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Abstract. We analyze and reconstruct a recent Glacial Lake Outburst Flood (GLOF) process chain on 26 June 2020, involving
the moraine-dammed proglacial lake — Jinwuco (30.356N, 93.631<E) in eastern Nyaingentanglha, Tibet, China. Satellite
images reveal that from 1965 to 2020, the surface area of Jinwuco has expanded by 0.2 km? (+56%) to 0.56 km?, and
subsequently decreased to 0.26 km? (—54%) after the GLOF. Estimates based on topographic reconstruction and sets of
published empirical relationships indicate that the GLOF had a volume of 10 million m3, an average breach time of 0.62 hours,
and an average peak discharge of 5,290-602 m®/s at the dam. Based on pre- and post-event high-resolution satellite scenes, we

identified a large progressive-debris landslide originating from western lateral moraine that-having-eceurred 517 days before
the GLOF-Thislandslide was most likely triggered by extremely heavy, south Asian monsoon-associated rainfall in June 2020.

landslide;ercalving-ofice-inte-the-lake-We back-calculate part of the GLOF process chain, using the G1S-based open source
numerical simulation tool r.avaflow. Two scenarios are considered, assuming a debris landslide-induced impact wave with

overtopping and resulting retrogressive erosion of the moraine dam (Scenario A), and retrogressive erosion due-to—pre-

weakentng-ef-the-dam-without a major impact wave (Scenario B). Both scenarios yield-plausible-resultswhich-are in line with

empirically derived ranges of peak discharge and breach time. The breaching process is characterized by a slower onset and a
resulting delay in Scenario B, compared to Scenario A. i

possibHityComparison of the simulation results with field evidence point towards Scenario B, with a peak discharge of

4,600 m¥s. There were no casualties from this GLOF but it caused severe destruction of infrastructure (e.g. roads and bridges)

and property losses in downstream areas. Given the clear role of continued glacial retreat in destabilizing the adjacent lateral
moraine slopes, and directly enabling the landslide to deposit into the expanding lake body, the GLOF process chain under
Seenarie-B-can be rebusthy-plausibly attributable-linked to anthropogenic climate change, while downstream consequences
have been enhanced by the development of infrastructure on exposed flood plains. Such process chains could become more

frequent under a warmer and wetter future climate, calling for comprehensive and forward-looking risk reduction planning.

1 Introduction

The widespread retreat and thinning of glaciers observed in the 20" century has, in most regions, accelerated over recent
decades as a consequence of global warming (Hock et al., 2019; Zemp et al., 2019), leading to the rapid expansion of glacial
lakes (Shugar et al., 2020; Wang et al., 2020). When water is suddenly and catastrophically released, Glacial Lake Outburst
Floods (GLOFSs) can cause severe societal and geomorphic impacts over large distances downstream (Lliboutry, 1977;
Carrivick and Tweed, 2016; Cook et al., 2018; Wilson et al., 2019). This threat is most apparent in high-mountain Asia, where
severe, high-magnitude GLOFs have been recorded (Westoby et al., 2014; Harrison et al., 2018; Nie et al., 2018; Veh et al.,
210692019; Zheng et al., 20261). Lakes are increasing rapidly in both number and area (Gardelle et al., 2011; Zhang et al., 2015;

Haritashya et al., 2018; Zheng et al., 2019), and GLOF impacts can extend across national boundaries to create severe

challenges for early warning or other risk reduction strategies (Khanal et al., 2015; Allen et al., 2019). Scientific attention has
primarily focused upon moraine-dammed glacial lakes, owing to their large volumes (Fujita et al., 2013; Veh et al., 2020),
weak dam composition, and predisposition to various triggering mechanisms, of which ice and/or rock avalanches are most
commonly reported (Emmer and Cochachin, 2013; Nie et al., 2018). However, despite numerous large scale GLOF hazard
and risk studies having been conducted at national (e.g. Wang et al., 2015; Rounce et al., 2017; Dubey and Goyal, 2020) and
larger regional scales (e.g. lves et al., 2010; Schwanghart et al., 2016), there remains a relative lack of site-specific
investigations and reconstructions of past GLOF disasters. In fact, only a small fraction of recorded moraine-dammed GLOF

events across high-mountain Asia have been comprehensively studied (e.g. Narama et al., 2010; Westoby et al., 2015; Allen
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et al., 2016; Gurung et al., 2017; Byers et al., 2018; Nie et al., 2020; Majeed et al., 2020), and as such, triggering mechanisms

and processes for the majority of cases remain speculative. This is particularly true for the large number of GLOF events that
have occurred during the monsoon months (Richardson and Reynolds, 2000), during which time a lack of cloud-free satellite
image and/or safe access to the field can prevent detailed assessment. Nonetheless, based on limited case evidence from the
Himalaya (Allen et al., 2016) and elsewhere (e.g. Clague and Evans, 2000; Worni et al., 2012), it is reasonable to assume that
heavy rainfall may be an important, yet often underrated trigger of GLOF events and related process chains. In view of
projected climate change bringing warmer and also wetter conditions to monsoon-affected parts of high-mountain Asia
(Mathison et al., 2013; Kitoh, 2017; Sanjay et al., 2017), there is hence an urgent need to learn from recent GLOF disasters, in
order to improve our ability to assess and eventually manage future risks. This includes consideration of not only the physical
drivers of GLOF hazard but also the underlying dimensions of societal exposure and vulnerability that may ultimately drive
GLOF risk (Huggel et al., 2020).

During the onset of the 2020 monsoon, under the influence of warm temperatures and heavy rainfall, a GLOF occurred on 26

June in Tibet, China, causing severe damage to infrastructure and social impacts in downstream areas. Here, we aim to provide

a rapid yet comprehensive investigation of a—recentthis GLOF disaster-eceurring-in-eastern-Nyaingentangtha,Fibet-China;

during-the-onsetofthe-2020-mensesn, combining numerical modelling with the analysis of remotely sensed data, eye-witness
accounts and media reports. Specifically, the objectives of this study are to reconstruct both the longer-term conditioning and

short-term triggering and dynamics of the GLOF event and to assess the immediate impacts upon downstream communities.
Ultimately, we explore the extent to which this GLOF disaster can be attributed-linked to anthropogenic climate change or

other drivers, and discuss broader implications for future GLOF hazard and risk assessment.

2 Study area

The study area is located at the Nidou Zangbo (“Zangbo” refers to rivers in Tibetan) watershed in the eastern Nyaingentanglha,
Tibet Autonomous Region, China (Fig. 1). The Nidou Zangbo originates from the eastern foothills of the Luola Mountains
near the north of Zhongyu township in Lhari County with a length of 68 km (Liu, 2014) and is the right tributary of Yi’ong
Zangbo. The watershed covers an area of 1,267 km? with an elevation difference of 3,715 m. The topography of the watershed
is high in the west and low in the east, with an average elevation of >5,000 m. Most of the peaks in the watershed reach more
than 6,000 m, with the highest peak, Nenang Peak, at 6,870 m. The glacial and paraglacial landscapes are highly developed in
the watershed, with a total of 294 glaciers (>0.05 km? around 2005) covering a combined area of 396 km? (RGI Consortium,
2017). There are 96 glacial lakes (=900 m?_around 2015) distributed in the watershed with a total area of 3.2 km? and an

average area of 0.03 km? (Zheng et al., 20201), of which the majority are moraine-dammed lakes. The watershed is part of the
sub-humid monsoon climate zone of the plateau with cold winters and cool summers (Sun et al., 2014). The average annual
temperature recorded from the Lhari weather station during 1980-2019 is —0.2<C with an average lowest temperature of —
10.6<C in January and average highest temperature of 8.9<C in July (Fig. 1). The average annual total precipitation is 753 mm
and about 80% is concentrated from May to September (Fig. 1), largely controlled by the south Asian monsoon (Sun et al.,
2014).
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Figure 1. Location of Jinwuco and surrounding geographic features, including terrain, rivers, glaciers, glacial lakes,
settlements and major infrastructures (roads and bridges) downstream. The climate statistics in the upper middle panel
are based on the Lhari weather station, approx. 50 km away from Jinwuco, 1980-2019. Topographic base map is based

on the DEM generated from Ziyuan-3 stereoscopic pairs. The borders and location of the villages are from © Baidu
Maps.

Jinwuco (also known as Jiwengco, 30.356 N, 93.631E) is a proglacial moraine-dammed lake (Fig. 2) which is also the largest
glacial lake within the Nidou Zangbo basin (Zheng et al., 20201). It is situated at the terminal of the Jinwu Glacier that covers
an area of 7.9 km? and the lake is in contact with the steep ice tongue. The ice tongue enters the lake about 350 m below the
steep ice cliff that has a height of approx. 250 m and an average slope of 35°measured based on the satellite scene and DEM
acquired on 25 August 2020 (Table 1). The main axis of the lake is oriented in a north-south direction, flanked by steep slopes
and lateral moraines. The average height of the lateral moraines is over 100 m and the slopes are about 40< The upper end and
both lateral moraine slopes surrounding the lake are seasonally snow-covered, with an ablation period from April to September
and an accumulation period from October to March. The lake shows a typical elongated irregular oblong shape with a straight-
line length of approx. 1.8 km and its width varies in different positions. Before the GLOF of 26 June 2020, it exhibited wider
front and rear sections and a narrow middle section, with the section near the dam being 0.33 km wide. The part near the
glacier is 0.24 km and the middle section is about 0.23 km wide. The dam of the lake is formed by a vegetation-covered
terminal moraine, and has a length of about 400 m perpendicular to the streamline with an average slope of the distal (outer)
face of 20=and an average height of 10 m. The outlet channel is located on the western side of the moraine dam where there

is a permanent surficial outflow (i.e. dam freeboard =0 m).

From the administrative location, the Zhongyu township where Jinwuco is situated is part of the southeastern Lhari County,
118 km from the county seat. It contains 14 administrative villages in total. Six of them are within the middle and upper reaches
of the Nidou Zangbo basin (Fig. 1).
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Figure 2. Overview of Jinwuco before the collapse of the dam. (a) An overall view of Jinwuco and surroundings taken
from the opposite valley sideon 19 June 2020. (b) Crevassed hanging glacier ice terminated in Jinwuco, taken from
downstreamfrent to upstreamback of the lake on 11 June 2020. (c) Morphological parameters of Jinwuco, photo taken
from upstreamback to downstreamfrent of the lake on 15 June 2020. (d) Lateral moraine and steep mountain slopes
from westright to eastleft (11 June 2020) and (e) from eastleft to westright (30 May 2020). (f) Vegetation covered
moraine dam and the position of the outlet (11 June 2020). Photos: Q. Quying (used with permission).

3 Materials and methods
3.1 Long-term evolution of Jinwuco and adjacent slopes

To investigate the evolution of Jinwuco, multiple sets of satellite scenes are used to obtain its surface area between 1965 and
2020. The details and parameters of the datasets used are presented in Table 1. The declassified spy photographs of Corona
KH-4A and Hexagon KH-9, captured on 31 December 1965 and on 4 January 1976, are first geometrically corrected using a
Landsat 8 scene taken on 28 September 2013 as the master image, and are then projected onto the 1984 WGS UTM zone N46
coordinate system and resampled to 3 m and 6 m, respectively. The multispectral and panchromatic bands of Landsat-7 ETM+
and Landsat-8 OLI are fused using a nearest neighbour diffusion-based pan-sharpening algorithm (Sun et al., 2014) to improve

the spatial resolution to 15 m.

The outlines of Jinwuco are manually delineated based on these satellite images. The lake area is then calculated based on the

UTM projection and its uncertainty is estimated using the following equation (Hanshaw and Bookhagen, 2014):

1) P& 0.6872
=—X—X0.
G 2

where P is the perimeter of the glacial lake and G is the spatial resolution of the images used.

The regression analysis method is used to quantify the long-term evolution trend of Jinwuco.
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Table 1. Details and parameters of datasets used.

Data Date Resolution (m) Purpose Source
Corona KH-4A 31.12.1965 3 Glacial lake mapping
Hexagon KH-9 04.01.1976 6 Glacial lake mapping
Landsat 1-3 MSS ~ 09.01.1974; 08.06.1978; 12.07.1980 60 Glacial lake mapping

23.10.1987; 09.10.1988; 13.11.1989;
25.06.1990; 03.11.1991; 14.06.1992;
01.06.1993; 10.10.1994; 25.07.1995;
15.10.1996; 03.11.1997; 05.10.1998;

Landsat-5 TM 22.09.1999; 04.06.2000; 10.13.2001; 30 Glacial lake mapping 1
13.08.2002; 04.11.2003; 21.10.2004;
06.09.2005; 12.11.2006; 07.05.2007;
19.10.2009; 06.10.2010; 25.11.2011
05.08.2008; 16.10.2008; 04.11.2012; . . .
Landsat-7 EMT+ 13.06.2012: 26.09.2015 30/15 Glacial lake mapping
28.09.2013; 01.10.2014; 19.08.2016; . . .
Landsat-8 OLI 10.05.2020 30/15 Glacial lake mapping
. 26.09.2017; 11.09.2018; 26.09.2019; N . .
Sentinel-2 A&B 27 07.2020 10 Glacial lake mapping 2
Ziyuan-3 02 25.08.2020 5.8/2.1/5.8" Glacial lake mapping 3
Gaofen-1 24.06.2020 16 Glacial lake mapping 23
Gaofen-2 07.12.2017 3.2/0.8/3.2" GLOF exposure analysis =
Dynamic-analysis-of
glacial-lake
Ziyuan-3 02 .
digital elevation  18.12.2017; 25.08.2020 35 S;S;ﬁ;ﬁcess chain 3
model (DEM)

Daily and annual
1980-2020 temperature and
precipitation

Meteorological
station data

Regional climate trend
and GLOF cause analysis

1. USGS - United States Geological Survey (https://earthexplorer.usgs.gov/);

2. ESA — European Space Agency (https://scihub.copernicus.eu/);

3. RSGS — China Remote Sensing Satellite Ground Station — Kashi Ground Station; CRESDA — China Center for Resources
Satellite Datae and Application (http://www.cresda.com/);

4. CMA - China Meteorological Administration (http://www.cma.gov.cn/).

*Spatial resolution of multispectral/panchromatic image; "Only multispectral and near-infrared bands (2,3,4,8) with 10 m
spatial resolution were used.

3.2 Reconstruction and quantification of relevant features

Reconstruction of flood-related features is mainly based on two DEMs (one from 18 December 2017, i.e. before the event, and
the other one from 25 August 2020, i.e. after the event) that were generated from Ziyuan-3 stereoscopic pairs (Table 1). A
rough DEM of Difference (DoD) is produced from the overlay of the two DEMs. Further, empirical equations estimating lake

volume from lake surface area (Section 3.4) are employed. Specifically, the following steps are performed:

1. The lake bottom topography is reconstructed from the post-event DEM and the empirical volume estimation outlined

in Section 3.4. In the pre-event DEM, the lake surface elevation is replaced by the reconstructed lake bottom elevation.
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2. The landslide scarp area as well as release volume and release thickness distribution are derived from the DoD, also
considering the landslide features revealed by the post-event satellite image. The same is done for the landslide
deposit.

3. The DoD is used to derive the breach geometry and volume at the moraine dam of Jinwuco.

4. The pre-event and the post-event DEM are mosaicked in order to obtain the best possible quality and the most up-to-
date information for each pixel of the study area. This is necessary as — on the one hand — both DEMs show areas of
poor quality, with major artefacts. On the other hand, it is necessary to use the post-event DEM for the rear portion

of Jinwuco, as the pre-event DEM shows the situation in 2017, which is outdated due to glacier retreat.

As a result, raster maps of the terrain surface (cleared for lake water as well as landslide material), distribution of landslide
release and deposition thickness, and distribution of erosion depth at the moraine dam of Jinwuco are available for further

analyses. All raster maps are prepared at a cell size of 3 m. The DEM is not corrected for the influence of vegetation, which is

considered negligible within the scope of the present work. Further, a Geofen-1 satellite image from 24 June 2020 was used
to limit the timing of the landslide. i

3.3 Meteorological conditions before the event

In order to ascertain and analyze the meteorological conditions in the region prior to the GLOF, the daily temperature and
precipitation data pre- and post-event at the nearest Lhari weather station to Jinwuco are used (Fig. 1). The station is located
approx. 50 km to the northwest of Jinwuco, at a comparable elevation (4,489 vs. 4,444 m asl). The mean and extreme
temperature and precipitation over the first half of 2020 are compared to a 30-year climatological time series (1986 to 2015).

It should be noted that due to rainfall shadow and other topographic effects, precipitation can be highly heterogeneous in

mountain environments. For this reason, satellite-based accumulated precipitation patterns over Southeastern Tibet in June

2020 were used to confirm the appropriateness of the Lhari weather station for representing conditions at Jinwuco

(Supplementary Figure 1). Furthermore, interviews with local people confirmed there was indeed continuous rainfall in the

period prior to the flood that was generally consistent with the weather station records.

3.4 Empirical estimation of lake volume, breach time, and peak discharge

We employ a set of empirical equations to estimate lake volume (V), breach time (t,) and peak discharge (Qp) in order to cross-
check whether our simulation results are within the range of plausible values. Further, we use measured lake area (A) and
calculated lake volume (V) to estimate the mean lake depth (D). Following input data are derived from the analysis of pre- and

post-GLOF satellite images and DEMs and used in the calculations:

o lake area before GLOF (A): 560,000 m?

e lake width (Ly): 360 m

e breach depth (Bg): 20 m

e maximum breach width (Bw max): 80 m

e average breach width: 40 m (considering V-shaped cross-profile; By avg v), 60 m (considering trapezoidal cross-profile;
Bu_avg 1)

e breach width at the base considering trapezoidal cross-profile (Bw pase ): 40 m

e volume of material eroded from the dam (Ver): 300,000 m?

e released volume (VeLor): 10,000,000 m?
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We employ a total of 146 different empirical equations to estimate V, 12-8 equations to estimate t, (considering both V-shaped

and trapezoidal cross-profile of the breach) and 167 equations to estimate Q, (see Table 2 and Supplementary Table 1). These
equations are based on relationships derived from plotted values of well-documented cases. Despite the widths of uncertainty
bands and prediction intervals of these datasets being high (Froehlich, 1995; Wahl, 2004), they represent useful tools for
approximating the range of plausible values.

Table 2. A list of empirical equations used to estimate V, t» and Qp (for detailed description of these equations see
Supplement Table 1).

Characteristic Used empirical equations
Evans, 1986; O'Connor et al., 2001; Huggel et al., 2002; Wang et al., 2012; Yao et al., 2012;
Lake volume: V Fujita et al., 2013; Loriaux and Casassa, 2013; Emmer and Vilimek, 2014; Cook and Quincey,

2015; Kapitsa et al., 2017; Mufbz et al., 2020

MacDonald and Langridge-Monopolis, 1984; Costa, 1985; Bureau of Reclamation, 1988; VVon
Thun and Gillette, 1990; Froehlich, 1995; Wahl, 2004

Kirkpatrick, 1977; Price et al., 1977; Soil Conservation Service, 1981; Bureau of Reclamation,
Peak discharge: Qp 1982; Hagen, 1982; MacDonald and Langridge-Monopolis, 1984; Singh and Snorrason, 1984;
Costa, 1985; Evans, 1986; Popov, 1991; Froehlich, 1995; Wahl, 2004

Breach time: ty

3.5 Process chain simulation with r.avaflow

We back-calculate part of the complex GLOF process chain, employing the simulation tool r.avaflow (Mergili et al., 2017;
Pudasaini and Mergili, 2019; Mergili and Pudasaini, 2020). r.avaflow is a GIS-based open source simulation framework for
multi-phase mass flows, which has the capacity to dynamically compute the interaction between landslides and lakes.
Therefore, it is considered most suitable for the 2020 GLOF process chain at Jinwuco. In the present work, we back-calculate
the release of the initial landslide into the lake, formation and spreading of displacement wave(s), dam breach, lake drainage
and flood propagation 1.2 km downstream from Jinwuco. We do not consider the subsequent part of the process chain in the
simulation continuing downstream, as quantitative reference data on travel times or discharges — and, farther downstream, also

impact areas — are not available or at least highly uncertain.

Two scenarios are simulated, representing the two extremes in the range of likely triggers of the process chain (see Section 4.2
and Section 5.12 for more detailed explanations):

e Scenario A: The GLOF process chain is directly triggered by the extremely rapid movementrelease of the initial
landslide into the lake. The full reconstructed landslide volume is considered;+epresenting-a-very-bpperHmitjustified
by-the-uncertainties-in-the-volume-caleulation (Section 4.2).

e Scenario B: The initial landslide does not directly trigger the GLOF process chain and is therefore disregarded.

Instead, the breach of the moraine dam is initiated by incision of the surficial outlet channel. Such incision is induced

by increased outflow caused by a rather slow movement of the landslide into the lake.

Apart from the initial landslide, other model inputs are the same for both scenarios: the terrain is represented by the
reconstructed DEM (Sections 3.2 and 4.2), and so are the other input rasters: an initial landslide volume of 1.2 million m3s
released from the location shown in Fig. 6-5 in Scenario A, but not in Scenario B. A solid fraction of 80% with a density of
2,700 kg/m3and a fluid fraction of 20% with a density of 1,000 kg/m=are applied, assuming largely saturated conditions.
According to topographic considerations and the volume range derived from empirical relationships (Sections 3.4 and 4.4),

the volume of Jinwuco is set to 13.9 million m=3of water (fluid material with a density of 1,000 kg/m3,_slightly more

8
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conservative volume than mean and median empirical estimates (Section 4.4). Erosion and entrainment of solid material from

the terminal moraine is set to the extent of the calculated breach volume (300,000 m3Section 4.2). For the erodible material,
saturated conditions with 80% solid and 20% water are assumed. The same densities as for the landslide material are applied.
The most important model parameters are the internal and basal friction angles of the solid material ¢ and §, the Manning-fluid
friction number n, and the coefficient of erosion Ce. Empirically adequate results are obtained with ¢ = 25< 6 =10< n = 0.05,
and Cg = 10**I, This combination of parameters is probably not the only one possible due to equifinality (Beven, 1996).
Nevertheless, it is considered physically plausible, and a detailed sensitivity analysis would go beyond the scope of the present
work. The process duration considered in the simulation is t = 7,200 s (two hours) from the release of the initial landslide. All

simulations are run at a raster cell size of 12 m.

3.6 Analysis of impacts on society

On-site photos, videos, and local news reports are collected to capture and quantify the immediate societal impacts of this
GLOF event. Access to this information is largely made possible by the rapid development of online personal sharing
applications (e.g. Douyin or Tiktok) in recent years. Here, we gather an abundance of photos and videos from locals and

travellers that can provide the most intuitive in situ information about the lake and the region.

R 1 |
(before GLdF)

25Aug. 2020
Landslide e (after GLOF)
zone" N\

m‘ » ‘.\’
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Figure 3. Satellite images documenting the evolution of Jinwuco during 1965-2020 and the location of the debris
landslide. The lake area in parentheses of panel (c) is given in square kilometers. The backgrounds are from Corona
KH-4A, Landsat-5 TM, Sentinel-2A, Gaofen-1 and Ziyuan-3, respectively.
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4 Results
4.1 Long-term evolution of Jinwuco and adjacent slopes

Historical satellite images reveal that Jinwuco has undergone significant areal expansion since 1965 (Fig. 3). In 1965, its
surface area was 0.36 £0.003 km2. By 10 May 2020, the lake area has increased to 0.56 0.02 km?, showing an increase of
approx. 56% relative to 1965 (Fig. 4). Overall, the surface area of Jinwuco shows a non-linear growth trend from 1965 to 2020
— with an accelerated growth rate observed from 1995. Importantly, the rear part of the lake, where the landslide deposited, is
shown to have developed since 2010 (Fig. 3). After the GLOF event on June 26, 2020, the lake area is reduced by approx. 54%
t0 0.26 £0.01 km? (Fig. 4).
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Figure 4. Inter-annual dynamics of Jinwuco during 1965-2020 (prior to the GLOF), and the abrupt decrease in lake
area after the GLOF.

4.2 Reconstruction and quantification of relevant features

The reconstruction of the main features allows for drawing some conclusions about the mechanisms involved in the GLOF

process chain, and to estimate the mobilised volumes (Fig. 5 and Fig. 6):

1. Lake: the pre-event lake area was approx. 560,000 m=3Fig. 4), with a maximum width of ca. 360 m. A lake volume
of 13.9 million m33is reconstructed (Section 4.4), corresponding to a maximum lake depth of 54 m. The pre-event
lake level is set to 4,444 m, whereas the post-event lake level is set to 4,424 m, resulting in a drop of 20 m during the
event. In the frontal portion of Jinwuco, some discrepancies exist between the post-event lake extent derived from the
DEM and the satellite image (Fig. 5): this mismatch most likely indicates inaccuracies of the DEM.

2. Landslide: the Gaofen-1 imagery of 24 June reveals that the landslide had not yet happened until this point in time.

Assuming that the landslide occurred before the GLOF, we constrain the timing of the landslide to the period 24—

26 June 2020. Az landslide release volume of approx. 1.2 million m3s estimated from the DoD. However, there is
an error margin of few 100,000s of m=due to the non-perfect overlay of the two DEMSs. Despite some uncertainty in
relation to the exact volumes involved, it is quite clear from the DoD that the landslide initiated at the western lateral

moraine slope in the very rear part of Jinwuco. The satellite image reveals that there might have been some indirect
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involvement of material from slopes located above, which accumulated behind the crest of the lateral moraine
(possibly even slightly overtopping it). The additional load, in connection with saturation of the lateral moraine, might
have triggered the landslide. However, this interpretation remains speculative. The landslide deposit is clearly visible
in the rear portion of the post-event lake in the satellite image, and is also clearly represented in the post-event DEM.
It seems likely that the landslide did not deposit onto the glacier tongue and therefore entered directly into the lake
(Fig. 5). A deposition volume of 1.0 million m3is derived. This number is uncertain not only due to possible errors
of the DoD, but also as part of the deposit is covered by lake water, and part of it might have been washed away.
However, the order of magnitude of the deposition volume corresponds very well to the release volume, so that the

general pattern appears fairly robust. However, the available data do not allow to conclude on the landslide velocity,

so that we consider it useful to assume two scenarios for the GLOF simulation (Scenario A of an extremely rapid

landslide triggering an impact wave, and Scenario B of a slower landslide indirectly resulting in a GLOF)

(Section 3.5).

Breach of the terminal moraine: a maximum breach depth of 25 m and an eroded volume of 300,000 m=are derived

from the DoD. The difference of 5 m between the maximum breach depth and the drop of the lake level is a result of
the steeper longitudinal profile of the upper part of the drainage channel after the breach, compared to the situation
before the breach. However, as it is clearly shown in Fig. 6, there is a vertical offset between the pre- and post-event
DEMs, limiting the accuracy of the estimates. Even though the offset is not constant in space, it is likely that the pre-
event DEM would have to be uplifted in the area of the terminal moraine, relative to the post-event-DEM, to bring
the two in line, which would increase the maximum breach depth by up to approx. 7 m. However, the data basis is

too insufficient to justify such a correction.

* Output hydrograph,
control points

[ Lake (13.9 million m?)

| <10m - >30-40 m
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I >20-30m [ >50-54 m

[] Lake after event
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B 42-20m [ ]<5m
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Figure 5. Reconstruction of the lake depth, landslide, and breach of the moraine dam. Base map is shaded relief map
(left) based on the DEM generated from Ziyuan-3 stereoscopic pairs, and the Ziyuan-3 satellite scene (right) acquired
on 25 August 2020.

11



305

310

Figure 6. Breach of the moraine dam of Jinwuco. (a) Situation before and after the event of 26 June 2020, with
difference in elevation between the DEMs derived before and after the event. (b) Cross section along the profile P (see
(a)) before and after the event. Topographic base map is based on the DEM generated from Ziyuan-3 stereoscopic

pairs.
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4.3 Meteorological conditions before the event

When compared to the longer-term climatology it becomes immediately obvious that the landslide and GLOF process chain
at Jinwuco occurred during-following a period of vnusuathywarmabove average temperatures and unusually wet weather (Fig.

78). Over the dry winter and into the pre-monsoon months, precipitation measured at Lhari station was consistent with the
longer-term mean, as seen in the accumulated totals (Fig. 78b). However, through May and particularly June 2020, notable
periods of extremely heavy precipitation occurred, regularly exceeding 90" and even 95 percentile levels. In June, the 1986
2015 average precipitation total was 141 mm, compared to 240 mm in 2020, corresponding to an anomaly of +70%. A
particularly wet period is observed from 5-8 June 2020, with a total of 88 mm and a daily maximum of 31 mm of precipitation
on 7 June 2020.

{Sectien-4-2)-Temperatures transitioned from unusually cold conditions in late May and early June-{preceding-the-landshide
window), to anonymously warm temperatures from mid-June onwards;-. Over the 14 days preceding the GLOF, temperatures

were 1.6<C warmer than average, peaking at 4.4<C on 24 June, when an extremely warm daily maximum temperature of

19.4<C exceeded 90" percentile values
to-the- GLOF-event. During the cold period prierto-the-landshde-windew,-minimum temperatures were at or below freezing,
suggesting some of the heavy precipitation from 5-8 June would have fallen as snow around Jinwuco. Subsequent gradual

snowmelt could provide a plausible explanation for the lag between this heavy precipitation episode, landslide initiation, and

eventual-moraine breach, given that the GLOF event was preceded by two relatively dry, yet warm days (Fig. 78a).
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Figure 87. Meteorological conditions from January - June 2020, measured at the Lhari weather station, compared to
the longer-term climatology (1986-2015).

4.4 Empirical estimation of lake volume, breach time, and peak discharge

Out of 45-16 lake volume equations, 43-14 yielded meaningful results_(within the range of mean +/- 1 standard deviation),

ranging from 8.3 to 26.6 million m3. Mean calculated lake volume is 15.0-9 million m® and the median value is 14.4% million
mé. This_is slightly higher, but compares favorably to a reconstructed volume of 13.9 million m® used in the process chain
simulations (Section 3.6). The first (Q1) and the third quartile (Q3) are 13.2-3 million m® and 15.2-9 million m? respectively
(Fig. 89a). Accordingly, calculated mean depth of the lake ranges from 14.8 to 4751.63 m (average mean depth 2628.75 m,
median mean depth 25.72 m, Q1 is 23.6-7. m and Q3 is 2728.24 m). Calculated breach times range from 0.28 to 1.76 hours,

with 11 out of 12 calculated values suggesting a breach time <1 hour, with the mean value of 0.62 hours and a median of 0.47
hours (0.61 hours and 0.43 hours, respectively, if equations for erosion resistant dam are excluded; Fig. 89¢c, d). Calculated
peak discharge at the dam ranges from 2,354 m3/s to 11,832 m3/s. The average value of calculated peak discharges is 5,390

602 m®/s while the median is 4,406237 m3/s. Q1 and Q3 are 3,029-035 m®/s and 67,662-636 m3/s respectively (Fig. 89b).
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Figure 98. Lake, dam breach and flood parameters, derived from sets of published empirical relationships. (a) Volume
of Jinwuco. (b) Peak discharge at the dam. (c) Breach time, considering all available equations. (d) Breach time,
considering only those equations derived for easily erodible dams (an assumption we consider likely to hold for the dam
of Jinwuco).

4.5 Process chain simulation with r.avaflow

A detailed look at the dam breach (Fig. 910) reveals that the simulation results for both scenarios A and B are in good
correspondence with the ranges of peak discharge and breach depth derived through the empirical relationships described in
Section 4.4 and illustrated in Fig. 89. For Scenario A: at the point C2 (Fig. 5 or Fig. 101), depth erosion is completed at
t = 23-26 minutes after landslide release, i.e. 21242225 minutes (0.36-41 hours) after the impact wave had reached the outlet
of the lake, initiating retrogressive erosion. This time span is well within, even though in the lower part, of the range revealed
in Fig. 89d. After the breach has developed to its full depth, lake drainage continues and asymptotically approaches the level
of the eroded gully;~which-is-almostreached-after-twe-heurs (Fig. 920a). The peak discharge associated with the landslide-
induced impact wave reaches 16,90617,900 m¥s after 100 s (computed at a higher temporal resolution, therefore not visible
in Fig. 916b). Afterwards, discharge decreases and then increases again due to retrogressive erosion of the moraine dam. The
simulated peak discharge during the retrogressive erosion stage reaches 5,000-5,200 m%s at t = 24-28 minutes, being well
within the range indicated in Fig. 89b. With dropping lake level, the simulated discharge slowly decreases to a small residual
value after two hours (Fig. 916b). At all stages, the simulated flow is dominated by water, with a peak of approx. 246-220 m¥s

of solid discharge at t = 19-23 minutes, when retrogressive erosion is the most intense.
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Figure 920. Dam breach as simulated with r.avaflow. (a) Scenario 1A, evolution of lake level and the erosion channel.
(b) Scenario A%, output hydrograph. (c) Scenario B2, evolution of lake level and the erosion channel. (d) Scenario B2,
output hydrograph. Locations of the points C1, C2, and H are indicated in Figure 5 and Figure 11._In the output
hydrographs, H means flow height, and Q means discharge. The subscript P1 refers to phase 1 (rock), P2 to phase 2
(not existent in this case), and P3 to phase 3 (water). Fluid discharge and flow height are plotted in negative direction
for better readability.

The patterns yielded with the simulation of Scenario B (Fig. 29c and d) are similar in general, with the exception of the initial
impact wave that is only observed in Scenario A. However, onset of erosion takes more time, so that the breach and associated
emptying of the lake are delayed. The tipping point where slight channel erosion turns into a rapid dam breach occurs at approx.
30-35-39 minutes after the start of the simulation, depending on the definition. Thereafter—the base level of the erodible
material is reached at t = 37-62 minutes (23-27 minutes or 6-62-0.38-0.45 hours after the tipping point — within-in the lower
part of the range indicated in Fig. 89d). The peak discharge of 4,200-4,600 m3 is reached at t = 46-68 minutes. As is also the

case in Scenario A, the flow is entirely dominated by fluid: solid discharge peaks at 216-200 m¥ at t = 36-61 minutes.
Emptying of the lake continues at a decreasing rate afterwards. The lake level has dropped by 178 m after two hours, meaning

that the final drop of 20 m has not yet been reached.

Fig. 10at illustrates the evolution of the GLOF process chain for Scenario A (Section 3.65). This simulation only considers
the section until the floodplain downstream of the moraine dam of Jinwuco. Initially, the landslide impacts the lake (t = 10 s),

inducing a push wave that runs up the opposite slope (t = 20 s). At this time, Fthe minor outflow at the moraine dam represents

the usual surficial lake drainage and is not related to the landslide impact. The impact area shown at t = 60 s and the increased
lake width near point C1 reveal the evolution of the impact wave towards the front of Jinwuco. Still, at this point there is no

major signal of the impact wave at the outlet of the lake. The maximum height of the impact wave at C1, with 8:510.5 m, is
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reached att =70 s. BetweenAtt = 80 sand t = 85 s, a sudden increase of flow height at the point C2 from £-4-0.8 mt09.78.2 m

within 10-5 s indicates the onset of overtopping. Retrogressive erosion takes-placeinitiates along the main outflow channel,
induced by the signal of the initial impact wave. Some of the wave energy is reflected at the shore of the lake towards the
terminal moraine, so that a secondary wave with a height of 5.55.4 m passes through C1 at t = 125140 s. Linear retrogressive
erosion of the moraine dam leads to a continuous lowering of the base of the outflow channel, and consequently, lowering of
the lake level. Two hours after the onset of the initial landslide, the lake has shrunk to both a size and level which come close
to the post-event observations. Until this point of time, approx. 9:2-9.5 million m3of water have drained through the

hydrograph profile at point H (Fig. 920), according to the simulation. A main difference to the observation consists in the

massive overtopping of the moraine dam (visible at t = 120 s), a behaviour not revealed by the available post-event imagery.

The simulated impact area on the floodplain immediately downstream of the dam is slightly overestimated, compared
corresponds-fairhrwell-to the observed impact area in that section._In comparison, Fig. 10b shows the flow height evolution
for Scenario B where there is no initial impact wave, consequently also no sheet flow over the moraine dam, and a better

correspondence of observed and simulated impact areas.
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Figure 102. Seenario-A:eEvolution of flow height and GLOF impact area as well as solid and water volume fractions
during the first two hours of the event, as simulated with r.avaflow_for (a) Scenario A and (b) Scenario B. Only the
section until the floodplain immediately downstream from the moraine dam is considered in theise simulations. Base
map is shaded relief map based on the DEM generated from Ziyuan-3 stereoscopic pairs_and the simulation results.

4.6 Analysis of impacts on society

According to the news report from the Lhari Radio and Television Station on 15 July 2020, this GLOF event caused severe
destruction to villages and infrastructure to various degrees on both sides of the downstream river. The destruction consists
mainly of damage to buildings, roads, bridges, or farmlands, just to name a few (detailed statistics are provided in Table 3).
Fortunately, this event did not lead to any fatalities or injuries largely because it took place during the daytime, and the villagers
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collecting medicinal herbs upstream observed the flood and promptly informed the downstream villages to evacuate. The
affected area includes almost all the villages on both sides of the river, especially Baixiongcun and Zibucun. These where are
also the most affected by the 2013 Ranzeriaco GLOF (Fig. 1; Liu, 2014). The power of the flood is noticeably weakened after
its confluence with the Gagring Qu in the Zhongyucun and hence does not result in much damage to areas further downstream.
This flood damaged a major proportion of 43.9 km of roads between Yigacun and Zhongyu township (Fig. 1; Fig. 112), as
well as the only steel bridge to the township office (Fig. 123a), which caused certain difficulties for timely emergency rescue

operations.

Table 3. Details of the damages and losses caused by the GLOF of 26 June 2020.

Item Descriptiont
Casualties No casualties caused in this GLOF.
Buildings 10 residential houses destroyed and 1 damaged.

43.9 km of road connecting from Zhongyu township government seat to Yigacun was almost

Roads
washed away.

Bridges 6 steel bridges, 1 suspension bridge and 1 concrete covered culvert were washed away.
Flooded farmland 19.98 hectare (including 2.58 hectares of rapeseed fields); destroyed

Farmlands farmland 6.24 hectare (including 0.55 hectares of rapeseed fields); destroyed farmland fence
8,517 m.

Grasslands and forage I
g Destroyed artificial grassland area 3.15 hectare; flooded forage land 2.58 hectare.

lands
Forests Destroyed 9.07 hectare of forests for soil and water conservation project.
Flood control levee Breach of 7.7 km of flood control levee.
The total CNY 8.4 million 45% completed Yiga view project is completely flooded; 25
Others corrugated pipes, 3 culvert access bridges, and 7 simple bridges for humans and livestock

leading to summer pasture were washed out.
!Data from Lhari County Radio and Television Station.

Fig. 112 shows the valley and river channel below Jinwuco before, during and after the GLOF. It is evident from the
comparison of the photographs that the floodwaters almost inundated the wide river valley downstream and reached the
location of Yigacun, located in a relatively high position. The large elevation difference between the surface of Jinwuco and
the downstream river channel (approx. 630 m) provides significant potential energy, setting the stage for enhanced erosion and
greater damage. Further, the flood caused severe erosion of the lower valley and alteration of the river channel below through
the formation of alluvial fans. Fig. 132 gives a picture of the situation during the flood further downstream at the location of
Zhongyucun. The aerial photograph shows that the massive impact of the flood washed away roads, bridges and put some
buildings along the river at risk. The Zhongyu township has experienced rapid development and expansion of infrastructure
over the past fifteen years (some examples are shown in Fig. 143). Such development has increased the level of exposure to
potential GLOFs, as shown in Fig. 123c: these buildings were constructed recently in areas located directly on the riverbanks

and exposed to flooding.
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Figure 112. The situations in the valley and river channel below Jinwuco before, during, and after the GLOF. (a) Photo
taken from Yiga Glacier looking to Yigacun. Insets showing the situations in the valley during and after the GLOF
(photos: Q. Quying and Y. Quzhen). (b) The river channel and road before the GLOF taken from Yigacun looking
upstream. The yellow dashed line is the flood flow direction. (c) A view taken from upstream looking to Yigacun. Insets
showing the situations in the river channel during the GLOF (photos: Q. Quying). Aerial photos from 2 May 2020 were
taken by K. Liang.
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Figure 123. Examples of GLOF damage to downstream infrastructure and buildings at the confluence of Nidou Zangbo
and Gagring Qu. Background aerial photo by H. Li taken on 26 June 2020. (a) Comparison of the bridge connecting
Zhongyucun and Ningzhonggangcun before, during (photos: H. Li) and after the GLOF (rebuilt, photo: K. Ma). (b)
Destroyed roads (photo: H. Li). (c) Affected buildings at risk (photo: H. Li).

5 Discussion

5.1 Reconstruction and timing of the event

The availability of satellite imagery at high spatial and temporal resolution is invaluable for the reconstruction of the timing

and mechanisms of high-mountain process chains such as GLOFs. The understanding of events in earlier history sometimes

suffers from the impossibility of determining the cause of a GLOF due to lacking data: in the 1941 event at Lake Palcacocha

in the Peruvian Andes (Mergili et al., 2020), there is still speculation about triggering of the catastrophic moraine dam breach

by calving or an ice avalanche, however poorly supported by evidence. In the case of the Jinwuco event, in contrast, there is

clear evidence that a landslide has entered the lake not more than two days before the GLOF (Fig. 3), even though the

guantification of landslide volume is to be interpreted as rough estimate rather than exact value, given the hard-to-quantify

uncertainties in the available pre- and post-event DEMs. We assume a direct temporal coincidence between the two processes,

with the landslide having triggered the GLOF, as the most likely set of scenarios. However, there is strong evidence that there

was no massive, extremely rapid landslide impact into the lake: comparison of pre-event and post-event satellite imagery reveal

no overtopping of the dam, and not even the run-up of lake water on the inner side of the moraine dam (Fig. 3 and Fig. 5).

Both the simulation (Scenario A; Fig. 10a) and observations of other GLOFs (e.g. Schneider et al., 2014) would reveal such a

behaviour. Therefore, we consider a rather slow and/or progressive movement of the landslide into the lake much more likely,

represented by Scenario B (Fig. 10b).
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We now elaborate on the possible triggers of the landslide. The meteorological conditions in June 2020 (Fig. 7) were

characterized by extremely high precipitation in the period from 5-8 June. Further rainfall and snowmelt under unusually

warm conditions after 8 June are factors which most likely caused a gradual destabilisation of the moraine. The rather dry and

extremely warm conditions immediately prior to the GLOF may have induced increased melting and thawing processes,

leading to the final tipping point of a system which had already been at the verge of collapse, resulting in slope failure and the

GLOF-triggering landslide, most likely on 26 June.
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Figure 134. Examples of rapid development and expansion of the villages of lower Zhongyu township during 2006—
2017. The background of panel a and the satellite scenes for 2017 panels are a true-colour composite Gaofen-2 image
acquired on 7 December 2017. The satellite images for the 2006 panels are from © Google Earth acquired on 30 April
2006.
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5.2 Empirical estimations and process chain simulation

An extensive literature review with regard to the empirical estimation of lake volume, breach time, and peak discharge resulted
in a broad range of possible values (Fig. 98). Both of the simulation scenarios A and B have provided plausible characteristics
of peak discharge and breach time with the chosen parameter combinations. Due to the strong signal of the impact wave at the
dam in Scenario A, there is a more rapid onset and progress of erosion, so that the peak discharge is higher and the breach time
shorter, compared to Scenario B. However, the general pattern is the same. Model setup has revealed two critical aspects for
the simulation:

e The results are very sensitive to the empirical entrainment coefficient, which is multiplied with the flow momentum
in order to determine the erosion rate. In general, scaling of the erosion rate with flow momentum, though simple and
straightforward, might not be the mechanically most appropriate way and could be replaced in the future by an excess
shear stress approach, as it is used in some single-phase models (e.g. Iverson and Ouyang, 2015).

e In the present work, erosion and entrainment is restricted to the breach reconstructed through the overlay of the pre-
event and post-event DEMs. This constraint is introduced as the internal structure of the moraine dam is unknown.

No information about a possible ice core in the moraine is available in particular. However, the maximum erosion

depth reconstructed from the pre- and post-event DEMs was 25 m. This, in our opinion, indicates that the moraine

has no substantial ice core, at least not in the area where the breach developed, because otherwise such an ice core

would likely have constrained the breach depth, and therefore also the degree of lowering of the lake level.;-and In

the simulation, it is assumed that the part most susceptible to erosion was actually eroded during the event on 26 June

2020. The entrainment coefficient is calibrated in the way to vyield plausible peak discharges, compared to the

empirically derived peak discharges (Fig. 8). However, such simplifications limits the possibility to evaluate the

performance of the entrainment model. Strategies for a more detailed parameterization of dam erodibility are still the
subject of future research, and would also be important to make predictive simulations of dam breach more reliable.
5.3 The potential role of anthropogenic climate change on the process chain

The Jinwuco process chain described herein provides a strong case-basis for attributing-assessing the role of anthropogenic

climate change as a direct contributor to a GLOF-related disaster. While not within the scope here to undertake a full systematic

climate attribution analyses (Huggel et al., 2020; Stuart-Smith et al., 2020), we discuss the available evidence linking

anthropogenic emissions to observed temperature change in the region, the related role this has played in observed glacial

retreat, and how this has potentially increased the likelihood and/or magnitude of this event. The nearest weather station at
Lhari County has recorded a significant warming rate of 0.5<C per decade over the last 40 years (Fig. 1), reflecting a general

increasing warming trend seen across Tibet, with the most rapid warming observed since 2000 (You et al., 2016). While

regional studies are lacking, there is a strong anthropogenic signal seen in general warming over Asia (Bindoff et al., 2013).
These warming trends over Asia correspond with widespread glacial retreat and lake expansion across Tibet (Bolch et al.,

2019), and particularly align to the period of accelerated expansion of Jinwuco (Fig. 4). While there are few studies directly

linking the response of individual or even regional glacial changes to anthropogenic warming, it is considered extremely likely

that anthropogenic emissions have been the primary driver of the cumulative glacier mass loss observed globally since 1850,

with a central estimate of up to 100% (Roe et al., 2020). Physically there is no obvious argument to suggest glaciers in this

region of Tibet have responded anomalously from what has been established globally. If we therefore consider that

anthropogenic warming has at least played a major (if not dominant) role in the retreat of Jinwu glacier and associated lake

growth, the discussion turns to how this retreat could have increased the likelihood and/or magnitude if the June 26 GLOF

event. It is well established that paraglacial landscapes are characterised by anomalously high rates of erosion and mass

movements, compared to other environments, with debris flows, slides and avalanches being the primary mode of failure
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(McColl 2012; Knight and Harrison 2014). The reworking and modification of paraglacial landscapes occurs rapidly following

glacial retreat, with stabilisation of proximal slopes occurring within a few decades to centuries (Ballantyne 2002). Over this

time, paraglacial slopes remain particularly susceptible to heavy rainfall or melt processes (Blair Jr, 1994; Chiarle et al., 2007;

Evans and Clague, 1994), and when mass movements of rock or debris enter adjacent lakes, GLOFs can be triggered (Klimes

etal., 2016). In the case of Jinwuco, the debris avalanche that triggered the GLOF has occurred within 10 years of the glacier

retreating entirely from beneath the slope, suggesting a direct paraglacial response to this perturbation. A landslide occurring

from this same zone would not only have been less likely to occur in the past, when the slope would have been in a more stable

state supported by the glacier, any time prior to around 2010 it would have ran harmlessly across the tonque of the glacier.

Hence, a robust argument suggests that retreat of Jinwu glacier in response to anthropogenic warming has played not only a

key role in destabilising the lateral moraine from which the landslide initiated, but has also directly enabled the debris landslide

to strike the expanding lake body leading to the GLOF.

5.4 Implications for future GLOF hazard and risk assessment

Steep lateral moraine walls are commonly observed adjacent to receding glacier tongues and proglacial lakes globally, and on
a regional scale, lessons learned from the Peruvian Cordillera Blanca suggest that landslides from moraines are the most
frequent GLOF trigger in later stages of glacier ice loss (Emmer et al. 2020a). Yet surprisingly, instabilities from lateral
moraines have rarely been associated with large outburst disasters (Klimes$ et al., 2016). Existing GLOF hazard assessment
schemes (e.g. GAPHAZ, 2017) and related modelling studies (Schneider et al., 2014; Schaub et al., 2016); have typically
emphasised the importance of rapid process chains relating to large rock and ice instabilities that enter a lake at high velocities
generating massive flood waves. However, as with the GLOF case also triggered by moraine landslide reported in Patagonia
(Wilson et al., 2019), we-weuld-argue-thatresults from this study further show that moraine instabilities can also produce large

outburst flood hazardsshewld-draw-renewedattention-to-thepossibility—of-complex—lagged-proce hains—invelvinglarg

Such process chains may become of increasing importance in the future, given further glacial retreat or downwasting (Knight

and Harrison 2014; Emmer et al., 2020b), leading to higher moraine walls being precariously positioned above expanding
proglacial lakes. Furthermore, under a future climate, triggering of moraine instabilities under changing conditions could

become more likely (Panday et al., 2015; Sanjay et al., 2017) .
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Beyond the hazardous process chain, downstream exposure of buildings and other infrastructure has been shown once again
to be a key driver of GLOF risk (Kala, 2014; Huggel et al., 2020). Hence, there is an urgent need to ensure lives and livelihoods
are better protected through effective hazard mapping and land use planning, coupled with comprehensive early warning and
response strategies to minimise GLOF risk even under worst-case future climate scenarios. In the specific case of Jinwuco,
although the significant incision of the moraine dam now limits the maximum depth of the lake, the lake area and volume will
increase further as the glacier retreats, meaning the potential future outburst risk will continue to evolve. Furthermore,
considering simple diagnostic topographical criteria (after Frey et al., 2010), there is a strong likelihood of a new glacial lake
developing on the flat plateau higher on the Jinwu Glacier in response to a future retreat, meaning that anticipatory forward-

looking approaches to risk management are required.

6 Conclusions

We have comprehensively analyzed the Jinwuco GLOF process chain that occurred on 26 June 2020 in eastern
Nyaingentanglha, Tibet, China, based on remotely sensed data, eye-witness accounts, news reports, and computer simulations.

The main findings of this work can be summarized as follows:

1.

itial-slope failure from a steep lateral moraine

as the cause of this GLOF. Wawenﬂdeﬁedﬁpa%%%g%&%pmeessﬁm Aanalysis of meteorological conditions
from some weeks before the GLOF suggests that, most likely, the extremely heavy rainfall and high-above-average

air temperatures in June were essential drivers of this process chain. A%lys;s@fé@%mel—%mage&revealedrerume

2. Two scenarios are considered in the back-calculation of the outburst process chain, both of them producinge plausible
results that are consistent with empirically derived ranges of peak discharge and breach time. Hewever—given-the

likely-chain-of eventsderived-from-the-Sentinel-1-images-Given the timeline revealed by the satellite images, and

meteorological analyses, we consider a direct triggering of the GLOF by the landslide as the most likely scenario.

However, Scenario A, assuming an extremely rapid landslide, results in an impact wave overtopping the moraine

dam, a behaviour not in line with empirical evidence: lacking run-up on the inner part of the moraine dam reveals that

there was no major impact wave, excluding the possibility of a massive, extremely rapid landslide, rather pointing

towards a moderately rapid and/or progressive movement inducing retrogressive erosion of the dam. Such a process

would be in line with the simulation results of Scenario B. Seenario-B-{retrogressive-erosion-of-the-dam-without-a

3. The long-term evolution of Jinwuco and its relationship to the likely landslide trigger, as revealed by a time series of
satellite scenes, provide strong evidence that this event is directly related to anthropogenic climate change. Climate
warming has led to the continued retreat of glaciers like Jinwu in the region, while associated lakes have expanded
and the stability of the surrounding paraglacial slopes has been altered. Given the fact that instabilities from the flanks
of a lake may increase under a warmer and wetter future climate, the Jinwuco case provides a timely reminder of the
need for comprehensive and forward-looking hazard and risk assessment frameworks, considering complex

instantaneous and gradual process chains.
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Supplementary Table 1. Detailed description of empirical equations used to estimate V, t, and Qp. All variables are in metric units (m, m?, m?), time t, in hours and peak
discharge Qp in m%/s unless otherwise stated.

thermokarst

Equation | Description | Lake types | Reference
Lake volume V:
V=0.035A1% A — lake area Moraine dammed Evans, 1986
V=3.114A+0.01685A2 A — lake area Moraine-dammed O’Connor et al., 2001
Moraine- and ice-d d
V=0.104AL42 A — lake area oraine- and Ice-cammec. Huggel et al., 2002

V=0.0493A0-9304

A — lake area (in km?): V — lake volume (in km?)

Moraine-dammed

Yao etal., 2012

V=0.0354A13742

A — lake area

Moraine-dammed

Wang et al., 2012

V=A-D, where D=0.087A%434

A — lake area; D — mean lake depth

Moraine-dammed

Wang et al., 2012

V=A-D, where D=55Asqm"%

A — lake area; Asqm - lake area in km? D — mean lake depth

Glacial lakes (various types)

Fujita et al., 2013

V=0.2933AL %%

A — lake area

Moraine- and ice-dammed

Loriaux and Casassa, 2013

V=0.054393A1483009

A — lake area

Moraine- and bedrock-dammed

Emmer and Vil mek, 2014

V=A-D, where D=0.1217A0%412°

A — lake area; D — mean lake depth
(data replotted from Huggel et al. 2002)

Glacial lakes (various types)

Cook and Quincey, 2015

V=A-D, where D=0.5057A0-288

A — lake area; D — mean lake depth
(compilation including duplicate sites)

Glacial lakes (various types)

Cook and Quincey, 2015

V=A-D, where D=0.1746A%%7%

A — lake area; D — mean lake depth
(compilation excluding duplicate sites)

Glacial lakes (various types)

Cook and Quincey, 2015

V=A-D, where D=0.3211A%34

A — lake area; D — mean lake depth
(compilation including duplicate sites and Huggel et al. 2002
data)

Glacial lakes (various types)

Cook and Quincey, 2015

V=A-D, where D=0.1697A03778

A — lake area; D — mean lake depth
(compilation excluding duplicate sites and Huggel et al. 2002
data)

Glacial lakes (various types)

Cook and Quincey, 2015

V=0.036A%4°

A — lake area

Moraine- and bedrock-dammed

Kapista et al., 2017

V=A(0.041L,+2)

A — lake area; Ly — lake width

Moraine- and ice-dammed

Mufbz et al., 2020

Breach time to:

tb:0.0179Ver0'364

Ver— volume of material eroded from the dam

Not specified

MacDonald and Langridge-
Monopolis, 1984

t,=1008A/(ByBuw _avg)*®

A — lake area in acres; Bq — breach depth in feet; Bu_avg—
average breach width in feet (calculated for both By avg v and
Bw_avg_t)

Not specified

Costa, 1985




tbzo.olle_avg

Bw_avg— average breach width (calculated for both By, avg v and
Bw_avg_t)

Not specified

Bureau of Reclamation, 1988

t=0.015B¢

Bq — breach depth (for highly erodible dam)

Not specified

Von Thun and Gillette, 1990

%,=0.020Bg + 0.25

By — breach depth (for erosion resistant dam)

Not specified

Von Thun and Gillette, 1990

to= Bw_avg/4Bd

Bq — breach depth; By _ag— average breach width (for erosion
resistant dam; calculated for both By, avg v and By _avg 1)

Not specified

Von Thun and Gillette, 1990

tb:Bw_avg/(4Bd + 61)

By — breach depth; By,_avg— average breach width (for highly
erodible dam; calculated for both By,_avg v and By _avg 1)

Not specified

Von Thun and Gillette, 1990

tb:0.00254(VG|_o|:)0'53' Bd-0.9

VeLor — released volume; By — breach depth

Not specified

Froehlich, 1995

Peak discharge Qp:

Qp=1.268(B¢+0.3)%°

By — breach depth

Not specified

Kirkpatrick, 1977

Qp=8/27~g°'5-Bb1'5-(0.4 Bw_base_t
+0.6 Bw_max)

g — gravitational acceleration; By — breach depth; By pase t —
breach width at the base; By _max — maximum breach width

Not specified

Price et al., 1977

Qp=16.6B41%5

Bq — breach depth

Not specified

Soil Conservation Service, 1981

Qp:0-54(Bw_base_t ) Bw_max)o'5

Bw base t — breach width at the base; Bw_max — maximum breach
width

Not specified

Hagen, 1982

Qp=19.1B4®

By — breach depth (envelope equation)

Not specified

Bureau of Reclamation, 1982

Qp=13.4B4*%

By — breach depth

Not specified

Singh and Snorrason, 1984

Qp=1.776VGL0FO'47

VeLor — released volume

Not specified

Singh and Snorrason, 1984

Qp:1.122VG|_o|:O'57

VeLor — released volume

Glacial lakes (various types)

Costa, 1985

»=0. oLoFBa)® oLor — released volume; By — breach dep acial lakes (various types osta,

Qp=0.981(V Bg)P 42 V | d vol By — breach depth Glacial lakes (vari ) Costa, 1985
Qp=2.634(VeLorBa)>* VeLor — released volume; By — breach depth Glacial lakes (various types) Costa, 1985
Qp=44B4' 53 By — breach depth Glacial lakes (various types) Costa, 1985
Qp=325(Bg-VeLor1076)044 Bq — breach depth; VeLor — released volume Glacial lakes (various types) Costa, 1985
Qp=0.72VgLor*® VeLor — released volume Moraine-dammed Evans, 1986

Qp:1.154(Bd'VG|_o|:)O‘412

Bq — breach depth; VgLor — released volume

Not specified

MacDonald and Langridge-
Monopolis, 1984

Qy=3.85(ByVoLor) 41t

Bq — breach depth; VgLor — released volume (envelope
equation)

Not specified

MacDonald and Langridge-
Monopolis, 1984

QQZO.OO48V(3|_0|:m

VoLor — released volume

Moraine-dammed

Popov, 1991

Qp:()-607(Bd1'24'VGLOF0'295)

Bq — breach depth; VeLor — released volume

Not specified

Froehlich, 1995




Supplementary Figure 1. Accumulated precipitation over Southeastern Tibet from the Global Precipitation
Measurement (GPM 3IMERGDF v06). There is close agreement in accumulated totals between the location of
the GLOF at Jinwuco and Lhari, where the climate station is located.
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