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Abstract. Topographic development via paraglacial slope failure (PSF) represents a complex interplay between geological
structure, climate, and glacial denudation. Where debris generated by PSFs is deposited on the surface of a glacier, this debris
can increase the extent or thickness of a supraglacial debris-cover, in turn modifying glacier ablation and affecting meltwater
generation. Fe-date—This study payshttle attention has-been—paid-to the intensity and frequency of PSFs in a glacierised,

monsoon temperate regions of Southeast Tibet Plateau (SETP). a region that has experienced the most remarkable accelerating

ice mass loss among High Mountain Asia (HMA) during past decades. In our case, Wwe mapped PSFs along the 5 km-long,

0.5 km-width, west-east trending ice tongue of Hailuogou Glacier (HLG), a well--monitored monsoon temperate valley glacier

in_Mt. Gongga, using repeat satellite- and unpiloted aerial vehicle (UAV)-derived imagery between 1990 and 2020.

Accompanying with the observed glacier retreat and thinning, the overall paraglacial bare ground area (PBGA) increased from
0.3120.27 km? in 1990 to 1.38+0.06 km? in 2020, with decadal expansion rates from ~0.01 km? a’! in 1990-2000 and 0.02 km?

a! in 2000-2011, to 0.08 km? a™! in 2011-2020, indicating an intensified paraglacial failure process. Three types of PSF-were
identified:(A), including (A) reek—fallrockfall, (B) (B)-sediment-mantled slopes slide—and-ecellapse, and (C) (€)-gully

headwards erosion, with a total area of 0.75+0.03 km? in 2020, were identified and documented based on recently repeating

high-resolution UAV mappings. The formation, evolution, and current state-status of these typical PSFs and-diseuss-these

aspeets—with—relationare generally related to the history of glacier dynamics and paraglacial geomorphological

histeryadjustments, and also influenced and/or disturbed by the fluctuation of air temperature/precipitation and their

combinations. -Despite a slightly decreasing trend of annual precipitation was observed at our studied site, the absolute high-

amount precipitation in Mt. Gongga as well as other monsoon-dominated deglaciating mountain areas must haves played
important roles in the intensified denudation, nested processes, and failure of the paraglacial slopes.-Seuth-facingslepes{trae
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1 Introduction

The thinning and retreat of mountain glaciers exposes new, unstable landscapes which are susceptible to rapid
geomorphological changes (i.e., with a high entropy). Sparsely vegetated or unvegetated drift-mantled slopes are particularly
susceptible to be modified by gravitational, aeolian, and fluvial processes and rapidly reworked by debris flows, rock
avalanches, and slope-wash (Ballantyne, 2003;Ballantyne, 2002;Deline et al., 2015a;Eichel et al., 2013). Glacier downwasting
can destabilize slopes through undercutting and, simultaneously, the progressive loss of buttress exerted by ice loading on its
adjacent slopes may result in rock stress-releases, scilicet “debuttressing”, altering the state of stress that exists within the slope
accordingly. Such slope failures initiate fourive possible modes of response: (1) large-scale catastrophic rock slides and rock
avalanches (Kirkbride and Deline, 2018;Fischer et al., 2010); (2) ice-contact slope movements (McColl and Davies, 2013);
and (3) periodic small-scale rock topples or reekfalirockfalls (Cook et al., 2013); ¢4)-and_(4) deep-seated gravitational creep
(Deline et al., 2015b;Ballantyne et al., 2014);-and-(5)paraglacial debris-cones-and-valley fills(Ballantyne; 2002). These fourive
types of response provide a useful framework for examining the processes and geomorphological consequences of slope
adjustment after deglaciation. These responses can be further divided into two types: rock slope failures and sediment slope
failures, which are usually described collectively as paraglacial slope failures (PSFs). PSFs encompass failure of steep rock
walls and lateral moraine slopes following glacier downwasting (Church and Ryder, 1972;Fickert and Griininger, 2018) and
are widely distributed in deglaciating or deglaciated landscapes. PSFs constitute a key mechanism for rapid degradation of
recently glacial landscapes, as they contribute to the disaggregation of large portions of valley sides and the transformation
from U-shaped to V-shaped valleys. High-frequency, low-magnitude PSFs can transport a considerable volume of debris onto
glacier surfaces (Smith et al., 2020), thereby facilitatinge the accumulation of the supraglacial moraine. Because thin debris
covers enhance ablation, whilst thicker covers suppress it (Fyffe et al., 2020), debris supply dynamics ultimately affect the
glacial ablation and meltwater production (Rowan et al., 2018). In addition, accompanied by relatively rare but occasional rain
storm events, those unsorted debris are very likely transformed into debris flows and cascading geo-disasters that threaten
downstream infrastructure, freshwater availability, and the safety of residents and tourists (Hewitt et al., 2011;Reznichenko et

al,, 2012).
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Monsoonal temperate glaciers in the Southeastern(SE) Tibetan Plateau (SETP) have experienced higher rates of mass loss
and ice thinning than other High Mountain Asia (HMA) glacierized regions in past decades (Neckel et al., 2017;Brun et al.,
2017)—with-an-average thinning rate of 0554023 m aduring 2000t0- 2016 (Brun-et-al52017). In addition to seismically
active, Fthe combination of a-large-ameunt-ofhigh-intensive glacialer meltwater-ablation and abundant/extremely -monsoonal
precipitation-during-the-summer-monseon makes SE-TPibet one of the most susceptible regions offer the glacier or water-

related geo-hazards (Yao et al., 2019a), such as glacial debris flows, ice/snow avalanches, glacier-related landslides, and glacial

lake outburst floods (Fan et al., 2019;Cheng et al., 2010;Xu et al., 2012). Furtheror example, a—tetal-efat least four glacier-
related landslides (1990-2018, (Liu et al., 2010;He et al., 2008;Pan et al., 2012:Cao et al., 2019:;Liu et al., 2018:Liu and Liu

2010)), and twelvel2 glacial lake outburst floods (1931-2014, (Liu et al., 2019b;Yao et al., 2014))-ineidents have been recorded
across the SETP-FibetanPlatean. Mass movements resulting from large-scale slope failures routinely form temporary valley-

blocking natural dams (Liu et al., 2019c), behind which large lakes can develop and eventually outburst. Mass movements

originated from tributary valleys where glacier recession and permafrost thaw haves reduced slope stability has likely

contributed to these large-scale slope failures (Zou et al., 2020;Korup et al., 2010). Eor-example;mlt was also suggested that

more than half of the debris flows recorded in the Linzhi-Area;-SE-Fibet:SETP eanbesourced-to-awere cryospherie-triggenics
(Hu et al., 2011). £+ i ; i

one of the concerned sources of the cascade hazard events, such as historically reported surge induced catastrophes (Zhang,

1985) and recent ice avalanche induced debris flow that blocks the Yarlung Tsangpo river (Chen et al., 2020;K&éb et al., 2021).

These cascading geo-hazards have caused severe economic losses or some heavy casualties to SETP local communities.

With populations and economies expanding, it is anticipated that the magnitude and frequency of glacier-related hazard in the

SETP will increase in near future (Yao et al., 2019b) since the accelerating glacial mass loss and permafrost degradation due

to climate warming will continue to destabilize the paraglacial landscapes (McColl, 2012). His-anticipated-that-aceelerating
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While a growing body of researehstudies focusing on the process of paraglacial hillslopes destabilization efin the European

Alpine (Curry et al., 2006;Kirkbride and Deline, 2018), Southern Alps (Cody et al., 2020;McColl, 2012),-and- Cordillera
Blanca (Andes) (Emmer et al., 2020) and Himalayas (van Woerkom et al., 2019), yet few cases have been reported for the
transient condition of paraglacial slopes in the deglaciatingtherepresentation-efevidential findingsinthe SE-TibetanPlatean
Howlatituderegion)-isstill unknewn. Fo-addressesIn this gapstudy, we select the Hailuogou Glacier (HLG);-, a monsoon
temperate glacier in Mt. Gongga that has been well documented and observed since the early 20th century) -and-suffered-glaetal
debrisflows—and-landslides—foras a detailed case studysite to studyen the interactions between glacier shrinkage and
paraglacial- slope interactionadjustments #n-SE-TFibetduring the past decades.

located-on-theeastslope-of Mt—Gengea-Our investigations are based on the analysis of historical satellite imageryimages and
recent field-based high-resolution the-field-phototopography mappings usinginageryacquiredfrom-an unpiloted aerial vehicle

(UAV), combined with erin-siteu geomorphological observations and measurements. The main objectives of this research are

to:
A——(A) map and quantify the spatiotemporal variability of PSFs ma
around the lower tongue of HLaHeugeu-Glacier threugh-based on time-time-series image comparison; (B) 3

B—— Cclassify the PSFs, analyse their topographic conditionsdeseribe-and-diseuss-the-spatial-distribution;spatiotemperal
evelation, and discuss their possible fereirg-physical mechanisms; :

& (C) discuss the geomorphic and environmental effects of these slope processes by exploring the and-further-diseuss

possible linkages between PSEs-climate change, and-glacier downwasting and- PSFs in a typical monsoon-dominated region

characterised by accelerated glacial and paraglacial denudation.

2 Study area

Hailuogou Glacier (29°58.4'N, 101°91.6'E) is one of the largest debris-covered valley glaciers in the Mt. Gongga region (Fig.
1). It is a ~13 km-long, east-facing monsoon temperate glacier, has an area of 24.7 km?, and extends in altitude from 2990 m
to 7556 m a.s.1. The glacier is ~300-500 m in width, and the wider valley is deeply incised below the accumulation area (where
the glacier broadens to ~6 km in width). The upper section of the ice tongue (below the icefall) has a surface gradient of ~10°

and is connected to very steep (~55°) lateral slopes on both sides. At a distance of ~1.5 km from the base of the icefall (middle

4
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section of the ice tongue), the glacier surface steepens to ~12° and becomes highly crevassed. At a distance of 2 km, the glacier
turns its flow direction toward the north-east; and maintains a surface gradient of ~13° for the remaining 3 km (lower section

of the ice tongue) stretching to the Little fee-Age(E1A)-end of the glacier tongue-meraine. Paralleling with the lower section

of the ice tongue, the height of lateral moraines to the current glacier surface is about 165 m, which is comparativelyble higher

than the further upper glacier (~86 m at the middle section of ice tongue).

The terminus of HLG has retreated more than 2 km since the LIA (Su and Shi, 2002) and this retreat has accelerated from 12.7
m a”' between 1966-1989 to 27.4 m a! between 1998—-2008. Between 1966 and 2009, the mean ice surface elevation of its
lower tongue had lowered at a rate of 1.1+£0.4 m a'(Zhang et al., 2010). Due to-a suitable local thermal (warm) and moisture
(wet) climatic conditions, vegetation is able to quickly establish itself on the exposed peroiglacial bare ground in glacier
forelands and lateral moraine slopes, and even on some supraglacial debris-covered areas that are largely stagnant. The LIA
preglacial zone (2980-2800 m) is characterized by extremely fast primary vegetation succession; and hosts an integrated
community ranging from cold-adapted herbaceous species to Abies fabri (conifer pine) forest. Abies fabri forest patches are
also seen along both lateral sides of the ice tongue on the accumulated lateral moraine, which has been relatively stable since

the LIA.

Due to its low altitude, easy accessibility, and adjacency to the forests and hot springs, HLG and its surrounding areas have
been exploited for tourism since 1987. A glacier ropeway connects the two lateral moraines and transports visitors across the
lower part of the ice tongue and provides access to a viewpoint on the southern side of the valley (S2 on Fig. 1) from where
the ice tongue can be overlooked and accessed via trail. Between 2000 and 2011, the number of annual visitors increased from
44,000 to 384,000 (Zhu, 2015), and in 2019 the number reached ~2,852,600 (Haiguanju, 2020). The increasing popularity of
the glacier comes at a time when tourism facilities and infrastructure are becoming frequently disturbed due to paraglacial

landslidinglandslides, debris flows, and flash floods- (Xu et al., 2007;Cai et al., 2021). Beyond the objectives outlined above,

there is a need to more fully understand the nature of slope failures in the vicinity so that these failures might be better

anticipated, and their potential impacts mitigated where possible.

3 Data and methods

3.1 Paraglacial slope-failures(PSFs) mapping and classification

Given a warm and humid climate condition, vegetation colonisation is very fast (1-2 years) in the HLG paraglacial environment.

Sinee-tLike many monsoonal temperate glaciers in SETP, the lower part of the HLG tongue and its adjacent slopes are located

below the local tree line, any newly developed PSFs could be readily recognized from the changed paraglacialexpesed bare
ground areca (PEBGA).—Fe—map-theextentsof PSEsfor addressingobjeetive A~ We firstly we-extracted the-paraglaeial

PEBGAnon-vegetated areas by classifying the land surface with vegetated and unvegetated areas using-with the Normalized

5
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Difference Vegetation Index (NDVI), which was calculated using reflected red and near-infrared band values of satellite

images. The PBGAsPSEs were then extracted by excluding the glacier-covered areas i (GCAs)
to generate an initial mapping of PSF.- Seme-areas-of PBGA showedan-intera Ree-tR-vi hape

comparisons, we then manually removed those patches and areas where the PBGA has changed duer to vegetation colonisation

in some paraglacial slopes and in all glacier foreland

mthe elacier forelandweremanuallyremoved-—FEinally—these to keep the remaining unstable slope areas wereas final mapped
as PSFs. A total of 8 satellite images between 1990 and 2020 (Table 1), including Sentinel-2 (10m), RapidEye (5m),

PlanetScope (PL, 3m), were used to extract the PSFs. These data constitute a multi-temporal and dynamic observation of HLG
and its surrounding paraglacial environments. Due to the strong influence of the monsoon, the HLG is often covered with thick
clouds in summer, rendering 75% of the available summer satellite images unusable. However, we successfully screened and
synthesized several Landsat or Sentinel-2 cloudless images in 1990, 2000, 2016, and 2018 using the Google Earth Engine

platform. Shadows caused by the relative angle between the sun, ground objects, and sensors will reduce the value of NDVI

but by adjusting the threshold, the vegetated and non-vegetated areas can still be differentiatextractedNDVI-can-eliminate-a

iorr. Therefore, we-ean used cloudless
images ef-in multiple seasons (spring, autumn, and summer) to realize-automatically extractien-of PSFs boundaries. Of the
seasonal data, the PSF boundaries extracted from images acquired in the northern hemisphere summer-are generally suffered
less-suffered from the terrain shadow than other seasons and can be used directly after validation, and the boundaries extracted

from other seasons need to be manually corrected-parthy.

To enable more detailed mapping of recent PSF extents, UAV sorties were flown on 31 August 2016, 07 June 2017, and 15
May 2019 using a DJI Phanton 4 Pro UAV, and 19 August 2018 using a DJI Phanton 4 RTK UAV which combination of a
global navigation satellite system (GNSS) with a mean_horizontal accuracy guality-of 0.01 m + 1 ppm* (RMS) in XY

(https.//www.dji.com/uk/phantom-4-rtk/info#specs/), and input photographs were stitched using Structure from Motion (SfM)

software ContextCapture Center Master to create a time series of orthomosaic aerial images at 0.1m resolution. However, our

earlier UAV surveys were routed with a limited area of off-glacier terrain_that-it was less effectively mapped by photograph

overlapping (i.e., section 3.2). This design aspect of the UAV surveys, combined with steeply topographic constraints on the

UAV flight area, meant that not all ice-marginal slopes were successfully mapped on the final orthomosaics as well as for the

later UAV surveys (Fig. S1). All UAV images are co-registered using an orthorectified PL images acquired on 16 August
2018, which was found to be perfectly co-registered with a 12.5m hills-shade of ALOS PALSAR DEM when manual

comparing their topography textures (e.g., terrain ridges and vertexes) from the peak of Mt. Gongga (7556 m a.s.l.) to the

trimlines of the glacier close to its terminus (~3000 m a.s.l.). To execute the UAV images co-registration, a total number of 54

* 1 ppm means the error has a Imm increase for every 1 km of movement from the aireraftdrone.

6
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features (Fig. S1) were selected as ground control points on stable ground surfaces (e.g., exposed bed-rock, trees, and-or seme
building svertices) areund-the-ieetongue-on the-both PL image and UAV images. -and-tTheir corresponding altitudes were
then extracted from the ALOS PALSAR DEM. FinallyOverall, the final reported quality of the co-registered UAV images

sueeesstully-oeeupied-pesitions-wereas quite satisfactory (with a total- and ¢maximum} RMS error of: 1.22 and-{ 1.98) pixel
respectively, from-which-the-ealeulatedi.e. a mean horizontal guality-in=X¥-iserror ofef 0.15 m-iaXY).

Additienally—an additional error of £0.5 pixels was estimated to ealeulateinclude all the uncertainties of visual interpretation
and automatically extractiened areas (i.e. multiply linear error and perimeter, e.g. the linear error of Landsat images are 15m,

Sentinel 2 images-are 5 m; and ef-PlanetScope images are—~1.56 m) (Salerno et al., 2012;Haritashya et al., 2018

. —Our

workflow is summarized in Fig. 2.

According to the principles of systematization, standardization, operability, and scalability, the PSF are classified combining

the knowledge of the basic slope material composition, erosion type, visual shape, and event magnitude obtained from field

investigation and UAV data in HLG, and the classifications proposed by Ballantyne (2002), McColl (2012), Jarman (2006),

and Hungr et al. (2014). A classification standard for PSF systems in SETP is proposed., which is divided into two major

categories: rock slope failure and sediment slope failure; and five sub-categories: rock avalanches, reelk—falirockfall, deep-

seated gravitational slope deformations, sediment-mantled slope slide, and gulley headward erosion (Tab. S1).

To quantify the rate of slope surface-displacementspeed-efslopesmovement between 2016 and 2020-for-address-objeetiveA,
we selected 20-40 points as trackable features used QGIS software to-identifybetween20-40-featuretie points-that were located
on-easilytrackable features-ineludingof large-rocks, paths, or infrastructures diseelouration-areas-on a series of UAV mapped
slopes (B1-B4 in Fig. S2, Fig. S32). We manually tracked the locationdisplacement of each point in the QGIS software and

calculated their mean horizontal displacements annually. far-semeFor cases that; the displacementmovement of the the-slope
itself is unapparentless notability or extremely lows but the headward backwasting 1S

deteetablesignificant-headsearp—erosion—Fo—, we quantify their rates of headscarp erosion—we-. Based on used-the-PSF
boundaries euthned-bydelineated on five higher- resolution remete-sensingsatellite images from 2002 to 2019 (Google Earth

SPOT-5 imagery for 2002, RapidEye images-for 2011, 2014, and 2015, and PlanetScope image-for 2019), tewe calculated

athe mean distance and annual retreat rates for these headscarps wiausing the QGIS Average Nearest NeighberNeighbour

Analysis procedure.
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3.32 Glacier dynamics-ebservations

Since Fthe evolution of paraglacial slope and their topographic conditions are closely related to the glacier dynamics
(Ballantyne and Benn, 1994;Ballantyne, 2002)-, we thus analysed the geomorphological processes and implications of retreat,

thinning, and slowdown of the HLG and their relationships with the PSFs development. Many-seholars-have-done-Ddetailed

researeh-mapping on the area-changesretreat and thinning of the HLG over the past years-decades has been well documented
and reported (Li et al., 2010;He et al., 2008;Liu et al., 2018;Zhang et al., 2010;Liu et al., 2010)._ We extend the boundary of

Gglacier terminus retreat history-was-extended-to 202049 using some newly archived satellite images

1 and Table 1).

the TopoDEM (1966) reported by Zhang et al. (2010), the Shuttle Radar Topography Mission (SRTM. 2000) 30m DEM (Farr
etal., 2007), and thea calculated 2016 DEM ealeulated-usingbased on the 2000-2016 the-glaciermeanannual-surface elevation

chang

between2000-and-2016-to analyse the surface elevation changes of HLG between 1966 and 2016. Surface elevation changes

along five profile-lines in longitudinal (A-A’ i+ralong the glacier central flow line) and transverse (B-B’, C-C’, D-D’, and E-

E’ perpendicular to the glacier central flow line) on the lower part of HLG (Fig. 1) were examined and compared. The four

transverse lines were examined approx1mately coveralong the-¢ eryt.hfee types of PSFs (definition belowin section 4.2) and a

For ice flow dynamics, the earliest observations of surface velocity of the HLG were during 1982-1991 field expeditions,

during which the location changes of several stakes along the ice tongue were repeatedly measured. Unfortunately, the original

coordinates data of those measurements (e.g., the precise geographic locations of the stakes) was not offered and results are

published only as a Veloc1ty isoline map with point velocity value indicated. Zh&ﬂg—%t—ﬁi—@@%@)—has—repeﬁed—a—mkﬁﬂ—deeadal

during-the 2008-summer—Using 38 SAR images acquired by PALSAR-1/2 satellites from 2007 to 2018, Liu et al. (2019a)

extracted annual surface displacement velocities of the HLG between 2007 and 2018. Here we compared the long-term ice
flow velocity changes of the HLG (also checked along the five profile-lines mentioned above), based on three-periods results

of 1982-1983, 2007-2011, and 2014-2018. The velocity in 1982-1983 is based on a published velocity map (scanned and

shown in Fig. S4), which was ere-calculated and extrapolated from in-situ measurements of stake locations using the total
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station-. The velocities during 2007-2011 and 2014-2018 were derived from ALOS/PAL{SAR satellites using the derived
feature tracking method byoffered by Liu et al. (2019a)3.

3.4 Meteorological data

Meteorological conditions nearby the HLG were diagnosed Fto discuss their possible forcing mechanisms and/or the-chmate
change-effeet-ofimpacts on the development of PSFs—fer-address-the-ebjective B-and-€. The-dDaily air temperature and

prempltatlon %(1988/01/01--201 8/12/31) were ased—m—ﬂ%s—s%udy—wer&seweed—ﬁemobserved by obetbalaine lensnans
~the Gongga Alpine Ecosystem Observation

and Experiment Station (Gongga Mountaint. Station, 3000 m a.s.l., 2 km to the glacier terminus) with a standard automatic

weather station (AWS)-- installed and managed by the Chinese Ecological Research Network (CERN; http.//www.cern.ac.cn/).
We also ebtaincollected the manually observed daily temperature data (observed at 2:00 am, 8:00 am, 2:00 pm, 8:00 pm every

day)- by a staff of Mt. Gongga Station) to compensate for the missed AWS data between July and September 2017 due to

equipment inspection and between 29 September and 15 October 2018 due to electrical power failures-during-this—period.

During the period 1988-2018, the observed mean annual temperature at 3000 m a.s.l. was 4.5 °C. Rain gauges recorded an

average annual number average-of 314 days with-preeipitation—with-and a mean annual amount of 1912 mm_precipitation-at
3000-m-a-s-k, of which 88%_ amount was concentrated in the-ablation seasons (April to October) and ~42% was concentrated

in summer sonths-(July to September).

4 Results
4.1 Retreating, thinning, and deceleration of the HLailuogou-Glaeier

Glacier outlines in 2002, 2016, and 202049 (Fig. 1¢) were manually delineated based on high resolution images (Google Earth
SPOT-5 imagery for 2002, ard-UAV images for 2016, and PL imagery for 2020+9). Comparison of these outlines shows that
the glacier tongue area has reduced from 2.30£0.06 km? to 1.952:06+0.02 km? (average 0.098+0.03 km? a!) between 2016
and 202019 compared with the period 2002-2016; when it reduced from 2.65+0.01 km? to 2.30£0.06 km? (average 0.03£0.01

km? a'). Between 2002 and 2016, the position of the glacier terminus showed a moderate retreat (6=0.44 m a’'); whereas

9
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during the following fourthree years (2016-2020+9), the terminus retreated more than 220+50+1.56 m (~542+0.39 m a™!). Field
observations indicate that the current glacier terminus area was no longer covered by-a thicker debris eever-as previous status,
and frequent collapse along the subglacial outlet channel became the major backwasting process causing the accelerated

terminus retreat.

The lower part of the HLG tongue also showed continuous narrowing as it retreats due to ice thinning. Ice surface elevation
and velocity along five profile lines (Fig. 3) show that the ice tongue has experienced substantial ice loss and slowdown over
the past decades. The longitudinal line (A-A’) along the glacial flow direction runs through the entire ablation zone. Between
1966 and 2000, we observed negligible to small changes in the surface elevation of the upper ice tongue (-0.5~0 m a’!, between
3400 to 3700 m a.s.l), with a mean lowering the rate of -0.11 m a!. However, the ice tongue below 3200 m a.s.I (3~4.5 km to
the base of the icefall) thinned remarkably as the highest lowering rate up to -2.2 m a’! near the glacier terminus. In contrast,
the thinning rate of the upper ice tongue has greatly increased between 2000 and 2016, with the surface elevation change rate
remaining at around -2.0 m a’!. On the other hand, the lower part of the ice tongue (below 3400m) shows a decreasing thinning
rate towards the terminus. For transverse profiles B-B’ and C-C’, rates of surface elevation lowering were much higher during
2000-2016 (-1.8 m a™!) than 1966-2000 (-0.3~0 m a™"). In contrast, profiles D-D’ and E-E’ showed less surface lowering over

the past 50 years, with thinning rates remaining around -0.6 m a”! and -0.9 m a’!, respectively.

Analysis of ice surface velocities during three periods (1982-1983, 2007-2011, and 2014-2018) in the past 38 years (Fig. 3c)
indicates that the lower ablation area of HLG has experienced a gradual slowdown, with the rate of this deceleration decreasing
of upglacier (Fig. 3c, profile A-A’) and with increasing proximity to the lateral margins (Fig. 3c, profiles B-E). Ice surface
velocities along all transverse cross sections haves gradually decreased, with the greatest deceleration occurring along with
profiles B-B’ to D-D’ (mean rate of 0.26 m a™') and less along the E-E’ section (mean rate of 0.06 m a’'). Note that remarkable
decelerations_that happened across the whole transverse profile of D-D’ during our observation periods have led the ice tongue

below almost stagnated (with a velocity less than 0.1 m a™') during 2014-2018.

4.2 Paraglacial slope failures

Mapped extents of the paraglacial-cellapsed-areasPBGAs between 1990 and 2020 were presented in Fig. 4. The extents—of

PEBGA shows continual expansion during the observation period, increased from 0.31:£0.27 km? in 1990 to 1.38+0.06 km” in

2020, with a total areal increase of 1.07+0.32 km?. Its decadal expansion rates increased from ~0.01 km? a™! in 1990-2000 and

0.02 km? a! in 2000-2011, to ~0.08 km? a"! in 2011-2020, which was approximately proportionate to the annual decrease in

the GCA. Due to a transient rock-fall below the icefall occurred between September and November 2018, the PBGA area

increased significantly, with an expansion rate up to ~0.11 km? a' (10.43%) from 2018-2019 within one year. In general, the

north-facing slope (located on the true right side of the glacier) exhibits more stability than the south-facing slope, where 56%
of the total PBGA was mapped-and-Howerfrequeney-of PSEs.
10
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wWwe identified three typical
styles of paraglacial slope failure within the PBGA., with a total area of 0.75+0.03 km? in 2020; aceerdingto-the-classification

hod-in-Tab-S1 that broadly-with-classificationspropesed-by-Ballantyne-{2002)-and MeCo 01+2)-(Fig. 5a):

A. Rrock-fall, -0.06+0.01 km? in 2020, 8% of the total PSF area.
Ssediment-mantled slopes slide, 0.37+£0.01 -km? in 2020, 49% of the total PSF area.-and-eolapse
C. Geully headward erosion, 0.3220.01 km? in 2020, 43% of the total PSF area.

w

Based on the calculated surface slope map from the 2016 DEM (Fig. S5) as well as field verifications (Fig. S6), the Type B

and C PSFs (with a mean surface slope of 29° and 32°, respectively) usually show lower slopes in their unstable areas than

stable areas (40-60°). The mMean slope of the Type A PSF is about 54°, which is within the range of the stable slope.

Below Wwe will present a detailed -ease-studydescriptive analysis effor each type of PSF observed at HLG belews-and provide
a summary of the dimensions and typology ef-for each specific PSFs identified in Fig. 5a in Table 2.

4.2.1 Rock-falls -(PSF type A)

Different magnitude rock-falls are common at exposed steep bedrock terrain on both sides of HLG. Ewvidenee-ofaA recent
large single-rock-fall event (Type A, Fig. 5b) was occurred around October 15; 2018 originating from_a-a south-west-facing
paraglacial slope_high-hanging above the upper HLG ice tongue (4000 m a.s.l., ~450 m high from the glacier surface)-ata
distanee-of —03 kmfromthe base-of the-ieefall(Fig5b). The rockfall deposit and the existing glacier debris cover are slightly
different in colour and grain size and can thus be clearly delineated on the glacier surface, both on field photograph and on
remote sensing imagery (Fig. 5b and Fig. S7). The- Thereekfalifinal deposition area of the rockfall covers a projected area of
~47,000 m*is-283-m-in-width; 200-m-intength; 450-m-in-height from-the-glaciersurfaee, stretch-ingeovers a vertical height of
380 m;- and slope length of 472 m;and-a2D-area-of~47,000-m>The- (runout length was-appreximately~365 m)-and-the-drop
height40-m. Based on the extent of the main detachment zone, the deposition thickness (3-5 m estimated during the field visit)




360

365

370

375

380

385

We also observed etherseveral suspected major rock-fall scars on the lower part of the valley wall in close proximity to this

scar -deposit (i.e., up to 260~400 m above the glacier surface; Fig. 5b and 5¢) suggesting that numerous similar smaller-scale
rock-falls have occurred in this locality. Since the rock surface has been partially weathered and most of the bedrock has been

covered by vegetation such as mosses and shrubs, we speculate that these rock-falls may have occurred earlier and are-have

not been documented by remote sensing images or literature.

aned N - mMaon e m e £ en Eio e n Ma-o n
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investigation; we found-identified at least 15 fresh small-magnitude rock-falls in view of their evident talus depositions based

on UAV images and field investigation (Fig. 5a, Fig. S7). These small-scale rockfalls are found located on both sides of the

lower paraglacial slopes and events-have a source area ranging from 59 to 3028 m*en-the-paraglacial slopes;-each-with-a-mean
area—of 750-m>. Their disintegrating rock-masss wasere located between 3100 and 3500 m a.s.l. with the-a mean vertical

distance-betweenfrom-the base-and glacier surface-isare of about 110 m_from their lowest breakpoints to the glacier surface.

But—uUnfortunately, beeause-ofdue to their small sizes and without continuous observations (e.g., time-lapse photography)

we cannot determine the exaetlyexact time when they happened. Tthese collapsed rock-fals falling on the glacier surface ef

with different magnitude have-obviously beeome-are one of the the-importantmain ways-inputs for supraglacial debris odelivery
to-theglaectersurface-in the lower part of the HL.G ice tongue.

4.2.2 Sediment-mantled slopes slide-and-cellapse (PSF type B)

We identified evidence of four major sediment-mantled slope slides and-eellapse-(Type B, B1-B4, Fig. 5a). Combined, these
features cover an area of ~370,000 m? (2019-PL) and are located on both north- and south-facing valley sides. The 2D area of

Type B PSFs steadily expanded through four processes: glacier downwasting exposing more of the slope, lateral expansion of

the failure mass, and headward expansion from retrogressive failure or degradation of the scarp. over our monitoring period
(Fig. 4).; Thewith-a total area increased byef 297,000 m? frem1990-te-2020;-and the an-areal expansion rate wasef 10.16% a-
! from 1990 to 2020.

B1 (3500 m a.s.l, Fig. S26a) is located on a north-facing lateral moraine slope at a distance of 1.5 km from the base of the
icefall; and is 114 m wide, 1035 m long, and 112,424 m? in area. Between 2017 and 2019 the exposed area of this feature B1
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slope increased by 12,125 m?, or a percentage increase of 12.09 %. A landslide with an area of 53,000 m? is included as a

nested feature within B1 (48.28% of B1 area), and evidence of superimposed gullying is also found on the eastern, western,

and northern segments of this feature.-A

geomorphologicallyaetive—The UAV images in 2016 did not cover the B1 area completely, so we extracted 23 common tie

points across UAV images from 2017 to 2019 to manually quantify the surface displacement rate; the slope showed downslope

displacement of 1.96+0.04 cm d!, and a maximum of 2.08+0.04 cm d*! in the period 2017-2018.

Feature B2 (3150 m a.s.l, Fig. S26b) is the largest type B PSF and is located on the true left, south-facing moraine slope close
to the glacier terminus (3240-3120 m a.s.L.). It is fan-shaped with a width of ~262 m, a length of 644 m, a height of ~120 m,
and a total area of 122,738 m?. In contrast to B1, this feature is characterized as a single landslide without any nested features
(e-g=e.g., gullies). Visual aAnalysis of satellite imagery shows that detectable slope movement began around the year 2000,
which is consistent with the onset of accelerated lowering of the glacier surface in this region and accompanying debuttressing
of ice-marginal topography. We selected 33 tie points evenly distributed in the B2 landslide area on the four-year UAV images
(2016-2019) to monitor its surface displacement, which revealed that the landslide has movedfalien by an average of 2.63+0.04
m a’! in the UAV monitoring period, and the affected area has increased by 7,414m? via headscarp erosion. The highest rate
of displacement was 4.32 cm d! and occurred between 2017-2018. Between 2011 and 2019, the collapsed area of B2 has
expanded by 35,000 m?, with an expansion rate 0f4.99% a™!. The landslide has a vertical glide distance of 48 m, and a horizontal
displacement of 70 m. In the period 2017-2018 landslide activity forced the closure of a zigzag trail path (Fig. 5¢) which was

used for accessing the glacier.

Across the valley from B2, we identify landslide B3 (3100 m a.s.1, Fig. 5f, Fig. 6¢), which is 805 m in length, 132 in width,
and 63,241 m? in area and, like B2, is located on a lateral moraine close to the glacier terminus. The landslide has been
effectively divided into five zones, delineated by four gullies (Fig. 5f). Analysis of satellite imagery shows that the landslide
began to develop around 2013; when a headscarp is first detectable. Feature tracking (33 tie points) analysis on repeat UAV
images shows that the landslide has moved down with an average rate of 1.65+£0.04 cm d™! between 2016 and 2019, with the
highest rate of 1.97+0.04 ¢cm d™!' occurring in the period 2017-2018.

Feature B4 (Fig. S26d) is also located on the north-facing (true right) lateral moraine slope of the glacier, approximately 3.5
km from the base of the icefall. It is ~103 m in height, 993 m in length, and covers an area of 73,270 m?. Geomorphologically,
this feature is the most complex of the type B PSFs, in that it represents a transition slopeferm that it exhibits landslidesing

behavier in two distinct zones at either end (covering an area of 18,244 m?, or 24.90% of the sediment-mantled moraine slope
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in this area) and also exhibits gully headward erosion (i.e., PSF Type C). Feature tracking analysis of 37 tie points indicates
that the landslide moved downslope at an average rate of 1.660.04 cm d'! between 2016 and 2019, with a maximum rate of

2.63+£0.04 cm d! in 2017-2018.

4.2.3 Gully headward erosion (PSF type C)

The three major paraglacial gully headward erosion areas (C1-C3, Fig. 5a) are located at the intersections between three
tributary streams which are fed by seasonally snowmelt and the main trunk of the HLG ice tongue. They have a total area of
~324,000 m?in 2019. The UAV images did not cover the entire areas of Type C slopes, therefore we used five- PLPlaretSeepe,
RapidEye, and Google Earth images from 2002, 2011-2019 to supplement these data and monitor the development of these
features (Fig. S87). Our mapping results show that the total area of these three gullies has expanded by ~93,000 m? between

2011 and 2019, with an annual expansion rate of 5.02% a’..

Cl1 is located on the northern slope of HLG at an altitude of 3200 m (Fig. 5g; Fig. S87a). In 2019 it had a length of 849 m, a
width of 312 m and, an area of 139,135 m?. It is adjacent to a major tributary stream that drains the northern side of the valley,
and which intersects (and bisects) the true left lateral moraine where the glacier turns to flow eastward to its terminus. Field
inspection of exposed surfaces at C1 reveals that it comprises a block of thick debris and sand deposits with some finer material,
which was previously colonized by vegetation before being denuded by flowing water. In the period 2011-2015, the area of
the gully expanded upslope at a rate of 10.44 m a™!, and by 2019 the location of headward erosion was more clearly concentrated
in the meltwater tributary channel (Fig. S87a). Between 2011 and 2019, the average upward denudation rate of the feature was
3.39 cm d! (12.20 m a") and the exposed area had increased by 45,449 m> or 48.59% from 2011 (Tab. 2).

Gully C2 is situated on the southern slope (true right lateral moraine) of HLG at about 3200 m a.s.I (Fig. 5h; Fig. S87b) and in
2019 extended ~160 m in width, ~270 m in length, and 24,248 m? in area. The exposed area of the gully expanded upslope
along the path of a meltwater-fed tributary stream, with a gradient of ~36° close to the HLG moraine, and which originates
from Hailuogou No. 3 Glacier (29° 32.41° N, 101 58.05” E). This tributary stream connects directly to the subglacial water
system of HLG. The gully is most actively eroding upstream of the point at which it connects to HLG, with an average upward
denudation rate of 0.76 cm d-! between 2002 and 2019, producing an increase in_the exposed-sediment-covered area of 11,923

m? in the same period.

Gully C3 is also located on the southern slope of HLG at 3500 m a.s.l (Fig. 5i; Fig. S8%c), around ~800 m west of gully C2.
The gully is formed by a tributary stream which is fed by meltwater from Hailuogou No. 2 Glacier (29° 32.82° N, 101° 56.92°
E), which became detached from HLG sometime after the 1930s (Liu and Zhang, 2017) and has since retreated to the edge of
an-ice scarped ridge. The gully is filled with glaciofluvially—transperted-glaeial sediment and is deeply incised. Like C2,
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meltwater also flows into HLG glacier subglacially. Since 2002, expansion of the sediment-mantled area of this gully has
occurred on the right (east) side of the gully and has recently begun to expand up along the left (west) bank of the channel. We
expand the area of the gully to incorporate adjacent unvegetated lateral moraine, which also shows evidence of gullying and

headward erosion. The total area of C3 increased by 14.3%, from 109,500 m? in 2002 to 160,474 m? in 2019.

5 Discussion
5.1 Possible forcing mechanism of the threedifferent- typess-of PSFs_in HLG

Many potential factors, include glacial history (mostly downwasting or debuttressing in HLG since Little Ice Age), rock
structure (i.e., joint), seismicity, and meteorological disturbances (i.e., precipitation, temperature, and freeze-thaw cycling),
have been generally considered as preconditioning, preparatory or triggering factors that combine to produce a PSF (McColl,
2012). In the discussion below we refer to these factors to discuss their relative importance in forcing the different types of

PSF that we observed at the Hatluegeu-HL Glaeier.

5.1.1 Rock-fall

Small-scale rockfalls are commonly found sourcing from exposed bedrock walls on both sides of the HLG ice tongue. These

exposed bedrock walls are generally granite rocks characterised by well-developed vertical joints (Fig. S6 and S7), which

make the slope more prone to failure or more likely failure under given triggers (Draebing and Krautblatter, 2019). In addition

to glacier erosional steepening (Herman et al., 2021), the exposure of these bedrocks can also accelerate the weathering process

and rock strength degradation (Matsuoka, 2008). Intensification of freeze-thaw conditions during deglaciation may have led

to more enhanced rockfall activity since winter seasons in the HLG environment is cold enough to cause frozen water within

rock fractures and pore spaces. During monsoon seasons, the warm humid environment can also be a stimulative factor leading

to intense and rapid chemical weathering of the exposed rock wall (Li et al., 2019). However, the frequency and magnitude

dynamics of these small-scale rockfalls are difficult to be determined by this study Ssince #t—is-difficult to-determine-their

specific_occurring speeifie-time was unknown and many formal rockfalls may be overlapped by later ones during our
investigation period. In the following part ofefsmallreckfalls-occurred-(as-mentionedin-subsection4-2-1-abeove); this section,
we will —focuses on discussing possible forcing mechanisms of the-diseuss—the—impaetfactors—of thea larger-scale reek

fallrockfall event that occurringed in 2018, which we could confirm its occurring time (around 15 Oct. 2018) and estimate its

magnitude from UAV surveys.

The 2018 roek—faHrockfall (Fig. 5b) represents a rapid non-ice contact rock collapse adjacent to an area of the glacier_that
whieh has experienced remarkable (80-100 m) thinning since it’s Little Ice Age (LIA) maximum (Fig. 5¢). More widely in the
Mt. Gongga region, glacial and paraglacial landform assemblages display a strong influence of Late Pleistocene and Holocene

glaciations, the most striking example of which are the deeply incised trunk and tributary valleys formed by higher rates of
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glacier erosion (Liu et al., 2009), glaciofluvial activity, and monsoonal precipitation; as such, paraglacial slopes are strongly
modified by local glacial history, making this an important preconditioning and preparatory factor for reek—fatrockfall.
Anecdotally, small-scale rock collapses occur all year round on both sides of HLG (Fig. 5a; Fig. S73), especially from those
rock slopes exhibiting vertical jointing. Our field investigations indicate that the main detachment zone of the 2018 reek
falrockfall has no faults but is highly jointed, which facilitates liquid water ingress and hydraulic erosion and is also conducive
to promoting fracturing via freeze-thaw and ice segregation processes (Rodriguez-Rodriguez et al., 2018) which gradually
loosens the rock block and might also be considered a trigger in causing blocks to eventually break away from the rock valley

walls (Fischer et al., 2010).

factorsin-eausing the-large roekfall-in2048-The annual mean temperature was relatively low in 2018 (4.5°C) compared to
the preceding fourthree years (5.0°C, Fig. 6a9). Fig. 6bFab-—3 shows the antecedent rainfall in the five to ten days before the

roekfallrockfall occurred (5-20 Oct 2018) and compares antecedent rainfall statistics between five years (2014-2018).-number
of daysfrom2014-to-2018-with-different-datlypreecipitationtotals: The mean daily precipitation between 5 and 20 Oct 2018
is 5.89 mm which is significantly higher than in 2014, 2015, and 2017, although not significant compared with 2016, the value

is still high. ¥

T Smm)-during-which-the roekfall oeeurred— Additionally, the Bdifferences in the daily mean temperature between September
to October 2018 and September to October 2014-2017 were relatively large (Fig. 6¢c-S4; from September to October 2018, a

large amount of daily temperature data was missing from the automatic observation and was therefore offset by manual

observations (MO), as mentioned in subsection 3.4 above); the daily mean temperature was between 0.4 to 5.3°C from 01 to

09 October 2018 compared to a range of 3.6-12.92°C for the preceding four years. From 20 to 29 September, the mean daily
temperature-(the-observation-en30-Septemberis-missing) was similar to the preceding four years with a range of 6.6-13.3°C.
The temperature lapse rate (0.0065°C m™! in humid air, (Hemond and Fechner, 2015)) have shown that when the temperature
at the Gongga Mt. Station (3000 m a.s.l.) drops to about 6°C, the temperature on the mountain at 4000 m a.s.l. approaches 0°C
and begins—te-freezinge of water begins. We, therefore, speculate that the abundant precipitation in the early days caused a
large amount of liquid water to ingress the rock fissure, then the frost heave caused the rock mass to eventually rupture (e.g.
(Hartmeyer et al., 2020)). We finally suggest that abnormal precipitation and low temperature in 2018 may have acted as a
preparatory factor and triggering factor for the observed reek-fatirockfall, respectively.

Roeelk+allRockfall and other mass movements can be triggered by seismic activity, which can also act as a preparatory factor

through its ability to cause rock damage (Huggel et al., 2007). The HLG region is seismically active, and in the last five years
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has recorded 9 seismic events ranging from 2.9-3.8 in magnitude, all of which occurred in the period 2016-2017 (China
Earthquake Administration, https://www.cea.gov.cn/). Although no significant seismic events were observed immediately
prior to the 2018 reek—fahlrockfall, rock mass damage associated with the historical seismic activity may have acted as a

preparatory factor for the 2018 reek—fatrockfall and other mass movements from deglaciated slopes in the wider catchment.

5.1.2 Sediment-mantled slopes slide-and-cellapse

Type B PSFs are largely associated with lateral moraine instability and collapse. Elsewhere (north-facing slopes, Fig. S9) in

the catchment we observe glacially smoothed and polished bedrock surfaces with steep inclination angles (a product of the
geological, glacial, and climatic history of the catchment), and we infer that the failure of these unconsolidated slopes is caused
by glacier downwasting and debuttressing (Cody et al., 2020), combined with a material angle of repose which is lower than
the inclination of the underlying bedrock surface; sediment-mantled slopes hesting-showing evidence of instability typically
have a slope angle of ~295°, whilst the inclination of exposed bedrock slopes close to the elevation of the present-day glacier
surface is ~45°. Whilst historically the glacier has essentially ‘propped up’ the lateral moraines, rapid reduction in the elevation
of the glacier surface has directly contributed to slope instability, which is increasing in speed, corresponding to findings in

van Woerkom et al. (2019).

Debris flow may also be a preparatory factor causing slope instability. A gully developing process was observed within Type

B failures (as mentioned in subsection 4.2.2 above). Based on 17 years (2002-2019) RS monitoring of the B3 slope (Fig. S10),

for example, we found that the surficial debris flow occurred before the hillslope movement. Firstly, some debris flows

occurred, forming 3 gullies, and no slide was evident in 2002. Secondly, the debris flow gullies gradually expanded, the number

increased to 5, the slope slid slightly, and the slide cracks were starting to form around in 2013. Finally, the debris flow gullies

increased to 6 and expanded further (the largest gully is about 130 m wide at its widest point), the slope slide significantly (up

to 2 cm d! between 2017 and 2018; Fig. S2), and the cracks increased in response to rapid glacier downwasting in 2019, which

is different from the discovery of the Fox glacier in New Zealand by Cody et al.; (2020).

The regional and local climate, which is characterized by abundant precipitation during the monsoon season, enables rapid
succession of vegetation on deglaciated slopes. However, although this vegetation is extensive in its coverage, particularly on
slopes immediately above the lateral moraines, it mostly comprises species with a shallow rooting depth thatwhieh do not have
a strong capacity to increase slope stability, especially at larger scales; shrub vegetation growing on the unstable B2 and B3
slopes areis relatively young and does not mitigate deep translational failure, whereby unconsolidated sediment slides along
the interface between the overlying moraine and steep underlying bedrock. We also observed that the displacement of all type

B PSFs reached their maximum rate during the period 2017-2018, and upper parts of the slope failures speed up to the same

extent as the lower parts (Fig. S3). which may in part be related to increased air temperature (promoting enhanced glacier

downwasting) and precipitation extremes in 2018.
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5.1.3 Gully headward erosion

Glacier downwasting and meltwater from deglaciating tributary catchments enhance erosion of ice-marginal gullies and
contribute to the expansion of actively eroding slopes in these landscapes; headward erosion of sidewall tributary gullies occurs
as the local base level (i.e., the HLG glacier surface) falls (Williams and Koppes, 2020;Schiefer and Gilbert, 2007), and this
effect is illustrated clearly at PSF C1 (Fig. 5g).

The upstream sediments were transported aleng-the-transpert-and accumulated along the gullies to both sides of the glacier,
with a fast erosion _rate, for instance, the part with the largest change in area—-ofCl1 arca movedtravels about 150 m in both
horizontal and vertical directions. Therefore, we argue that surface fluvial erosion and glacier debuttressing simultaneously

trigger the instability of the type C slopes (Dusik et al., 2019).

All the three major type C slopes are developed along the tributary streams, in which settings slope slides are usually limited
but surface fluvial erosion plays the primary role. There should exist a seasonal plus oref enhanced-e+uprush headward erosion
rates, i.e., during the monsoon rainstorm seasons. However, we still could not track this process due to the lack of higher
resolution observations in the current study. Nevertheless, it is suggested that this type of paraglacial adjustment is still in
active process based on the currently observed situation at both lateral sides of the HLGHailnogou-Glaeier. As the increase of
the exposed area and the erosionable baseline, a period of accelerated sediment/debris flux to the surface or base of the glacier

is expected in the following years.

5.2 Paraglacial geomorphology process in deglaciating monsoonal temperate environmentsRelationships—between
imate_o io 0 ion 1o OO . 2 d PSE develoanmaen

o 0 h
5 S1d Ot tio10Ca O pograp i3iis e

Meteorological observations at the Gongga Mountain Station (Fig.1) show that the regional mean annual temperature has

increased by >1 °C and annual precipitation has decreased atin a rate of 9.13 mm a”! over the past 30 years (Fig. 6a). Warming

and a weakened monsoon, as also occurred at other parts of the SETP (Yao et al., 2012), have induced recent remarkable

downwasting of HLG and serves as a preparatory or triggering factor for PSFs. Our case study at the HLG has demonstrated

that paraglacial slopes in the deglaciating monsoon temperate environment areis characterised by the geomorphology process

with multi types, fast responding, and a high rate of denudation. In Mt. Gongga and most SETP monsoon dominate regions, a

climate of warm-wet synchronization is the primary precondition driving the physical or hydrothermal dynamics of both glacier

and off-glacier processes.

5.2.1 Impact of the monsoonal climatic conditions

Climatic conditions (e.g., seasonal distribution and multi-year fluctuation of temperature and precipitation) can alse-directly

affect slope stability (McColl, 2012;Coe, 2020). Climate at the HLG is strongly affected by the southeast monsoon (An et al.,

2015;Lau and Yang, 1997) characterised by a warm and wet summer and relative colder and drier winter (Liu et al., 2010).
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According to the observation of Gongga station at 3000 m a.s.l. during the period 1988-2018, the mean annual temperature
near the HLG was 4.5 °C, but the recorded highest summer temperature was 27 “C in 2010 and the lowest winter temperature

was -16.8 °C in 2016 (Fig. 6d). The mean annual maximum temperature range between 1988 and 2018 was close to 40°C, with

a slightly increasing trend since 2001 (Fig. 6d). This large diurnal (Fig. 6¢) and annual (Fig. 6a) variation of temperature at the

HLG could affect the slope freeze-thaw process and destabilize paraglacial slopes through thermodynamics (Fischer et al.,

2012;Curry et al., 2006).

The rRain gauge recorded an average annual number of 314 days and a mean annual amount of 1912 mm precipitation, of

which 88% amount was concentrated in ablation seasons (April to October) and ~42% was concentrated in summer (July to

September). Abundant rainfall in the monsoon area results in the absolute high-amount precipitation in Mt. Gongga has further

promoted the instability of slopes. Due to frequent summer rainstorms, small-scale debris flows are commonly found in both

lateral sides of the HLG valley. These tributary flash floods or small-scale debris flows sometimes flow over/through the

destabilized lateral moraine, furtherly disturbing the slopes and promoting the slide. The occurrence of nested processes in

Type B (Fig. 5f, S8b, and S113) is similar towith thatese debris> flow galleys observed at lower moraine slips reported by

Cody et al. (2020) at paraglacial slopes in South Alps temperate glaciers, where the local annual precipitation is observed

several times higher than our study area (Kerr et al., 2018). In addition, the combination of extreme temperature and

precipitation conditions can also trigger slope instability (as mentioned in subsection 5.1.1 above - the relatively low

temperature and high precipitation in 2018 may be the cause of rockfall).

5.2.2 Interaction between paraglacial slope process and dynamics of a temperate glacier

-Temperate glaciers in_monsoon conditions—are generally show more remarkable and fast responsed to the change of

temperature and precipitation than cold glaciers (He et al., 2003:;Su and Shi, 2002), characterised by high mass turnover and

fast flow rate (Oerlemans, 1997). and developed en- and sub-glacial drainage systems (Fountain and Walder, 1998). Glacier

and 4, in profile D-D’, the D’ side has been thinned (with a mean rate of -1.0 m a!) and slowed (the mean daily velocity

changed by -0.27 m d!) more significantly than that on the D side (with a mean rate of 0 m a’' and the mean daily velocity

changed by -0.14 m d’!, respectively) in the latest study period, resulting in the slope failure on D’ side has been faster. The

exposed slopes may increase the absorption of long-wave thermal radiation on the surface, contributing to the melting of

glaciers in nearby areas. Profile E-E’ showed uniform thinning in both two periods (Fig. 3b, -1.0 m a’!), caused the landslides

to appear on both sides. For both profiles B-B* and C-C’, the thinning rate changed from ~0 m a™ in 1966-2000 to ~-2 m a’'in

2000-2016 (Fig. 3b), which may be related to the inner stress adjustment in the glacier - the ice mass of upstream replenishment

the acceleration loss of downstream. Both sides of the profile B-B’ are mainly steep bedrock, with a limited accumulation of
lateral moraine materials, such that type A is the dominant PSF. The glacier downwasting is mainly used as a preparatory
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factor for the slope instability, here. The relationship between climatic change, glacier downwasting, and PSFthe-three can be
shown in Fig. 7.

Despite a slowdown in recent decades (Fig. 3c¢), the flow velocity of HLG is still higher than most mountain glaciers in

Himalaya, Tian Shan, and inner Tibet (Bhushan et al., 2018;Wang et al., 2016:Zhang et al., 2010:Ke et al., 2013). Previous

work has quantified the evolution of the glacier’s subglacial and englacial hydrology, and revealed a highly efficient

hydrological system that is maintained in both summer and winter months (Liu and Liu, 2010); an abundance of meltwater

and subglacial and englacial debris (which we infer because of the debris-covered nature of the glacier, e.g. (Miles et al., 2021))

act as effective “grinding tools” for glacial abrasion. The estimated erosion rate is 2.2-11.4 mm a’' (Based on the current glacier

thickness and flow velocity, a conservative estimate of the glacier bedrock erosion depth is about 1-5 m) which is consistent

with other temperate glaciers but higher than the continental glaciers (0.1-1.0 mm a')(Liu et al., 2009). A high erosion rate

contributes to valley incision and the steepening of valley flanks, which increase in exposed area and angle and therefore likely

to become more prone to instability.

The intense mass flux due to PSFs. on the other hand, can delivery abundant debris materials to the glacier system. According

to Fig 4b, the PBGA was equivalent to ~11% of the GCA in 1990 and increased to ~69% in 2020, providing an ample source

of sediment for the glacial environment. For instance, there isare muchasny debris that fell onto the glacier surface from rockfalls

and debris slide/flow process. We calculated the total areal of all observed rockfalls covered 62216 m? (volume class: 104~10°

m?3); according to Scherler et al., (2018) the supraglacial debris cover of HLG is 2.71 km? as a result, the total areal

contributions to supraglacial debris-cover of the rockfalls is 2.3%. Due to the high supraglacial debris-cover of HLG (11 %),

the contribution rate of rockfalls observed in this study is lower than that of the European Alps and the Southern Alps of New

Zealand rockfalls of the same class (Fischer et al., 2012). We also observed a limited number of materials that are delivered to

the supraglacial environment through direct roll (Fig. S118 (a); the sediments are more dispersed compared to rockfalls),

collapse (Fig. S118 (b)), and debris flow (Fig. S118 (¢); faster changes). Among them, two collapsed parts of the B2 slope

were quantified by using UAV imagery in the 718 days from 2016/8/31 to 2018/8/19, the collapsed area increased by 94% in

total, with an increased rate of 8 m? d". These sediment delivery process increasing the range and thickness of the supraglacial

debris-cover, which in turn affected the surface energy balance for melting and therefore downwasting rate of the glacier,

which will thus influence the rate of runoff generation and its contribution to the sea level rise from glacierised catchments.

Additionally, some processes (e.g., Type C slopes) can also deliver materials to the sub-glacial environment through runoff

(Fig. S118 (d)). Their contribution to glacial sediments is hard to quantify, but it is clear that this process does result in a long-

term and steady sediments supply to the glacier.

Finally, failing rock debris may sink into the glacier if the stress they exert exceeds the resistance provided by the glacier ice

since rock is higher in density than ice. This geomorphological phenomenon has been identified in the Southern Alps of New
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Zealand (McColl and Davies, 2013), where mountain glaciers occupy equally steep valleys. Field evidence from the

monitoring of the B2 slope by UAV images for four consecutive years (Fig S6b) indicates that the glacier in this vicinity has

narrowed or squeezed. The direction of the glacier movement at the boundary with B2 changes as B2 advances, which causes

the original arc of the glacier boundary to be destroyed. The greatest change in the location of the glacier boundary bordering

slope B2 is during the period 2017-2018, which is consistent with the fastest displacement speed (~4.32 cm d") of the slope

during the wider monitoring campaign. Our results may imply that the weight of the moraine may be sufficient to deform the

glacier ice, as hypothesized by McColl and Davies (2013).

5.2.3 Other geomorphological and environmental implications

Similar to other studies (Dunning et al., 2015:Glueer et al., 2020;Hedding et al., 2020), our analyses show a temporal and

spatial component to PSF development following rapid deglaciation of the HLG. Following many thousands of annual thermo-

hydromechanical loading cycles, which promote rock damage (Gramiger et al., 2017:Glueer et al., 2020) the bedrock slopes
bordering HLG are well-prepared for failure, and this response is beginning to manifest as specific triggering events occur

and/or mechanical rock mass thresholds are crossed. Similarly, unconsolidated lateral moraines show signs of increasing

deformation and translational movement in response to glacier downwasting and debuttressing; we hypothesize that this will

continue until critical angles of repose are reached, which will be followed by vegetation colonisation and soil development

(Eichel et al., 2018).

Withhs respect to the terrain aspect, we found that (He et al., 2003;Su and Shi, 2002;Oerlemans, 1997;Fountain and Walder,
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Ssouth-facing slopes show more efinstabilities, both in terms of magnitude and frequency. Fi inerstly, it could be

because-ofrelated to the differences in the availability of material (Fig. S9; i.e. asymmetrical deposition of glacial drift and

moraine construction on either side of the valley), with more sediment on the south-facing slopes and slope angles (Fig. S9).

ForanotherthineSecondly, it is-maybecould also be related to-because-of the differences in glacier surface altitude and ice

thinning rate, which Fhis-is particularly obvious eemparecompared to the C-C', D-D', and E-E' profiles. It can be seen from

profile D-D' in Fig. 3 a, b that the altitude and thinning rate of the glacier under the south-facing slope areis much greater than
that on the opposite side (ice thinning rate of difference was 1.5 m a’!), which may be caused by the lower surface temperature
due to the topographic shading on the glacier areas under the north-facing slope (Liao et al., 2020). Therefore, PSFs and
glaciers downwasting show the same temporal and spatial movement-in-temperal-and-spatial. This observed pattern further

indicates that there is a direct connection between glacier downwasting and PSFs occurrence. Additionally, the-unstable slopes

are more likely to occur in areas with lower slopesurface gradients (all-around 30°, as mentioned in subsection 4.2 above) is
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contrary to the general conclusion of the many landslides study - the steeper the slope, the stronger the shear stress and the

720 lower the factor of safety (McColl, 2015), which may be related to the slope material andor the slope adjustment after failure

pProcess.

725

730

735

740

Based on the above analysis, we suggest a conjectural paraglacial slope evolution and slope sediment delivery model of HLG

Fig. 8).

After the glacier was downwasting from the initial state (Stage I), the upper part of the steep moraine slope quickly destabilized,

745 making the entire slope slow sliding, corresponding to those findings by van Woerkom et al. (2019), Ballantyne (2013), and

Cully et al. (2006); then the moraine slope slowly slides down (Stage II; which were observed in Type B and part of Type C)

and some part of them is exfoliated with underneath bedrock exposed. During the exposure of moraine, vegetation may be

colonized, or gullies may be formed by debris (or water) flows washing away (stage II a); when the gullies gradually expand,

headward erosion may occur in the upper of the gullies (Stage II b; which were observed in Type C). Sediments at the base of

750 the slope or fell onto the glacier surface are transferred again as the glacier moves (Stage III); until the slope is steepest (>50°)
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when moraine has been removed and bedrock is completely exposed to the ground and may collapse through some disturbances,

finally (Stage IV; Type A).
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6 Conclusion

We used repeat mappings by UAV and satellite remote sensing-imragery as the basis for identifying and analysing the evolution
of three styles of PSF paraglacialslope-failure-at HLatlougeu-Glaeier between 1990 and 2020; and explore these results in the
context of their potential driving mechanisms. Over this-the investigation period, the glacier terminus has retreated ~+510 m
(175 m ah), its surface has down-wasted by -0.88 m a’!, with thinning observed over 83.50% of the ablation zone study area,
and the glacier velocity has slowed from a mean of 0.32 m d"! (period 1982 to 1983) to 0.11 m d*' (2014 to 2018). Rapid
downwasting of the glacier surface has exposed oversteepened ice-marginal slope topography, which shows evidence of the
overall PBGA increased from 0.31£0.27 km? in 1990 to 1.38+0.06 km? in 2020; and which-show-evidence-of widespread
instability in the form of (Ai) reek—falrockfall and-debris—avalanching—from bedrock slopes, (Bii) slideeeHapse of
unconsolidated lateral moraines, and (Ciii) increased erosion activity in tributary valleys, with a total area of 0.74:0.03 km? in
2020. South-facing valley slopes (true left of the glacier) exhibited more destabilization (56% of the total PSFs area) and-higher
PSE-aetivity-than north-facing (true right) valley slopes (44% of the total PSFs area). Set against a background of frequent,
small-scale reek+fatirockfalls that are anecdotally recorded in the area, a large reek+falirockfall occurred in Autumn 2018. Non-

ice-contact reck—fallrockfalls in deglaciating catchments are a well-established, short- to long-term response of paraglacial
slopes following glacier downwasting and rock slope exposure, however, analysis of antecedent meteorological conditions

suggests that-an abundant precipitation abrermallytengmenseen-and low temperature may have served to prepare, and

perhaps trigger this rock slope failure. Deformation of sediment-mantled moraine slopes (mean 1.6-2.6+0.04 cm d!) and an
increase in erosion activity in ice-marginal tributary valleys caused by a drop in local base level (gully headward erosion rates

are—= 0.7-3.39 ¢m d!) have occurred in tandem with recent glacier downwasting._ The PSFs and even the whole PBGA

providing an ample source of sediment for the glacial environment. At the base of the analysis of paraglacial slope evolution

and slope sediment delivery, we speculated that the occurrence of some unstable slopes in the lower slope angle areas may be

related to the slope material and the failure process.- Fi

A-In general,

the formation, evolution, and current status of these typical PSFs are generally related to the history of glacier dynamics and

paraglacial geomorphological adjustments, and also influenced and/or disturbed by the fluctuation of air

temperature/precipitation and their combinations. Longer-term monitoring will provide a clearer picture of the feedbacks

between (accelerating) glacier downwasting, climatic conditions, and paraglacial landscape response in this data-poor region.

Data availability
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Figure 1: Map showing the location of Mt. Gongga (red star), the background image is from ESRI's world basemap (a), several large
glaciers around the peak of Mt. Gongga based on Landsat image (b), and retreating history of HLG since the Little Ice Age based
on PlanetScope imagery (c). S1 and S2 are tourist sightseen stands on both sides of lateral moraines, and the red star indicates the
location of Gongga Mountain Station. Longitudinal (A-A’) and transverse (B-B’, etc.) lines are set to examine the variation of flow
velocities and surface elevations (Fig. 3) of the ice tongue.
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Figure 3: Comparison of ice surface elevations, average annual ice thinning rates (Brun et al., 2017), and velocity changes (Liu et al.,
2019a;Zhang et al., 2010) along with profiles A-A’ to E-E’ in Figure 1.
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Figure 5: (a) The distribution of three types of PSFs based on Landsat image. (b;¢) The particulars of type A failures in the upper
part of the HLG’s ice tongue. Main detachment zone (red), Deposit (blue). (¢) The scars (white lines) efthe-surrounding efthe rockfall
A. Subplots (d, e, f, and_g-f) and (g;-h, i and ji) are closer photographs of Type B and Type C failures, respectively, field photo by
1070  Qiao Liu.

35



Sackung (a) .. :
------------ 2016.08.31 g )
----- 2017.06.07 S
2018.08.19 572 ++
——==2019.05.15 :
(b) 7
6
! ,§~:\ s
s 4
253
a2
1
0
5
g_4 :
$82 umgy
7} 1 .
0
5
g 4
282
Iz
0

f i

2017-0

W 2016-2017 M 2017-2018
M 2018-2019

2016-08-31

+(this figure

36



2019 ©2015m2014 m2011 =2002

Cl
c2
2002-10-12 2011-08-29
C3
»
2019-08-16 T

0.00 005 0.10 0.15 020

0250 500m P —
075 _ @

37



~e—Temperature (°C)
9 —Tem_smoolh 2400

—e—Precipitation (mm)
——Pre_smooth
8 2100
g 7 1 1800 E
é 6 1500 g
E‘ 3 1200 ;.;:;
4 900
¥ =0.035x +3.916
3 600
FEFEF TSI ESESTRSS
Year
(a) ~o—Temperature (°C) (b)
9 - —Tempgrat}ne smooth | _ 2400 7
=—e—Precipitation (mm) b
= Precipitation smooth
8 2100 g 6 1
G ~ N 5 i
9 7 1800 g §
° o = i
g g &
9
g 6 1500 g o
=" =) & 34
g g =
Eos 1200 & §
2 4
g
Q
4 900 = ]
y=0.035x +3.9458
3 1 L 1 1 i L 1 1 L 1 1 1 1 L n 600 0 4
SN O P SRR\ S P N S N B L 2014 2015 2016 2017 2018
TN D' H PP o N ST TS
FIIFFIFFTFF IS
Year
© Year @
-e=2018 MO e Highest summer temperature
16 40 : S
—e—2018 i Lowest winter temperature m
—e—2017 ——Difference
14
02016 30
o L —e—2015 A 2 _
2 —~ g)
1% O 20 40
< o0t g, ! 2
I3 ) i §
E s (1)) o 38 B
£ s f g 10 | | | Pk &
2 5
: (][] 11 I
E 5 et E YL g
= =
4 L 34
, L -10 53
0 — 20 30
SRR L L LTSS F O ML . L SN N N N N N N N
NS N A R O i SIS S S S R A S
080 Date Year

Figure 6: Meteorological data. (a) Mean annual air temperature (orange) and annual precipitation (blue) were recorded at the 3000
m station._The temperature data for 2017 are from manual observations. Between 1990 and 2016, the moving average for
temperature and precipitation has been calculated. (b) Differences in the mean daily precipitation between 5-20 Oct 2018 and 5-20
Oct 2014-2017. Analysis of Variance (ANOVA) was used to investigate the difference of mean daily precipitation between five years,

085 it found that mean daily precipitation in 2018 was significantly higher than that in 2014, 2015, and 2017 (p<0.05). (¢) Differences in
the daily mean temperature between September to October 2018 and September to October 2014-2017, MO means manual
observation. (d) The average of the highest summer temperature (green bar) and lowest winter temperature (blue bar) of each year,
and their differences (red line).
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Figure 78: The relationship among PSFs, ongoing climate change, and glacier downwasting. Climate change can directly trigger the
PSF _through extreme precipitation and sudden increase/decrease of temperature or indirectly trigger the PSF by glacier
downwasting, which can also be used as a preparatory factor to indirectly trigger PSF (e.g., rockfalls). At the same time, many debris

095 fell into the glacier surface, increasing the range and thickness of the supraglacial debris-cover, which in turn affected the surface
energy balance for melting and therefore downwasting rate of the glacier, which will thus influence the rate of runoff generation
and its contribution to the sea level rise from glacierised catchments.
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Table 1: Satellite/UAYV data used to map the PSFs extents

Near Infrared

Sensor Type Acquiring Date (YYYY.MM.DD) Red (R) Spatial Resolution (m)

(NIR)
Landsat TM 1990.07.08/2000.08.20 Band4 Band3 30
Sentinel 2 2016.05.05/2018.08.23 Band8 Band4 10
RapidEye 2011.08.29/2013.05.26/2014.04.16/2015.04.03 Band5 Band3 5
PlanetScope 2017.07.17/2019.08.16/2020.08.20 Band4 Band3 3.125
Google Earth  2002.10.12 (SPOT5) Band3 Band2 2.5
DJ-UAV 2016.08.31/2017.06.07/2018.08.19/2019.05.15 - - 0.1

Table 2: Dimensions of PSFs in the study area. We selected periods of high-resolution images with the most obvious terrain changes,
the PlanetScope image (2019) for Type A, the UAV images (2016-2019, Fig. S1) for Type B, the PlanetScope, RapidEye, and © Google
105 Earth images (2002, 2011, 2014, 2015, 2019) for Type C (locations are shown in Fig. 5a).

Displacement speed /

| .
PSFs type ID Length (m) Width (m) Area (m) Upper edge retreat ncrease in exposed

rate (cmd ) area (m )
A 200 283 47,000 - =
B1 1035 114 112,424 1.96+0.04/- 12,125 (2016-2019)
B2 644 262 122,738 2.63+0.04/- 7,414 (2016-2019)
B3 805 132 63,241 1.65+0.04/- 8,528 (2016-2019)
B4 993 103 73,270 1.66+0.04/- 10,130 (2016-2019)
c1 849 312 139,135 -/3.39+0.20 45,499 (2011-2019)
c2 164 269 24,248 -/0.76£0.11 11,923 (2002-2019)
c3 1097 512 160,474 -/1.15+0.15 50,989 (2002-2019)
Fable3: Precipitation data from 20 2018
Days Days Days bays
>0mm) >20mm) >40mm) >60mm)
2014 362 24 0 0
2015 245 15 el 9
2016 271 25 3 0
2017 278 21 1 0
2018 269 19 2 1
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Supplemental Figures

UAV mapping area
12016
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<F Tie points
["1Missed slope area by the UAV

Fig. S1: Spatial extents of the four repeated UAV surveys by Qiao Liu et al. and the distribution of tie points selected for imagery
25  co-registration. Note the ‘tie points’ outside the UAV mapping areas were only used for extrapolation but not for co-registration._
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B Small scale rogkfalls

Fig. S73: Detected small magnitude rockfalls from UAV- and field-photographs.
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Fig. S8: Slopes range and area changes of type C. (a) C1, (b) C2, (c) C3 based on RapidEye, PlanetScope and © Google Earth (SPOTS5)
images.
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55 Fig. S9: Glacially smoothed and polished bedrock surfaces with steep inclination angles in B1 and its opposite bank, photographs
by Yan Zhong.
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Fig. S10: The gully developing process within B3 between 2002, 2013, and 2019, UAYV imagery by Qiao Liu et al.
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Fig. S11: A limited number of materials that are delivered to the supraglacial or sub-glacial environment through (a) direct rolled
(the sediments are more dispersed compared to rockfalls), (b) collapse, (c) debris flow (faster changes), and (d) stream, UAV imagery
by Qiao Liu et al.
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65 Supplemental Table

Tab. S1 PSF classification

Categories Sub-categories . .
. . Classification
Classification Standard
Result
ID Name ID Name
1.0 Rock slope Large-scale, catastrophic rock slope failure
failure 63
1.1 Rock avalanche Volume class: =10° (m°) -
(Deline et al., 2015)
Local-scale, high-frequency, and discrete rockfalls
1.2 Rock fall Volume class: <10° (m%) A
(McColl, 2012)
Deep-seated Extremely slow flows or displacements of bedrock
1.3 gravitational slope -
deformations (McColl, 2012)
2.0 Sediment Rock mass slides along the shear plane
lope fail i _
s1ope Jaiure 2.1 —Scdlmcpt mantled Shape: arc or strip B1-B4
slope slide
(Ballantyne, 2002;Cody et al., 2020;Hungr et al., 2014)
Gulley headward Strong headward erosion is added based on Type 2.1
22 _y—" C1-C3
crosion Shape: triangle
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