 330 
listed as additional information for reference. (c) shows the retreat distances for the glacier frontal terminus 
and glacier collapsed terminus. (d) shows the terminal area changes due to the glacier retreat. (e) volumetric 332 
changes due to glacier terminus evolutions. (f) daily average areal changes. (g) daily average volume 
changes. 334 

Tab. 3 shows the quantitative analysis of the variation of the HLG glacier terminus. The total areal ice 

loss between the first and last field campaigns was 51,465 m2. The fastest reduction in area was during the 336 

campaign of June 30th 2018 to October 28th 2018 (i.e., 120 days intervals; 15,812 m2) and the campaign of 

October 3rd 2019 to September 5th 2020 (i.e., roughly annual intervals; 16,553 m2). The recession was 338 

evidently highest during the glacier ablation seasons and has generally been increasing in rate through time. 

The capture of two frontal ice collapsing events, one of which was substantial, confirms the importance of 340 

the frontal ice collapsing event as an ablation mechanism for this glacier (i.e., Tab. 3g). This ice collapsing 

event caused approximately 7,234 m2 in areal recession over a short interval.  342 

Comparing the surface profiles extracted from UAV-derived datasets with the profile extracted from 

SRTM (2000) reveals that snout of HLG Glacier underwent an overall lowering of approximately 50 m 344 

over the nearly two-decade period. The area within 400 m of the terminus is the main zone for terminus 

retreat and ice collapsing (Fig. 6a). As revealed by the surface profiles in Fig. 6b, terminus retreated 346 

successively with varying degrees of lowering. However, in the lower part, approximately 350 m along the 

center flowline, three surface profiles for 2020-09-05, 2020-09-10 and 2020-11-05 are particular notable. 348 

This pattern might be induced by the rapid propagation of ice crevasses from the glacier collapsed terminus 

towards the upper part of the glacier snout. With the enhanced water-glacier interactions beneath the glacier 350 

bodies or above the englacial/subglacial channels, it is feasible that the deep crevassing may be intensified 

due to the thermal erosion, producing an unexpected ice surface lowering or the roof lowering of 352 

subglacial/englacial channels even for some distance from the terminus area. The primary cause for this 

event is probably the basal melting and positive feedbacks associated with the collapse events, and the 354 



  

impact on strain rates which will have weakened the surrounding ice and along the subglacial channel and 

outlet.  356 

The near-vertical lines occurring between 2020-09-05 to 2020-11-05 are clear visible in Fig. 6c, d and 

e, and they indicate the impact that ice collapse events can have on glacier recession rates. Although the ice 358 

collapsing events have a moderate effect on the daily average areal reduction (i.e., Fig. 6f), its influence on 

the daily average ice volume changes is obvious (i.e., Fig. 6g).  360 

4.3 Surface elevation and volumetric changes 

Multi-temporal DSMs were differenced to quantitatively measure the changes of HLG Glacier during 362 

the period of observation (Fig. 7). The greatest surface elevation changes (of roughly -40 m over a 56-day 

period) occurred in the lattermost pair of DSMs, which included a confirmed large ice calving event. Several 364 

other periods showed surface lowering in excess of 30 m, which we also interpret to portray collapse or 

calving events. As the ice thickness is known to range between 30 to 40 m around the terminus area of the 366 

glacier, it indicates either calving can propagate all the way to the glacier bed, or in the case of collapse 

events, that the subglacial chamber formed by the outlet channel is large. 368 

More broadly, the terminus of HLG Glacier presented dramatic surface lowering and ice mass loss 

during 2017 to 2020, with an overall ice loss volume of 184.61 ± 10.32 × 104 m3. The detailed ice volume 370 

changes and the histogram of the surface elevation change is shown in Fig. 7. The statistics are summarized 

in Tab.3. Tab. 3d and 3e present similar interannual magnitudes of total ice volume changes, that is - 44.41 372 

± 2.41 × 104 m3 and - 40.74 ± 1.62 × 104 m3. However, the total ice volume changes over the lattermost 

period have the maximum volumetric loss (- 49.51 ± 1.58 × 104 m3) revealing that a single calving event 374 

can exceed the interannual ablation from non-mechanical processes. We note here though that our DoDs 

cannot account for any ice emergence, meaning that ablation may be underestimated. 376 

From the aspect of the daily average of ice volume loss, ice loss due to the small ice collapsing event 

(i.e., Tab. 3f) is - 0.50 ± 0.16 × 104 m3, roughly four times the daily losses recorded in the interannual pairs 378 



  

(i.e., Tab. 3d and 3e). Ice volume lost during the large ice collapsing event (Tab. 3g) was about 1.7 times 

that of the small ice collapsing event (Tab. 3f).   380 



  

Table. 3 The statistical analysis of the HLG Glacier terminus changes 

No. 
Model 
pair 

(y/m/d) 

Intervals 
(days) 

Frontal/collapsed 
terminus retreats 

(m) 

Total 
area 

change
s m2 

(×102) 

Average 
areal 

change 
m2/day 

Ice height 
changes 

(max/min/mean) 

Total volume 
change m³ 

(×104) 

Average 
volume 
change 
m³/day 
(×104) 

Seasons 

a 
17/10/17-
17/12/04 

48 1.1/0.3 - 11.32 - 24 5.10/- 11.36/- 1.10 - 4.42 ± 0.98 
- 0.09 ± 

0.02 

End of the 
ablation 
season 

b 
17/12/04-
18/06/30 

208 10.3/44.5 - 55.56 - 27 4.86/- 16.84/- 2.57 - 18.71 ± 1.13 
- 0.09 ± 

0.01 

Roughly 
whole 
accumulatio
n season 

c 
18/06/30-
18/10/28 

120 11.8/36.4 -158.12 - 132 9.08/- 31.20/- 2.01 - 24.30 ± 1.82 
- 0.20 ± 

0.02 

Major 
ablation 
season 

d 
18/10/28-
19/10/03 

340 71.6/60.3 - 51.78 - 15 12.81/- 38.31/-2.36 - 44.41 ± 2.41 
- 0.13 ± 

0.01 
Annual 

e 
19/10/03-
20/09/05 

338 22.1/52.8 - 165.53 - 49 13.60/- 35.88/-4.01 - 40.74 ± 1.62 
- 0.12 ± 

0.01 
Annual 

f (MA-
s) 

20/09/05-
20/09/10 

5 

15.2/42.1 

≈ 0 ≈ 0 8.82/- 30.34/- 0.33 - 2.52 ± 0.78 
- 0.50 ± 

0.16 

Several days 
in ablation 
season 

g (MA- 
l) 

20/09/10-
20/11/05 

56 - 72.34 - 129 9.47/- 41.83/- 5.32 - 49.51 ± 1.58 
- 0.88 ± 

0.03 

Major 
ablation 
season 

Total 
17/10/17-
20/11/05 

1115 132.1/236.4 - 514.65 - 46.16  
~ 184.61 ± 

10.32 
~ 0.17 ± 

0.01 
 

  382 



  

  

 384 

Fig 7. Ice height changes and the distribution of glacier surface elevation changes from October 2017 to 
November 2020 (a to g). The background image is the latter orthophoto image from each pair and the 386 
contour line is derived from the DSM of the latter for each DoD. The insert histograms show the surface 



  

elevation changes for each compared pair.  388 

4.4 Spatial distribution and magnitude of surface displacement at the glacier snout 

As the area of datasets of 2017-10-17 and 2017-12-04 were too small to produce valid surface 390 

displacement, we used the five datasets from 2018-06-30 to 2020-11-05 to generate four surface 

displacement maps for the HLG Glacier snout. Since the area for image correlations for each pair was 392 

variable, we used different window sizes for the offset tracking (Tab.4). 

Table. 4 Window sizes for each pair 394 

Date Window size for DIC-FFT (pixels) 

2018-06-30 to 2018-10-28 80 

2018-10-28 to 2019-10-03 90 

2019-10-03 to 2020-09-05 100 

2020-09-05 to 2020-11-05 60 

The 2D offset magnitude and displacement vectors for each pair illustrate the spatial distribution of the 

surface velocity for the glacier snout (Fig. 8). These four 2D offset magnitude maps reveal that the area 396 

with high offsets (i.e., dark red) are mainly distributed around the location of ice crevasses (e.g., Figs. 8a 

and c) or ice cliffs (e.g., Fig. 8b) with the maximum magnitude of about 10 m. Dashed polygons in Fig. 8 398 

(i.e., yellow in the left column, and black in middle and right column) were used to indicate the areas in 

front of the glacier collapsed front. Relatively high surface offset magnitude was found around northern 400 

and western edges of theses polygons, which may be caused by crevassing and the developing of ice cliffs. 

There is a clear distinction in the flow dynamics between the area affected by calving and collapse and the 402 

area not affected by mechanical processes. There is a clear signal of flow being dominantly towards the 

collapsing region (right column in Fig. 8), i.e., most of arrows point to the northwest and west side of these 404 

polygons (e.g., Fig. 8a and b), which also shows how ice collapsing events develop spatially. In other words, 

in the displacement vector maps, areas with consistent directions and densely distributed arrows pointing 406 

to the end of the glacier are often potential areas where ice collapsing events can occur. There is clear 

distinction between the displacement vectors in in Fig. 8 a and b versus those in Fig. 8c and d; those in Fig. 408 

8c and d do not closely concentrate on the northwest and east side of the polygons (i.e., the frontal collapsed 



  

margin), with some vectors even presenting the nearly ring-shaped pattern indicative of surface lowering 410 

caused by the roof collapsing of subglacial channel (Fig. 8d). 

 412 

Fig 8. An illustration for the surface displacement of HLG Glacier generated by the method of DIC-FFT 
during the period from 2018-06-30 to 2020-11-05.  The left, middle and right column show the image pair 414 
(i.e., up: master image; down: slave image), 2D offset magnitude maps and Displacement vectors, 
respectively. Yellow dashed polygons in the left column represent areas in front of the glacier collapsed 416 
front, and the black dashed polygons in the middle and right columns also represent the same area.  

5. DISCUSSION 418 

5.1 The significance of mechanical ablation to ice loss 

The measurements of daily area change revealed that the frontal ice collapsing events of the glacier 420 

snout may not affect the glacier area immediately, but may exert lag and significant impacts on the areal 

shrinkage. For example, the area changes caused by an ice collapsing event (i.e., 2020/09/10 - 2020/11/05) 422 

account for more than 14% (i.e., 7234 m2) of the total area changes (i.e., 51465 m2) for the studied area. 

Owing to the isolated chunks of ice that might be melted and transferred by the glacier river easily, these 424 



  

effects were mainly induced by the ablation of massive dead ice stripped off from the glacier snout due to 

the ice collapsing events and enhanced subsequent melting of the exposed fresh ice. As for the ice volume 426 

changes, the total volumetric change for the observed area in the HLG Glacier snout was about 184.61 ± 

10.32 ×104 m3 from 2017 to 2020. Based on the intercomparisons of ice volume changes for each pair, it is 428 

found that a large ice collapsing event in the glacier snout can contribute huge ice mass losses in a short 

time, which could exceed the previous interannual ice volume changes. The daily volume changes obtained 430 

for the relatively longer observation periods range between 0.09 to 0.20 ×104 m3. However, we observed 

that a single ice collapse events can routinely remove ice volumes of 0.50± 0.16 to 0.88 ± 0.03 ×104 m3 432 

per day. These statistics about ice volume changes indicate the dominant impact of ice collapse as an 

ablation process, especially over the summer season. Consequently, and similar to lake-terminating glaciers 434 

(e.g., Carrivick and Tweed, 2013), its retreat may be controlled by the interactions of water and glacier near 

the glacier terminus. Furthermore, projections of the recession rate of the HLG Glacier that rely solely on 436 

surface mass balance probably underestimate its evolution, since the frontal ice collapsing might be more 

frequent and larger under the context of warming. Continuously collapsing events that occurr at the glacier 438 

terminus may causes an enhanced hydrological responds, leading to high magnitude debris flow or river 

blockage, as well as other glacial-hazards in this region (Liu et al., 2018; Lu and Gao, 1992) 440 

5.2 Mechanical ablation pattern of HLG Glacier snout  

Our multi-temporal UAV imagery shows very clearly that the major ice collapse events occur around 442 

the position of the outlet of the subglacial channel. In common with marine- and lacustrine-terminating 

glaciers, ice crevasse patterns near to the frontal margin appear to determine the size and frequency of 444 

subsequent calving events. Areas of ice loss detected in 2019 tie in almost perfectly with the presence of 

deep crevassing in the imagery acquired in 2018, for example, and similar patterns can be identified between 446 

September 2020 and November 2020 datasets. Our geomorphological mapping shows very clearly the 

evolution of these features through time, with crevasse traces likely emerging from the icefall and being 448 

advected down-glacier beneath the surface debris, before being re-opened as lines of weakness by the 



  

change in stress around the terminus area. Although it is not possible to gauge crevasse depths from our 450 

data, the DoDs suggest that either these failures are able to propagate through the full ice thickness to the 

bed, or the subglacial channel associated with the outlet portal is large enough to induce a collapse event. 452 

Either way, the ice that is subsequently deposited in the outlet channel is quickly removed by meltwater, 

making this a highly efficient mechanism of ice ablation. Another study about the drainage system of the 454 

HLG Glacier indicated that the subglacial drainage network is a longitudinal-oriented steady system, which 

is also confirmed by the frequent collapsing subglacial conduit outlets (i.e., ice fracturing due to the 456 

expansion of the subglacial channels), where the hydraulic efficiency is high (Liu et al., 2018). 

As discussed in Section 4.2, in the lower part of the center flowline (Fig. 7b), a similar abnormal decline 458 

occurred at three surface profiles (i.e., 2020-09-05, 2020-09-10, and 2020-11-05). This decline may also 

correspond to the surface lowering or the roof collapsing of subglacial conduits (Fig. 9a), even for the upper 460 

section of the glacier terminus (Fig. 9f).  

Additionally, ice height changes and their distributions also suggested that the large magnitude of an 462 

ice collapse event can facilitate the full-thickness ice fractures to remove massive ice chunks and accelerate 

the glacier retreating. Analysis of the spatial distribution of the ice crevasses and the collapsed zone between 464 

successive maps reveals that areas with dense ice crevasses were more likely to develop as areas of ice 

collapse in the future. This can clearly be seen between Fig. 8c and 8d, with the area of fast flow in Fig. 8c 466 

(near 1689 along the x-axis) becoming the collapsed front in Fig.8d. For the case in Fig. 9d, these fast flow 

arrows are not even concentrated at the glacier collapsed terminus, but form a ring-shaped pattern (or a 468 

cluster of arrows from northeast and southeast) at the upper section of the glacier terminus, which implies 

the destabilization and collapse of the roof of the subglacial/englacial channels (Egli et al., 2021). By 470 

comparing the image of 2021-07-28 and 2021-09-02 (see Fig. 9e and f), this potential collapsing location 

is fully validated. It is possible given its timing that seasonally-enhanced precipitation and meltwater influx 472 

into the glacier led to increasing pressure on the hydrological system within the glacier, exceeding its 

capacity and resulting in mechanical instabilities (Mair et al., 2003). This ablation pattern seems a common 474 



  

feature for valley glaciers as evident by previous studies (e.g., Kavanaugh and Clarke, 2001; Mair et al., 

2001, 2002a, 2002b), which is probably linked to the reorganization of the subglacial drainage system and 476 

significant ice motions on the glacier surface. Based on this interpretation, the potential trigger for this 

pattern is induced by the reduction of basal drag and the resultant increase in basal motion. Thus, for this 478 

reason, either the events are facilitating crevassing for the frontal ice and ice motions, or the subglacial 

drainage provides additional lubrication, hence enhancing the ice flow.  480 

5.3 Control of mechanical ablation  

5.3.1 Proglacial waterbodies 482 

The persistence of proglacial waterbodies partly exacerbates the instability of the glacier frontal margin 

and facilitates the glacier retreat to some extent (King et al., 2019; Liu et al., 2020). Although the HLG 484 

Glacier is a non-lacustrine glacier (i.e., no proglacial lake), HLG Glacier has a well-developed drainage 

network connecting the supraglacial, englacial, and subglacial spaces (Liu and Liu, 2012; Liu et al., 2018). 486 

Melt streams from other small hanging or valley glaciers distributed in the HLG basin flow into the HLG 

Glacier via the drainage network (Liu et al., 2018). This drainage network can discharge runoff (including 488 

both melting water and overland flow from off-glacier) through the outlet in the glacier terminus, which 

has formed a shallow pool beneath the glacier terminus and these pools have been observed after collapsing 490 

of the ice above (Fig. 9c and d). These pools, which are fed by the drainage system of the glacier, play a 

similar role in water-glacier interactions compared with lake-terminating glaciers as it has been observed 492 

as stagnant water bodies. It is difficult to know how far these subglacial pools extend up-glacier, but it is 

likely that they at least facilitate an environment where the ice and water mutually interact continuously, 494 

which may weaken the stable structure of the glacier sole, even to form weakness lines for further potential 

ice fracturing.  496 



  

 

Fig 9. (a) The roof collapsing/failure of a subglacial channel in the upper part of the HLG Glacier terminus 498 
and the cavity of the subglacial channel was exposed due to the roof collapsing (Date of the photo taken 
2018-06-23); (b) A observation of HLG Glacier snout from photographing in cable car by locals (2021-04-500 
28). Two subglacial outlets were found and two ponds were connected and fed by a newly emerged 
proglacial river channel; (c) and (d) show the landscape of the glacier terminus on 2020-09-10. A collapsed 502 
area is located at the front of the glacier terminus (i.e., ice cave) and it blocked the runoff flow from the 
subglacial outlet and formed a stagnant water body beneath the glacier terminus; (e) and (f) were the ortho-504 
mosaics of 2021-07-21 and 2021-09-02, and red polylines indicate the ice crevasses. The yellow dashed 
polygon in (f) shows the collapsed area and light blue dashed line indicates the potential subglacial channel.  506 



  

During the major ablation season (i.e., May to October; also, the rainy season) of the HLG Glacier, the 

seasonally enhanced glacier runoff likely feeds more water into these pools, subsequently impacting the 508 

frequency of ice collapse events. The collapsed terminus of the HLG Glacier is roughly cave-shaped with 

an arch-shaped ice roof, which is often filled by ice debris (Fig. 9c and d). Collapsing occurs when ice 510 

crevasses continue to crack down through the arch-shaped ice roof and simultaneously the grounded ice 

sole becomes unstable due to water-glacier interaction. This leads to the exposure and deepening of further 512 

fractures as a consequence of the tensile stresses. Periodically, massive ice deposits can bury the outlet of 

the subglacial river, forcing the river to find another path and develop a new outlet and cave, and starting 514 

another cycle of undercutting, collapse, and fracture exposure. Previous studies on the drainage system of 

the lower part of the HLG Glacier tongue indicate that some small supraglacial lakes existing from April 516 

to May with a short life cycle may be drained completely by fully-connected englacial and subglacial 

conduits, thereby facilitating the mechanical ablation (Liu and Liu, 2012; Liu et al., 2018). Our mapping 518 

results also indicated the existence of supraglacial ponds between the elevation of 3000 to 3100 m a.s.l. 

(Fig. 6)  520 

The HLG Glacier, which is representative of many other land-terminating glaciers in SE TP, has 

intensive water-glacier interactions at the frontal ice margin (i.e., the outlet of the subglacial channels), 522 

which is evidently responsible for the ice collapse/calving events similar to lake-terminating glaciers. 

Although there is no proglacial lake at the HLG Glacier termini, several small ponds have formed in the 524 

periglacial land around October 2019, and have expanded to a string of connected ponds around November 

2020. Furthermore, recent observations of the HLG Glacier snout by locals in April 2021 showed that these 526 

connected ponds continue to expand (Fig. 9b). The pond closest to the glacier is fed by a new stream 

emanating from the glacier terminus, despite the adjacent main glacier river remaining in a similar 528 

geomorphic pattern as before. These recent field observations combined with the previous UAV images 

suggest that a proglacial lake might to be formed at the glacier terminus. Further, with the initiation and the 530 

development of the proglacial lake, the frontal ice-marginal collapse events could well be enhanced due to 



  

intensified water-glacier interactions (e.g., subaqueous melting or buoyancy-derived weak waterline), 532 

furthering forming a similar circumstance to the ice-marginal lake and facilitating the glacier receding. 

5.3.2 Subglacial channel networks 534 

HLG Glacier has a longitudinally steady subglacial channel network in the lower ablation region with 

a relatively high hydraulic efficiency (Liu et al., 2018). The subglacial drainage system of temperate glaciers 536 

transforms into a fast drainage system around the beginning of the ablation season and continues the high 

drainage capacity until the end of the ablation season (Fountain and Walder, 1998; Hooke, 1989; Liu and 538 

Liu, 2010; Walder, 2010). As for HLG Glacier, within the period from May to November, nearly all water 

from rain and melting enters the glacier via the crevasses and flows within the seasonal efficient drainage 540 

networks. In this situation, large amounts of water will flow through the englacial and subglacial drainage 

networks until it drains into the proglacial rivers (Liu and Liu, 2010). The increase in water volume and 542 

water pressure in the subglacial drainage system may result in intensified ice-water interactions, leading to 

more intense ablation. Under the constant impulse of such ablation, the slightly crevassed glacier terminus 544 

tends to be more triggered to produce ice collapsing events, even for the non-frontal terminus area (Fig. 9a). 

with the combined efforts of crevassing and thermal erosion within the subglacial drainage system, roof 546 

failures of subglacial channels can be clearly observed (Fig 9e and f). Once the cavity has formed, it is 

easier to ablate due to the exposure to air, thus leading to more collapsing events (Egli et al., 2021) 548 

With the thinning of the glacier ablation zone, ice creep may not compensate for the expansion of 

drainage channel walls due to the intensive ablation. The destabilizations of stress-strain balance in ice 550 

bodies were exacerbated due to the intensive englacial and subglacial ablations, thereby ice fracture (e.g. 

ice crevasses and ice collapse), and thus forming terminus ice cliffs (Mei et al., 2013; Nye, 1951; 552 

Thorsteinsson et al., 2003). Additionally, the dramatic retreating of the HLG Glacier over years may have 

forced the glacier terminus to retreat into a rugged and complex basal terrain, which is unsuitable for the 554 

thinned glacier terminus to maintain the stress balance, thus facilitating the ice fracturing. Successive 

observations have shown that the icefall, the link between the upstream firn basin and the downstream 556 



  

glacier tongue, is gradually becoming thinner and narrower. This situation suggests that the supply of mass 

from upstream is declining, which is probably one of the factors leading to the rapid thinning of the 558 

downstream glacier and thereby to stress destabilization and ice collapse. 

5.4 Potential effects of decoupling from climate change 560 

Lake-terminating glaciers have been influenced by the presence and behavior of ice-marginal water 

bodies, such as ice-marginal morphology, physical stability, and glacier dynamics (Carrivick and Tweed, 562 

2013b). A proglacial lake augments the ice mass loss and glacier velocity as the warm water transfers heat 

to glacier bodies and forms thermally induced melting and then controls the calving by undercutting. In this 564 

base, the glacier might be partly decoupled with the climate change under the impact of the ice-marginal 

lake (Carrivick and Tweed, 2013b; Kirkbride, 1993; Kirkbride and Warren, 1999). For HLG Glacier, the 566 

glacier snout is also slightly immersed in its proglacial waterbodies and experiences high pressure in the 

seasonally efficient drainage networks (Liu and Liu, 2010), which forms a water-rich environment similar 568 

to the case of a lake-terminating glacier. Firstly, a stagnant pond beneath the glacier terminus was observed 

due to the exposure of the cavity of the frontal ice cave (Fig. 9c and d), and considerable water was 570 

discharged by the seasonal varied proglacial river even in the winter (Fig. 5) (Liu et al., 2018). These water 

bodies (i.e., pond beneath the glacier terminus and proglacial river) may continually weaken the structure 572 

of glacier base as discussed in Section 5.3.1.  

The subglacial channel of the lower part of the ablation zone was examined as a stable and highly 574 

efficient drainage system during the whole ablation season. This subglacial drainage system needs to handle 

considerable runoff from streams of external tributary, precipitation, and the melting runoff of the glacier 576 

itself as discussed in the Section 5.3.2. Therefore, the local ice flow and magnitude of the subglacial ablation 

might be strongly impacted due to the long-standing but seasonal enhanced subglacial drainage system, 578 

inducing ice collapsing in some cases (Fig. 9a, c, and d) (Liu et al., 2018). Furthermore, some supraglacial 

ponds with a short life span were found between the elevation of 3000 to 3100 m a.s.l. (Fig. 5). These 580 

supraglacial ponds may be delivered to either internal conduits or ponded crevasses by supraglacial 



  

drainage networks, then being discharged completely by fully-connected englacial and subglacial channels 582 

(Liu and Liu, 2012; Liu et al., 2018). Thus, there are extensive interactions between glacier and water in 

HLG that occur in the proglacial river, subglacial environment, and even in the supraglacial and englacial 584 

drainage system. In this scenario, heat can be transferred through mainly three ways in the terminus of HLG 

Glacier: a highly dynamic proglacial river and shallow pond beneath the glacier snout keeping the glacier 586 

snout in a state of continuous water-glacier interactions; a well-developed subglacial channel network and 

seasonally enhanced volume in conduits also allowing interactions of heat subglacially and englacially; and 588 

heat may be delivered by ponded water in the crevasses supplied from external precipitation or glacier 

surface runoff. Therefore, it is analogous that the mechanical ablation that occurred around the terminus of 590 

land-terminating by ice collapsing and frontal ice calving can be seen as an amplifier in its process of ice 

mass loss, which exacerbates the glacier retreating. To some extent, when the intensity of mechanical 592 

ablation is strong, it may have been possible to approximate the effect of the proglacial lake. 

It is inarguable that the glacier-climate dynamics are complex. So far, the finite element-based approach 594 

of full Navier-Stokes considering the Glen Law is the mainstream for predicting mountain glacier evolution, 

e.g., ELMER, Icetool (Jarosch, 2008; Zwinger and Moore, 2009), but these models also do not fully (or 596 

reasonably) account for all impact factors, especially for ice collapse in the frontal ice margin for land-

terminating glaciers. Hence, it is difficult to robustly characterize the relationship between glacier dynamics 598 

and mechanical ablation, and also to fully evaluate its causes. We acknowledge that these causes can span 

one or more of full-thickness crevassing, points of structural weakness, highly dynamic hydraulic effects 600 

in the subglacial channels, undercutting, surface displacement, precipitation, and rapid thinning.  

6. CONCLUSION 602 

This study presents the geomorphological evolution of the terminus area of the HLG Glacier, SE TP, 

from October 17th 2017 to November 5th 2020 by applying UAV with SfM-MVS workflow. Using the 604 

orthophoto mosaics and DSMs, we investigated the mechanical ablation pattern at the terminus area of 

HLG Glacier by using geomorphic mapping for tracking the surface feature changes, DoD for evaluating 606 



  

the glacier snout ice loss, and DIC-FFT for extracting the displacement of the glacier. During the monitoring 

period, the HLG Glacier underwent continuous recession as evidenced by the changes in the area, terminus 608 

positions, and volume. Results suggest that the ice mass loss due to substantial frontal ice collapsing events 

exceeds the annual level of ice mass loss in the studied terminal area, which reveals that frontal ice 610 

collapsing events have a much more weighted influence on the mass balance of the HLG Glacier than 

previously understood.  612 

The ablation pattern for the HLG Glacier terminus indicates that the glacier may to some extent be 

controlled by similar processes to those observed at lake-terminating glaciers. Specifically, the intensive 614 

water-glacier interactions near the subglacial channel outlet in the glacier terminus induce ice collapse 

events, indicating the terminus of HLG Glacier may be forced by the subglacial river. Moreover, the well-616 

developed drainage networks in the glacier body facilitate ablation within the subglacial and englacial 

channels as a possible trigger for terminal ice collapse. The projection of the recession rate of the HLG 618 

Glacier may well be underestimated if based on surface mass balance alone, as the frontal ice collapsing 

might be more frequent and larger under the context of warming. Mechanical ablation is important at this 620 

site and could become even more significant to the ice loss of HLG Glacier with the continued warming. 

Therefore, this requires more future work regarding 3D modeling and sensitivity analysis to assess the 622 

impact of mechanical ablation on the glacier dynamics under the context of climate warming. 
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SUPPLEMENTAL FILES 630 

This video was captured during the field trip of October 2017. The video showed an ice collapsing event 

that occurred in the subglacial channel outlet of HLG Glacier.  632 

The link to the video is as follows:  

https://v.youku.com/v_show/id_XMzA5MDg4NjExMg==.html?spm=a2hbt.13141534.app.5~5!2~5!2634 

~5~5~5!2~5~5!2~5!2~5!2~5~5!11~A 
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