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Abstract: Glacial lake outburst floods (GLOF) are one of the most destructive natural
disasters. Understanding GLOF evolution, and their impacts, plays a fundamental role in
GLOF hazard assessment and risk management. Reconstructing historical GLOFs is an
important exercise because detailed case studies of such glacial hazards are rare, which
hinders the capacity of glacial hazard practitioners to learn from these events. In this study,
we reconstruct a historical GLOF from moraine-dammed Chongbaxia Tsho (89.745°E,
28.211°N) in the Eastern Himalaya, which is a unique case study because the outburst flood
cascaded into two further lakes downstream. We employ a combn.ation of i) multi-source and
multi-temporal satellite imagery, ii) field investigation (inc'~..5 an unmanned aerial vehicle
survey), iii) numerical dam breach and hydrodynamic modelling and, iv) qualitative and
quantitative cryospheric and meteorological analys.> *0 investigate the evolution of the
GLOF hazard, simulate moraine dam failure anc. CLOF propagation, and explore the role that
long- and short-term climate trends pla;c.' 1. providing the conditioning factors for the
outburst. Chongbaxia Tsho expanded rapiai,” between 1987 until 2001 in response to glacier
recession most likely caused by a r:g-onalt warming trend of +0.37°C per decade. Based on
satellite image analysis we refin~ the outburst date to be 6 August 2001, instead of 6 August,
2000, as previously believed, anu attribute an ice avalanche into the glacial lake originating
from the receding paren’ gicler as the most likely trigger for moraine dam failure. Through
DEM differencing and la. e level decrease, we estimate that a total water volume of 27.1+1.6
x 10° m® was released from the lake during the event, and using dam breach modelling we
estimate that the peak discharge at the breach was >6600 m* s. The GLOF flowed through
downstream Chongbamang Tsho and Chongbayong Tsho, both of which served to attenuate
the GLOF and reduce downstream losses; the latter stored an estimated 96% of the flood
volume. Precipitation totals in the weeks preceding the GLOF exceeded the historical mean
by up to 40%, and may have contributed to instability of the parent glacier, and generation of

an ice avalanche with enough impact energy to cause lake water to overtop the moraine dam



and initiate breach development. A future GLOF from Chongbaxia Tsho cannot be ruled out,
but more field data, including detailed lake bathymetry, and information pertaining to the
sedimentological and geotechnical characteristics of the moraine dam, are required for a more
robust parameterization of a predictive GLOF model and quantification of the hazard posed

by a future GLOF.
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1. Introduction

The Himalaya, including the Tibetan Plateau, hosts the largest volume of glacier ice
outside of the polar regions (Farinotti et al., 2019) and is commonly referred to as the ‘Asian
water tower’ (Immerzeel et al., 2010; Yao et al., 2012). Glaciers across the Tibetan Plateau
sustain river flows outside of periods of high seasonal precipitation, play an important role in
provisioning water for use as a drinking supply and for industr*", and are an important tourism
and cultural asset (Immerzeel et al.,, 2010; Wang et al., ?201:). However, the region is
characterized by glacial retreat and negative mass balar-e (i vie et al., 2010; Yao et al., 2012;
Gao et al., 2019; Wang et al., 2019), and the rate of 1.~ 10ss has accelerated in past decades
(Maurer et al., 2019). As well as directly im.2cling the water resource for downstream
communities (Immerzeel et al.,, 2010; Jizmans et al., 2019), climate-driven cryospheric
change also has implications for th~. ~vo.ution of glacier-related hazards (Yao et al., 2012;
Immerzeel et al., 2013), includi, 7 giacial lake outburst floods (GLOFs) (Huss et al., 2017;
Harrison et al., 2018).

The frequency of riinalayan GLOFs make this region one of the world’s most
vulnerable zones for this phenomena (Quincey et al., 2005; Carrivick and Tweed, 2016;
Stoffel et al., 2016; Nie et al., 2017; Rounce et al., 2017; Nie et al., 2018; Allen et al., 2019;
Byers et al., 2019; Veh et al., 2019). The outbursts of Cirenmaco within Tibet, China, in 1981
(Xu and Feng, 1989; Chen et al., 2007; ICIMOD (The International Centre for Integrated
Mountain Development), 2011) and Chorabari Lake in 2013 killed hundreds of people (Allen

et al., 2016), whilst many hydropower plants have also been severely damaged or destroyed



by GLOFs across the region (Mool et al., 2001; ICIMOD, 2011) with resulting economic
losses totaling millions of US dollars. Hundreds of Himalayan hydropower projects (Zarfl et
al., 2015; Schwanghart et al., 2016) are proposed or are currently under construction to
exploit the considerable hydroelectricity potential of the region and to meet the soaring
energy demand in South Asia (Hennig, 2015; BP, 2019), however, most of these sites are
located in glacierized watersheds and are potentially threatened by GLOFs. Hazard and risk
assessment of future GLOFs is necessary to identify option. for mitigating potential GLOF
impacts, an exercise which is becoming increasingly impu.@ant as glacial lakes expand in
response to climate change (Nie et al., 2017) and the “~equency of key trigger mechanisms,
such as ice and rock avalanches and glacier ic. dstachments, is predicted to become more
frequent (Haeberli, 2017). However, decr.te a growing body of GLOF-related literature,
detailed case studies of historical CL)F., and most notably those involving multiple lake
cascades, are rare, yet knowleu . e gained from these events can be used to inform future
hazard assessment strategi~s. L.y reconstructing past events we can gain knowledge and
insight into key procesces &iid mechanisms in the GLOF process-chain (Mergili et al., 2018),
and assess the accuracy of hazard and risk appraisals (Nie et al., 2018).

Current databases of Himalayan GLOF events have been compiled using field surveys,
remote sensing observation and literature searches (Nie et al., 2018; Byers et al., 2019; Veh et
al., 2019) and have improved our understanding of GLOF magnitude, frequency, and trigger
mechanisms. Most Himalayan GLOFs are the result of moraine dam failures that have been

initiated by overtopping or piping (Westoby et al., 2014a), the former of which is commonly



triggered by ice, rock or snow avalanching, glacier calving, short-lived extreme precipitation
(Allen et al., 2016), earthquake and ice-cored moraine degradation (Richardson and Reynolds,
2000; ICIMOD, 2011; Westoby et al., 2014a; Allen et al., 2016; Stoffel et al., 2016; Byers et
al., 2019). Most Himalayan glacial lakes are located in high-altitude areas (>4000 m above
sea level) (Nie et al., 2017) and low accessibility makes the field investigation of glacial lakes,
which is important for in situ evaluation and validation of glazial lake and GLOF attributes,
difficult. Hence, some key attributes of newly discovered GL JFs. including event date, likely
triggers, and downstream impacts, are unclear. This is ‘he case for Chongbaxia Tsho in the
Eastern Himalaya, which is the focus of this study (Fiy. 1).

Remote sensing is widely regarded as a Fig. v ieasible technique for detecting historical
GLOFs, monitoring the past and curren. <"atus of glacial lakes, and predicting their future
evolution (Quincey et al., 2005; Nie <. al., 2017; Rounce et al., 2017; Sattar et al., 2019; Veh
et al., 2019). More recently, imcaery acquired from Unmanned Aerial Vehicles (UAV) and
processed using digital photoc ammetric reconstruction has been used to generate high
spatial resolution ort.iumouaics and digital elevation models (DEM) which with to investigate
moraine-dammed lake catchments and GLOF pathways (Westoby et al., 2012, 2014b; Wilson
et al., 2019). Numerical hydrodynamic simulation has been successfully applied to model
downstream GLOF passage (Worni et al., 2014; Westoby et al., 2014b; Sattar et al., 2019;
Wilson et al., 2019) and provide estimates of transient flow characteristics including
inundation flow depth and extent, and flow velocity, which are useful for developing hazard

maps and estimating historical or future damage and losses under various outburst scenarios.



This study aims to: (1) reveal the evolution of glacial lakes within the Chongbayong
catchment using satellite imagery captured between 1987 and 2019; (2) simulate the
Chongbaxia Tsho moraine dam breach and GLOF using a 1-D (dimensional) dam breach
model and a MATLAB-based 2D hydrodynamic numerical simulation, and which
incorporates field survey data, including DEM data captured from a UAV, and satellite
observations; (3) analyze the downstream impact of this GLOF event, and; (4) discuss the
future status of Chongbaxia Tsho considering glacier change and topographic characteristics.

On a wider level, this study seeks to provide valuable nsiy:its into GLOF hazard modeling

and risk assessment in the Himalayas.




Himalaya, (b) location of Kangmar County (black line), Chongbayong River, and the study
catchment (purple line), (c) Kangmar County and the location of the study site within this
region. The extent of Fig. 10d is also marked. Background in (a) and (b) are ©ESRI, and
background imagery in (c) is Sentinel-2 imagery acquired on 24 June, 2019.

2. Study area

The study area is the Nianchu River basin, Kangmar County, which is located in the
eastern Himalaya between Bhutan and Tibet, China. Specifically, we focus on the upper
catchment where Chongbaxia Tsho, Chongbamang Tsho and Cnurabayong Tsho are situated
(Fig. 1). Chongbayong River originates from the main ringe of the eastern Himalaya as an
upper tributary of Nianchu River, which in turn is a triou*ar y of the Yarlung Zangbo (Fig. 1b).
Settlements and human activities are mainly dict uted along the rivers (Fig. 1c). The total
population of Kangmar County was appr-..ma.~ly 22,900 in 2016. The climate in the study
area is driven dominantly by Indian s:'mmer monsoon and westerlies (Bohner, 2006) and the
precipitation regime shows a south-nrtn gradient due to the orographic barrier effect of the
Himalayas (Bookhagen anc Clurbank, 2006; Nie et al., 2017). The mean annual air
temperature and precipit itiv.x between 1987 and 2018 are, respectively, 5.5°C and 279.7 mm
at the nearest Gyangze Cr.unty station.

Chongbaxia Tsho (28.211°N, 89.745°E) is a moraine-dammed lake with an area of 0.46
km? in 2019. Its catchment area is ~12.6 km?, including a glacierised area of 6.1 km? and an
estimated ice volume of 1.6x10® m® based on ice thickness mapping (Farinotti et al., (2019);
Randolph Glacier Inventory (RGI Consortium, 2017) ID: RG150-13.26449 with a glacier area
of 3.9 km?. A GLOF originating in the Chongbayong catchment was first documented as

occurring during 2000-2001, but the source lake was unknown. Another two studies predicted



that it likely occurred on 6 August 2000 and originated from Longjiu Tsho or Chongbaxia
Tsho. A recent study confirmed that the most likely source was Chongbaxia Tsho, and that the
GLOF occurred in 2001 and was associated with moraine dam failure; an erosion gully in the
moraine with a maximum width of 90 m is visible on satellite imagery. However, knowledge
of the growth of Chongbaxia Tsho and evolution of the 2001 GLOF are poorly understood.
Flow from the Chongbaxia Tsho catchment enters Chongbamarg Tsho (with a catchment area
of 73.7 km?) approximately 4.5 km downstream, before -eaciing Chongbayong Tsho a
further 8.5 km downstream (an ancient glacial lake wit1 a catcchment area of 169.4 km? and
also named Chumba Yumco). The elevation range o. *ie Chongbayong Tsho catchment is
4530 - 6210 m a.s.l according to a PALSAR D. M derived from L-band Synthetic Aperture
Radar (ASF DAAC, 2015). There are 15 I ciers with a total area of 24.4 km? in 2010 in the
Chongbayong Tsho catchment, and *\.c ai.cierised area covers an altitudinal range of 4856 to
6044 m according to the secon' Chinese Glacier Inventory (CGI) (Guo et al., 2015). An
artificial dam complex, inctudi.g a primary dam (576 m-long) and an auxiliary dam (298
m-long), exists at the ~uuct of the Chongbayong Tsho reservoir and regulates downstream
flows for irrigation, flood prevention and eco-environmental conservation. Dam construction
began in 1986, and it became operational in 1989. It was repaired in 2006. The total water
volume of Chongbayong Tsho is approximately 660x10° m®. Chongbaxia Tsho therefore
represents the upper component of a river-lake cascade, which makes it particularly unique in

terms of the implications for downstream GLOF passage and potential attenuation.



3. Material and methods

3.1. Datasets

Remotely sensed data from multiple satellite platforms were used in this study. A total of
36 Landsat images (U. S. Geological Survey, 2016) with a consistent spatial resolution of 30
m between 1987 (earliest available imagery) and 2016 were used to extract lake and glacier
extents. Six Sentinel-2 scenes with a spatial resolution of 10 n. for multispectral bands were
retrieved between 2016 and 2019 (Copernicus, 2019) and *.."e also used for lake and glacier
mapping (Table 1S). All imagery are provided as terre:~-corrected products and well matched
with an error of around 0.5 pixels pixel (15 m for _anasat data and 5 m for Sentinel data).
Planet images with a spatial resolution rf 5 m (15 scenes, 2016-2019) were used to aid
georeferencing of UAV data, and for monitoir.ng glacial dynamics (Planet Team, 2017).

Field surveys were performed ot z1 and 22 October 2016 with the aim of investigating
the geomorphological charactoristics of the Chongbaxia Tsho moraine dam and wider lake
basin, and impacts relatez :2 u.e GLOF, specifically the moraine breach, a perched shoreline
(as an indicator of the jre-GLOF lake level), river- and rock-bed topography, and the
downstream depositional and erosion signature of the outburst. A UAV survey was carried out
on 22 October, 2016 with the aim of acquiring photos for the construction of a
high-resolution orthomosaic and digital surface model (DSM) covering the moraine dam and
immediate downstream area (Fig. 2a and b). A total of 417 photographs at the end moraine
zone were taken using a 12-Megapixel camera (DJI FC330) installed on DJI Phantom 4 UAV.

Photograph capture mode was set to ‘shutter priority’ (1/1000s) in order to reduce image blur.



DEM data and DEM differencing methods are essential tools for quantifying landscape
change across large spatial scales, and for this reason are important components in glacial
hazard assessment (Westoby et al., 2014b; Lala et al., 2018); DEM topography is required for
hydrodynamic GLOF simulation, and DEMs of difference (DoD) can be used to quantify
erosion and deposition along a GLOF flow path, and analyze landscape change in glacial lake
catchments. DEM data that are useful for these purposes irclude those generated by the
Shuttle Radar Topography Mission (SRTM, open access), 'nd he proprietary TanDEM-X
DEMs, the latter of which have global coverage at 12 1 resulution, has an absolute vertical
error of <2 m at 90% confidence (Wessel et al., 20.” and shows promising potential for
mountain geomorphological research more r.adly (Boulton and Stokes, 2018). Newer,
freely available, DEMs such as the PALS"AR-DEM (12.5 m resolution (Niipele and Chen,
2019)) and the 8 m-resolution High i."ou.itain Asia (HMA) DEM (Shean, 2017) offer more
flexible, high-resolution alternaw. 7e tu lower resolution, or expensive, data products. In this
study we evaluated the su'tabii.ty of an SRTM DEM (V3, acquired 11-22 February 2000
(Farr et al., 2007)), « "ALCAR DEM acquired 21 June, 2008, (ASF DAAC, 2015), a HMA
DEM dated 6 October, 2015 (Shean, 2017), and TanDEM-X data acquired between 2011 and
2015 (Grohmann, 2018) to estimate pre- and post-GLOF lake water volume, and provide
topography for downstream GLOF routing (Table 1).

We also used: annual and monthly meteorological data at Gyangze County between 1987
and 2018 from the China Meteorological Administration to analyze the role of climate change

in GLOF hazard evolution; CGI data (Guo et al., 2015) for baseline data on glacier extent;



existing elevation change data (Brun et al., 2017) for validating our estimates of the water
volume released by the GLOF, and; glacier thickness data (Farinotti et al.,, 2019) for
considering the role that future glacier evolution might play in terms of conditioning an

environment which might produce GLOF triggers.

Table 1 Characteristics of DEMs used in this study

Data Acquisition date Spatial resolutic.1 (™) Imaging system
SRTM DEM February, 2000 30 SAR C band
PALSAR DEM 21 June, 2008 12.5 SAR L band
TanDEM-X 2011-2015 90 SAR X band
HMA DEM 6 October, 2015 8 Optical

3.2. Methods

3.2.1. Validation of GLOF event, glacter ana ylacial lake mapping

Diagnostic landscape characteii: tics that are critical for validating the occurrence of a
GLOF include the obvious shi.nkaye of lake extent (implying drawdown), the identification
of a moraine breach or trzich (ygenerally carved over a short duration by escaping floodwater),
evidence of downstream zrosion in the form of significant in-channel and overbank scour
(indicative of the passage of a high-magnitude flow), and depositional features, such as a
debris fan that originates from a breach (Nie et al., 2018; Veh et al., 2019). By identifying all
of these geomorphological features and the date at which they appear in historical satellite
imagery, and later validating these through field investigation, Nie et al (2018) confirmed an
outburst from Chongbaxia Tsho as occurring sometime between 5 February and 4 November,

2001. Glacial lake and glacier extents in the study area were extracted using an advanced



automated adaptive lake mapping method based on Landsat and Sentinel images (Wang et al.,
2014; Sheng et al., 2016; Nie et al., 2017; Wang et al., 2017; Jiang et al., 2018; Yao et al.,
2019). Specifically, the Normalized Difference Water Index (NDWI) (Mcfeeters, 1996) was
used to derive glacial lake extent while the Normalized Difference Snow/Ice Index (NDSII
(Hall et al., 1998) was used to extract glacier extent. Specifically, we first calculated the
NDWI and NDSII histograms in each region of interest, 7nd then interactively set the
threshold to extract lake or glacier extent based on instantane ausi 7 screening boundary in the
images. A further consideration is that inland water (lak:* anu river) masks are widely applied
during DEM generation to void-fill in these regions .~cause of the very low reflectivity of
undisturbed water (USGS, 2015). There is thee\ «re uncertainty regarding the accuracy of the
water surface elevation as it is represe. *¢d in these DEM products, because inland lake
extents can fluctuate both temporal'y ~nu spatially. However, we consider that this effect is
minor for most glacial lakes. vhicn tend to have an outflow channel that regulates a
more-or-less constant lake 'eve . To take these factors into account, we calculated the final
lake volume decreese by using a combination of lake extents, lake level change and
topography. We anticipate that these factors will become less of a consideration as more
accurate, and higher resolution DEMs become available for remote regions.

Lake and glacier outlines were exported as shapefiles. An error of 0.5 pixels (15 m for
Landsat data and 5 m for Sentinel data) is associated with the perimeter of each extracted
glacial lake and glacier (Nie et al., 2017; Jiang et al., 2018) and was used to calculate the

mapping uncertainty.



3.2.2. UAV processing

Structure-from-motion (SfM) photogrammetry methods (Westoby et al., 2012, 2014b;
Vargo et al.,, 2017) were implemented in Pix4Dmapper (v2.1) software (Colomina and
Molina, 2014; Terwisscha Van Scheltinga et al., 2020) and were used to generate a DSM and
orthomosaic from our UAV data. For computational efficiency we set image scaling at 0.5
and ‘optimal mode’ was selected for point density during point cloud and mesh
reconstruction — the latter is useful for guiding GCP place’nei.*. We used photograph geo-tags
to assist with initial camera pose estimation and .p.se point cloud reconstruction, and
provide key information (e.g. focal length) for ~amera calibration. The mean number of
matched 2D key-points was ~21,000 pc° nrage and the relative difference between
parameters in an initial and an optin.*zed camera model was <5%. Due to field constraints,
we could not deploy and survev a wrll-distributed ground control network and so as an
alternative we manually identi;ad 15 stable features to use as GCPs from a Planet image
acquired on 23 Octobe’, .J16, one day after the UAV survey, and which is the highest
resolution, freely availab e optical satellite imagery for the site. We extracted x and y GCP
co-ordinates from this satellite imagery, and retrieved z information from a PALSAR DEM,
which was chosen due to its high (12.5 m) resolution. GCPs were imported in the WGS84
UTM (zone 45N) coordinate system (Fig. 2a). The mean positional accuracy of these GCPs
following placement and bundle adjustment was 0.01 m, -0.03 m and 0.07 m in xyz, implying
a high degree of internal model consistency. We assume that the relative geo-location error is

+2 m at 98% confidence, which is in line with a handheld GPS-estimated value of vertical



difference for control point locations. We note that our method of using a satellite-derived
DEM and imagery for extracting GCP information where no accurate, field survey-derived
control data are available has also been used in other similar studies, such as Wilson et al.,
(2019).

We generated a DSM at 0.13 m grid spacing from our dense point cloud (totaling 25x10°
densified 3D points), and used °‘sharp’ surface smoothins and the ‘Inverse Distance
Weighting” method rather than ‘Triangulation” for DSM genc ratit n in Pix4Dmapper because
the former is more suitable for reconstructing rugged te ran.. We determined the elevation of
the pre-GLOF lake surface by combining field- an.' remote sensing-based observations;
specifically, we used the UAV orthoimage «'d DSM to extrapolate post-GLOF field
observations of the location of the peirch:d shoreline, and validated this mapping using
knowledge of maximum lake extent 7,.>m gre-GLOF Landsat satellite imagery from 2001. We
further used the UAV orthoimag= to map the current lake extent, which was later used in
combination with a satellit>-dei.ved DEM to determine lake level decrease and estimate the
initial GLOF volum¢ (cee Scction 3.2.3). We discuss uncertainties relating to our estimate of
pre- and post-GLOF lake levels as they relate to reconstructing the volume of the GLOF in

section 3.2.3.

3.2.3. DEM uncertainty and estimation of flood volume
We used SRTM DEM data to represent the pre-GLOF topography of the study site

because these data were acquired approximately one year before the outburst and are



therefore the best topographic representation that is available for this point in time. To
validate the elevational accuracy of the SRTM DEM, we compared it with other, more recent
DEMs that have a higher product accuracy. A total of 100 random points were generated on
stable ground (excluding water bodies, snow and glacier cover) around Chongbayong Tsho
catchment (Fig. 2c, and d), and for which DEM elevation was extracted. Linear regression
showed that all DEMs had a significant relationship (Adj. R? >0.999). The mean difference
between the PALSAR DEM and TanDEM-X was 2.36 m ¢ xmp.red to 1.52 m between the
PALSAR and HMA DEMs. The median is <2 m for bot*. co:..parisons. We observed a median
difference of 30 m between the PALSAR and SRTM L™ ls, a shift which is probably caused
by a systematic elevation bias of the latter DE 41 .n the study area (Fig. 3). We therefore
subtracted 30 m from the SRTM DEM, =nd used this topography as an input for GLOF
simulation in this study. The mear J*fte;ence between the z-shifted SRTM and PALSAR
DEMSs was 0.51+4.25 m (1 o) (i 'a. 5). Whilst we acquired a handheld GPS trace at the site,
these data are not spatiall’,’ (o1 topographically) representative of the wider site and were
therefore only used 7o, fic.a mapping. Further, because these data were collected in a format
that could not be differentially corrected, which would improve their accuracy, it is highly
unlikely that the xyz accuracy of these data exceeds the relative accuracies of our DEM
products (see inset tables in Fig. 3), which we instead feed forward into our uncertainty
estimation of the drained lake volume.

Considering the coarse resolution (90 m) of TanDEM-X data and the extensive areas of

no data in the corresponding HMA DEM across the study site, we used the PALSAR DEM to



represent the post-GLOF topography for the catchment. By vertically differencing the
z-shifted SRTM and PALSAR DEMs we estimated the volumetric difference between the
lake marginal topography which was previously submerged, and which emerged as the lake
level dropped to be 2.5x10° m®. If we extract volume loss for the same spatial extent from
Brun et al.’s (2017) elevation change map for HMA, which was derived from the differencing
of SRTM and co-registered ASTER DEM data (a differencing period of 2000-2016), we
produce a volumetric change of 2.7 x 10° m®, which is a diff *ren: e of 6.9%, demonstrating a
high degree of consistency between our estimate of lak« vuiume decrease and that estimated
using secondary data. By subtracting the PALSAR DE. *-derived elevation of the current lake
surface from our SRTM DEM-derived estimete f he pre-GLOF lake surface elevation, we
estimated that the lake level decreased by 2/ £2 m as a result of water volume loss associated
with the GLOF, and where our unzc<tan.ty bound encompasses the residual vertical error
between the pre-GLOF (SRTM) and post-GLOF (PALSAR) DEM topography (Fig. 2a, and

b).



? =
- Hand-held GPS recor

Fig. 2. High resolution imagery ~nd DEM data products for the study area. (a) ortho-rectified
high resolution images 07 Fionet image on 23 October, 2016 (background) and our
UAV-derived orthoimage of the moraine and immediate downstream area, derived from
imagery captured on 22 October 2016 and processed using SfM methods, (b) PALSAR DEM
and UAV-derived DEM extent overlaid with a field-recorded GPS route, (c, d) spatial
distribution of random sampling points on stable surfaces which were used to quantify
elevational differences between various DEMs. Background image in (c) is a Landsat image

acquired on 19 December 2000. Background topography in (d) is a SRTM DEM.
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Fig. 3. Comparison of DEM elevatio:.~ for random points (Fig. 2c, d).

3.2.4. GLOF simulation

A range of software packages have been used to simulate dam-breach formation and
downstream GLOF p.20ugation, and each has their own advantages and shortcomings.
Models that have been used to date include NWS BREACH (Wang et al., 2008; Worni et al.,
2014), HR BREACH (Westoby et al., 2014b, 2015), Dam/Levee Breach (DL Breach) (Wu
and Wang, 2007; Wu, 2016), HEC-RAS (Wang et al., 2018; Sattar et al., 2019), BASEMENT
(Lala et al., 2018; Vetsch et al., 2020), FLO-2D (Worni et al., 2014), and r.avaflow (Mergili
et al., 2017) and most those have a hydrodynamic component which is based on the shallow

water equations (SWE). Designing a GLOF simulation is generally a compromise between



input data availability, computational cost (which is often determined by the dimensionality
and physicality of the model), model robustness, and the desired quality and detail of the data
outputs (Westoby et al., 2014a).

Our GLOF simulation workflow is comprised of two stages: 1) dam breach simulation,
and 2) downstream GLOF propagation. To generate a dam-break hydrograph we used the
physically-based numerical model DL Breach, which emplo*'s a 1D non-equilibrium total
load equation to simulate the evolution of breach morpho ogy and solves the governing
shallow water equations for simulating flow over the Jan. using an explicit finite volume
method (Wu and Wang, 2007; Wu, 2016). DL Breach _*-ares similarities with a number of the
models referenced above (like HR BREACIH!, t ~imulates breach erosion in the form of
head-cut migration) but with additional c.nuoility to simulate the development of scour holes
in the breach as it develops, and the . iliy, to simulate sub-base erosion (Zhong et al., 2016).
Key model input parameters inc.'ide embankment geometric characteristics, breach ‘mode’,
Manning’s n value for surf~ce 1sughness, an initial upstream and downstream water surface
level, final breach Lutton. width, outflow water volume and lake area. We tested three
scenarios of lake level decreases: 35 m, 37 m and 39 m, which represented upper and lower
initial GLOF volumes of 28.7 x 10° m® and 25.5 x 10° m®, respectively. In the absence of any
definitive evidence to suggest otherwise, we assume that the mode of breach initiation was
via overtopping, which is in line with the vast majority of documented moraine-dam failures
worldwide, and that the moraine has a non-cohesive dam structure, which we confirm via

field investigation (Fig. 4). A simulation is initiated by specifying a lake level which is above



the crest of the dam, followed by the implementation of a weir formula for routing flow over
the dam crest and initiating incision.

To select an optimal set of initial conditions, we ran a series of dam breach scenarios and
compared the modelled maximum breach top width with field data, and, in the absence of any
field measurements of breach outflow during the GLOF, an estimate of peak discharge
derived from an independent equation that uses lake volume as a key input (Evans, 1986).
Assuming a water level decrease of 37 m, and a total outflcw volume of 27.1 x 10° m* we
produced a modelled peak discharge of 6625 m* s™*. The poak discharge as estimated using
Evans’ equation (1986) is 6267 m* s™. We therefoi. 7ind a volumetric difference of 5%
between our numerical modelling derived est'm. te, and an estimate from a well-established
empirical equation; such empirical equaicns have been routinely used to estimate GLOF
discharge characteristics for sites ‘v.>ere a lack of field data precludes the use of more
advanced methods (Westoby et l., z014a), but the use of such equations is becoming less
common. The maximum rradei;ad breach top width was 92 m, which is a difference <2%
when compared to t'e ~an.C metric extracted from the UAV orthoimage. The breach outflow
hydrograph for a total water level drop of 37 m (Fig. 4) was exported for use as input for our

flood propagation model.
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Fig. 4. Modelling-derived hydrograph at the moraire .reach. The hydrograph was

constructed using the 1D DL Breach model for thr:e ‘nidal lake level scenarios based on

water level decrease uncertainty.

We simulate GLOF propagation bev. *<en the moraine breach and Chongbayong Tsho, a

distance of approximately 15 km, u%i."1 a MATLAB-based 2D model, and which adopts the

classic SWE. The model and its . "ain principles have been described in detail by Liang (2010)

and have been successfully app-.ed to simulate flood propagation (Liang, 2010; de Almeida

et al., 2012; Worni ¢ ', 2513; Vacondio et al., 2014). The model conserves both mass and

momentum, which are expressed as:

ch 0 0

g(hu)+§[hu2 +%gh2j+%(huv):—gh(§+8ij

5 o o(, 2.1 ) (&
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where h is flow depth; u and v are the flow velocity components; g is the gravity acceleration;

z is the bed elevation; Sy and Sy, are the Manning friction terms, and can be expressed as:



S, =gnu(u’ +v? )1/2 h'? @
S, =gn’v(u’ +v2)1l2 h?
where n is the Manning friction coefficient.

A notable caveat is that the model does not consider the effect of sediment erosion and
deposition, or the ‘mobile bed’ phenomena, and is thus limited to simulation of clear water
flows. The model employs a finite volume method coupled with an approximate
(Harten-Lax-van Leer-Contact) Riemann solver, which can handaic the discontinuous problem
at the grid cell interface well (Liang and Borthwick, 2009). A vell-balanced scheme proposed
by Audusse et al (2004) was used for preserving - si*ady state at the discrete level and
preventing a non-physical flux. Our z-shifter’ SRTM DEM was used to represent the
downstream topography, over which the fioc 9 voas routed. The friction coefficient n, is a key
parameter of the Manning equation *Vilson et al., 2019), affecting the flow propagation. In
our modelling workflow, the lake wter in Chongbamang Tsho and Chongbayong Tsho is
considered immobile, and the 1.'7e surface is considered as a topographic surface over which
the GLOF is routed, and wi.<h is a limitation of our method. The n values for lake water and
non-water surfaces are rreatly different. Therefore, two values of n, 0.05 for non-water

surface and 0.02 for lake water surface were used according to previous studies (Westoby et

al., 2014b; Sattar et al., 2019).

4. Results
4.1. Chongbaxia Tsho GLOF event and relevant lake changes

The specific date of the Chongbaxia Tsho GLOF event probably occurred on 6 August



2001. The maximum extent of the lake in the satellite imagery record was 0.80 km?, which
was observed on 5 February 2001, and was the culmination of rapid expansion since 1987
(Fig. 5). By 16 August 2001 the lake area had decreased to 0.34 km? as a result of dam failure
(Fig. 5 and Fig. 6). We narrowed the timing of the GLOF to between 31 July and 8 August
2001 through the evidence of changes in lake extent, downstream vegetation and sedimentary
deposits before and after flooding interpreted from the image~. We refine the actual date of
the Chongbaxia Tsho event to be 6 August 2001, not 6 Aug 'st 200, as previously believed
(Liu etal., 2016).

Analysis of lake area changes of Chongba.*a Tsho, Chongbamang Tsho and
Chongbayong Tsho between 1987 and 2019 she. < 'ight on the impacts of the GLOF, and in
the case of Chongbayong Tsho, managen.>r. decisions that were made as a direct result of the
2001 event. Pre- and post-GLOF i(=nus in lake area were revealed through satellite
observations acquired between 187 and 2019 (Fig. 5). Before the dam failure of Chongbaxia
Tsho, the lake area of Chongu.ayong Tsho and Chongbaxia Tsho had been continuously
increasing since 195, n.canwhile Chongbamang Tsho was stable with a mean area of
0.83+0.07 km® Immediately after the 2001 GLOF, the area of Chongbaxia Tsho and
Chongbayong Tsho rapidly shrank and reached their lowest historical water level on 16
August and 4 November 2001, respectively. The area of Chongbaxia Tsho was stable between
2002 and 2019 with a mean area of 0.47+0.04 km? (Fig. 5) while Chongbayong Tsho
expanded by 12.8% between 2002 and 2006. Following the GLOF, it appears that the level of

Chongbayong Tsho was either artificially reduced to its minimum extent of ~11 km? in



November 2001 to mitigate against overflow whilst repairs to the structure were carried out,
or damage to the dam caused the uncontrolled release of additional lake water, although we
cannot confirm the exact cause for this sudden drop. Since 2006 the level of the reservoir has
fluctuated as a result of regulation to meet the downstream water demands (Fig. 5). The area
of Chongbamang Tsho did not contract immediately after the GLOF, but its level steadily
declined after 2002 to a minimum area of 0.65 km? in 2007. It3 area was remained relatively

stable between 2002 and 2019 with a mean area of 0.71+0.06 km*
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Fig. 5. Surface area changes for the three lakes in the study catchment from 1987 to 2019.



Fig. 6. Changes in the surface area of Chongbaxia Tsho mora ne-c ammed lake, and along the
GLOF flow path, between Feb. and Aug. 2001, includir the <ffects of the 2001 GLOF. The
pre-GLOF lake extent on 5 February 2001 (yellow line) was selected as the reference for
comparing the changes. Background data are |.ai. 1<%t images displayed in standard false
color composite (near-infrared, red, and y.~.n as RGB). Black rectangles highlight sudden

landscape modification (i.e. develop~..ont uf debris fans) as a result of the 2001 GLOF.

4.2. The 2001 Chongbaxia Tsi2 CLOF

A total water v, m. of 27.1+1.6 x 10° m® was released from Chongbaxia Tsho in 2001.
Summary outputs for our modelled reconstruction of the GLOF are shown in Figs. 7-9.
Assuming a maximum lake level drop of 37 m, the GLOF flow depth, velocity and peak
discharge greatly varied both temporally and spatially (Fig. 7-9) in the first 10 hours after the
initiation of dam failure according to our simulation. The maximum modelled flow depth was
20.4 m and occurred near the breach site at 1.87 h since breach development (Fig. 7), and the

maximum modelled flow velocity was 17.8 m a™*, which occurred at 1.4 km from the breach



at 1.95 h. Generally speaking, the momentum of the GLOF gradually reduces with distance
from the breach, primarily due to the effects of land surface friction. Localised increases and
decreases in flow depth and velocity along the flood path are the product of flow
constrictions and expansion as a result of the topography; inundation depths and flow
velocities increase in narrow channels and decrease as the floodplain widens (Fig. 7 and Fig.
8). However, the Chongbayong Tsho dam and flow dispersion across the fixed surface
topography of Chongbamang Tsho and Chongbayong Tsho 1rea ly attenuated the GLOF in
this study; the flow velocity obviously decreased betw+en . 2.2 h and 3.1 h, and the peak
discharge noticeably decreased from cross-section B «* +.1 km downstream of the breach to
cross-section C at 12.8 km downstream (Fig. € a 4 ™ig. 9).

Our simulations suggest that the GL"’- reached Chongbamang Tsho approximately 1.9
hours after the beginning of breacr “‘nication’, i.e. the phase during outflow discharge is
typically very low, and during w: ich (me runaway breach development is still uncertain and
preventable. The modelled GLC.= reached Chongbayong Tsho at ~3.1 h (Fig. 7 and Fig. 8).
We estimate that Choi.2ha,ung Tsho stored roughly 96% of the total flow volume (Fig. 9b)
and released the excess floodwater through a small water outlet (less than 10 m wide). The
widened river (maximum 500 m in width) and inundation zones downstream from the
Chongbayong Tsho dam were observed in the Landsat images acquired on 8 and 16 Aug.
2001. It appears that it took several days for the lake level in Chongbayong Tsho to stabilize,
which we infer from the lake extent fluctuations immediately after the event (Fig. 5).

Chongbamang Tsho and Chongbayong Tsho played a crucial role in buffering against



the cascading nature of the Chongbaxia Tsho GLOF, as shown through the changes in flow
depth, velocity and peak discharge along the flood path. The significance of the second of the
two lakes in the cascade, Chongbamang Tsho, is evidenced in Fig. 9, which shows that
additional water storage increases in this lake rapidly as the GLOF reaches it, but that the
volume is then released gradually over a period of many hours. The additional water volume
stored in the Chongbayong Tsho reservoir increases as soon a~ the GLOF reaches this water
body. The total water storage of Chongbamang Tsho converted frc m increase to decrease, and
reached its maximum at 3.4 hours after the dam-break in accordance with the hydrograph at
cross-section B (Fig. 9). The total stored water voic=ie of Chongbayong Tsho increased
gradually as the result of continuous water infic'~ and the obstruction of its concrete dam.
Passage of the GLOF through Chongba ~7.ng Tsho slowed its flow velocity and indirectly
reduced damage to the Chongbayonr; T<hce dam, which in turn buffered the GLOF and greatly

reduced its downstream destruct. ‘eness.
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Fig. 7. Modelled flow depth of the 2001 Ciicnguxia Tsho GLOF event for various time steps,
specifically the points at which the G OF reaches (a) the upstream limit of Chongbamang
Tsho, (b) the outflow of Chongbaman x "'sho, (c) Chongbayong Tsho, (d) simulation end.
Background is a Sentinel-2 imag© acquired on 24 June 2019. Also shown is the pre-GLOF

extent of Chongbaxia Ts'i0 \Mue line) on February 5, 2001.
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Fig. 8. Simulated flow velocity of Chongrax®a r=ho GLOF event on Aug. 6, 2001 at different
time steps (see Figure 7 caption for e.cnlanation). Also shown in (d) is the location of three
cross-sections (A-C) for which hyArogr=phs are shown in Fig. 9. Background image is as per

Fig. 7.
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Fig. 9. Modelled GLOF discharge at threr ¢, ‘tico! cross sections along the flow path (Fig. 8d),
namely the moraine breach (section &) immediately upstream of the second lake in the
cascade, Chongbamang Tsho (sectinn B}, and the upstream boundary of Chongbayong Tsho
(section C); (b) water volume c..2nge of Chongbaxia Tsho, Chongbamang Tsho and

Chongbayong Tsho durir.g u e tirst 10 hours of the GLOF.

4.3. Downstream impacts of the GLOF

The GLOF destroyed 346.4 ha of valuable meadowland between its source and the
Chongbayong Tsho dam (Fig. 10a and b) which we infer from a manual visual comparison of
pre- and post-GLOF vegetation coverage adjacent to the river (23 July 2001) which was
freshly scoured by the GLOF, leaving fresh boulder and sand deposits as shown on Landsat

imagery, and validated during field investigation (Fig. 6 and Fig. 10). The GLOF partly



damaged the Chongbayong Tsho dam (Fig. 10c) because the excess floodwater exceeded its
design overflow capacity. The GLOF posed a hazard to local residents up to 60 km
downstream from its source, although no fatalities were reported. Some buildings were
abandoned immediately downstream of Chongbaxia Tsho following the event (Fig. 10a). The
Chongbayong Tsho dam played a crucial part in buffering the potential impact of the GLOF
further downstream, including loss of life and injury, and wider economic impact. As a result
of damage caused by the GLOF, the dam had to be repaired ad uj)graded at an estimated cost
of >2 million USD. Approximately 151.3 ha of croplanc: we. ¢ destroyed along the
Chongbayong River between the Chongbayong Tsho uc i site to the boundary between
Kangmar and Gyangze counties, a distance of 4% «r.. The most severe inundation zones were
mainly distributed at the river sections be. ~:en Mengzha and Salu (Fig. 10d). Specific
socio-economic losses for the event r<.mani absent due to difficulties associated with a lack of

accurate reporting and communicatior: in such a remote area around two decades ago.
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Fig. 10. Field photographs taken in 2016 showiry *Ye impacts of Chongbaxia Tsho 2001
GLOF on downstream areas (panels a-c); {u, a L~ndsat image dated 8 August 2001
highlighting the location of key settle.ents downstream of the third lake in the cascade,

Chongbayong Tsho, which were affec =1, by the GLOF.

4.4. Potential triggers for the 201 GLOF

From an analysis «f lake expansion, glacier retreat and site geomorphology from
satellite observations (pre- and post-GLOF Landsat, Sentinel, and Planet imagery) and field
surveys, we hypothesize that an ice avalanche into Chongbaxia Tsho was likely to be the
primary GLOF trigger; there is no other obvious geomorphological evidence to suggest any
other kind of substantial mass flow entering Chongbaxia Tsho from the wider catchment (Fig.
11). We find no evidence to suggest that the trigger was a rock avalanche; in the absence of a

clearly identifiable source area, detailed pre- and post-GLOF bathymetric surveys would be



required to identify the remnant mass of such an event in the lake, as similarly suggested by
Hubbard et al., (2005).

Between 5 February 2001 and 23 July 2001 (less than one month before the GLOF
occurred), Chongbaxia Tsho expanded southeastward approximate 50 m in response to
recession of its parent glacier. In doing so, the parent glacier had receded so that the terminus
was located above a rock buttress at the head of the lake, wher2 the horizontal and altitudinal
difference between the parent glacier terminus and the lake :urf: ce were both ~200 m (Fig.
11).

We hypothesize that this vertical difference is laig~ enough to allow a mass movement,
namely an ice avalanche caused by the co'la.<e of unstable glacier ice, to develop the
momentum and impact energy requireu *, generate a displacement or seiche wave as it

entered the lake, in turn triggering mu. ~inc dam overtopping and initiate a breach.
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Fig. 11. Areal changes of the glacier formerly connected with Chongbaxia Tsho between

1980 and 2019, and the estimated glacier thickness in 2015 (a); field photograph showing key



geomorphological and glacial characteristics of the Chongbaxia Tsho basin, taken by the lead

author (b).

5. Discussion
5.1. Contribution of climate change to GLOF hazard evolution

Climate warming drives glacier recession in the form c. glacier retreat and surface
downwasting, which are conducive to the development i qiacial lakes (Nie et al., 2017;
Jiang et al., 2018; Maurer et al., 2019). Precipitation »2~n.>lies, which can be associated with
climate change, can also play an important role in triggering GLOF events (Allen et al., 2016).
The mean linear warming rate for air terneicture between 1987 and 2018 at the Gyangze
County meteorological station, ~104 km ficm Chongbaxia Tsho, was 0.37 °‘C per decade
(adjusted R? value of 0.43 and p-vewur of 0.01) (Fig. 12a). Between 1980 and 2019, the
glacierized area in our study ~atciment reduced from 6.08 km? to 4.25 km? (Fig. 11a).
Glacier mass loss acceler.:~a irom -0.35 m a™ w.e. (meters water-equivalent) between 1975
and 2000 to -0.52 m a™ v .e. per year between 2000 and 2016 (Maurer et al., 2019). In 2001,
the monthly air temperature in January and February exceeded the mean values between 1987
and 2018 while air temperature from March to August was lower than the mean values (Fig.
12b). Annual precipitation has remained relatively stable (Fig. 12c) and has decreased at a
rate of 3.09 mm per decade (adjusted R? value of 0.03 without a significant confidence
interval) for the same period. In 2001, annual precipitation exceeded the historical mean by

25% (+71 mm), with the largest anomalies occurring in July (+23 mm) and August (+40 mm)



2001, producing monthly precipitation totals that both exceeded 110 mm (Fig. 12d). Our
interpretation of these data is that whilst the short-term contribution of enhanced warming in
early 2001 to the triggering of Chongbaxia Tsho GLOF event is difficult to establish, the
longer-term trend of regional climate warming played a clear role in driving glacier retreat
and moraine-dammed lake evolution. We further hypothesize that positive precipitation
anomalies in the month preceding the GLOF, and in its menth of occurrence, potentially
contributed to glacier instability; elsewhere in the Himalaya, ¢'imate- and weather-driven
forcing have been shown to contribute to glacier inst=0ih., (K&ab et al., 2018). The final
factor in the evolution (and eventual realization) of \~¢ GLOF hazard at this site was the
underlying topography, which provided the ccau <iras necessary to generate an ice avalanche

with enough momentum to ultimately triy e, moraine dam overtopping and eventual failure.



a 7q | b 16+ )
Slope = 0.37/10a [ Mean during 1987-2018
Adjusted R? = 0.43 I 2001 12001 anomaly
| 12 =
1
O 6 : o
° | o 8
2 l 3
o o
g g 4- H
£ £
2 | 2
£ 54 =
< | < 9 H HH -
| H E=E8="="
I
| -4
e
1985 1990 1995 2000 2005 2010 2015 2020 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Year Month
c | d
Slope = -3.09/10a I 120
: 2 _ 2001 )
4004 Adjusted R*=0.03 |
I il
) € 804
E I =
5300 H I A c
=) S
5 J iyt ™ g 404
-3 w | V \ 3
o (5}
o I e
* ! * m H
200 | 0 — L | =
|
|
| -40 4
100 T T T T T T T 1 - - T T T T T T T T T T
1985 1990 1995 2000 2005 2010 2015 2020 le 1. Fe b. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
Year Month
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C).

5.2. Future hazard of Chongbaxia Tsho

Further GLOFs from Chongbaxia Tsho cannot be ruled out, however the likely
magnitude of future event is far lower than that in 2001. Fresh ice avalanche deposits at the
base of the rock cliff are visible in Planet images from 2016 and 2019, and were confirmed as

such during field investigation in 2016, implying a high frequency of low-magnitude ice



avalanching post-GLOF. The large relative volume of the parent glacier (1.6x10® m?)
compared to the estimated residual volume of the lake (14.0+1.9 x 10° m?; after Cook and
Quincey, (2015)) suggests that, should a large-scale detachment of the parent glacier occur,
the mass and momentum of such an event could displace enough water to trigger another
GLOF. The large-scale detachment of two glaciers in the Aru range of western Tibet in 2016
was documented by Kéab et al. (2018), and similar events have been reported from elsewhere
(Falaschi et al., 2019; Jacquemart et al., 2020). However, detiiled lake bathymetry, and
therefore volume, data are not currently available for Chu.igbaxia Tsho, and further field

<

investigation is required in this regard so that f:wure GLOF simulations could be
parameterized as accurately as possible. Anohe  r.esumption is that the existing breach in
the moraine may be able to accommoac.‘= a considerable outflow discharge before further
lateral erosion and vertical incisior. .~ n.itiated. However, there is a 53.4%. gradient and
difference (22 m) between the e:~vation of the distal moraine toe and the current lake level,
which is a primary factc® governing the maximum potential breach incision and total
discharge of a futurc C'.CT, and further field investigation is required to establish what the
‘true’ potential GLOF volume at the source might be. Finally, the evident buffering role of the
two downstream lakes, and the improved artificial dam of Chongbayong Tsho would likely
play a role in buffering the downstream impact of a future GLOF in the same way that they

did for the 2001 event by attenuating the GLOF hydrograph, although the extent of this

buffering is dependent on the flow characteristics of a future event.



5.3. Uncertainty and prospects

5.3.1. Limitations and improvements in GLOF monitoring technologies

Remote sensing has been proven to be the best way to identify or detect historical
GLOFs and monitor the hazard posed by glacial lakes in remote, mountainous regions, where
field access can be severely limited (Nie et al., 2018; Veh et al., 2019). It is often difficult to
pinpoint the specific date of GLOFs that have occurred since the advent of satellite remote
sensing primarily due to the constraints imposed by overpass 7. ‘isil intervals, and the lack of
high quality imagery (i.e. cloud-free, or minimal cloud co ‘erac e) for specific periods, such as
those affected by the monsoon. Since 1982, Landsat <ensu rs have a revisit interval of 16 days,
Sentinel-2 can provide data at a revisit interval of 5 days since 2015, and the Planet Cubesat
constellation can image the entire Earth dai y (Planet Team, 2017). However, the utility of
imagery acquired by the current gene-ation of optical satellite sensors is still affected by
factors such as cloud coverage, sh.a '2ws cast by extreme topography, and heavy snow covers.
One potential solution is to u2e s, nthetic aperture radar (SAR), which is unaffected by these
constraints; SAR data ac win d by the Sentinel-1 satellite has been freely available since 2014
and has been used to uclineate and monitor glacial lakes (Wangchuk et al., 2019) and to
classify slope processes in mountainous terrain using SAR time series data (Dini et al., 2019).
These gradual improvements in the temporal resolution of high-resolution satellite imagery
should allow us to ascertain the date of recent or future GLOFs with more certainty than for
GLOFs that occurred a number of decades ago. When combined with the increasing
availability of field- or reanalysis-derived meteorological and environmental observation

networks, the synergy of these datasets should in turn allow us to develop a more robust



understanding of precise triggering events for individual GLOFs (e.g. short-lived, extreme

precipitation or temperature anomalies, seismic activity).

5.3.2. Hydrodynamic modelling considerations

Our dam breach and GLOF modelling workflow did not consider mass movement-lake
interactions, such as impact wave generation and propagatior, and the implications for the
precise mode and timescales involved in breach initiation anc. outilow hydrograph generation.
We did not adopt more advanced, physically-based me:tels vor simulating a potential GLOF
trigger (such as Mergili et al., (2017)) because we la.'s reliable data on the source location
and precise volume of a mass movement frc n the parent glacier or elsewhere in the
catchment. There are also no historica. r.ownstream hydrographs against which we can
validate our modelled GLOF dischary.s. 1 iowever, a lack of such data is an inherent problem
when reconstructing historical C!'.Ors in remote areas, and ones which may be overcome
with future improvements i~ rer..ote sensing capability and field instrumentation.

GLOF flow prccesses an be very complex (Zhou et al., 2019), and flows can transform
from clear water flow, to hyperconcentrated flow, to a debris flow, and these rheological
transformations can occur in both space and time as the flow evolves (Worni et al., 2014;
Westoby et al., 2014a). Our 2D hydrodynamic model does not account for the effects of
sediment on flow rheology, or the erosion and deposition of sediment along the flow path.
Models that can simulate such processes (e.g. Mergili et al., 2017; Lala et al., 2018; Vetsch et

al., 2020) are more computationally intensive to run, and require site-specific information for



model parameterization which we lack, such as the grain size distribution of the flow path,
and the lateral extent and depth of entrainable material (Westoby et al., 2014b; Mergili et al.,
2017; Lala et al., 2018). Crucially, we also lack a high-resolution pre-GLOF DEM, which
could be differenced with a post-GLOF DEM to reveal patterns of erosion and deposition that
are attributable to GLOF passage, and which could be used to calibrate or validate the
performance of a more advanced hydrodynamic code.

In the case of the Chongbaxia Tsho GLOF we consider th: t the effect of downstream
sediment transport on flood propagation is perhaps moi. limited than for other events
because of the buffering effect of the two lakes down.*-¢cam. Whilst our modelling approach
permits the GLOF to flow ‘over’ these lake; \\ # they are not considered as true storage
elements), in reality the vast majority ot _.~uiment that originated from the moraine, and was
entrained from the floodplain immzJ iately downstream of the moraine, would have been
deposited either close to the mn.~ine (for the largest size fractions), as observed during field
investigation, and for other mor -.ine-dam failures (Westoby et al., 2014b), or at the upstream
limit of the second .a.» 1. the cascade, Chongbamang Tsho. However, the downstream of
Chongbamang Tsho floodplain topography is laterally constrained, and our modelling results
imply higher flow velocities (>15m s™) and high flow depth (>14 m) in these reaches which
may have generated bed shear stresses capable of mobilizing sediment in volumes that were
high enough to affect the flow rheology, although we do not quantify this.

Finally, we have shown that UAV-derived DEM products, which can be generated at

low-cost, and at very high spatial resolutions, are invaluable for retrieving key site



information, and we predict that such technologies will play an increasingly important role in
GLOF reconstruction and hazard assessment. Accurate pre- and post-outburst DEMs are
required to estimate changes in lake level, which in turn make it possible to estimate the
volume of water released by a GLOF, which can be an important input parameter for dam

breach modelling.

Summary and conclusions

This study has reconstructed the hazard evolution, process and impact of a historical
GLOF from Chongbaxia Tsho in the eastern Himaliy. using a combination of time-series
satellite imagery analysis, satellite-derived DEM... numerical dam-breach and hydrodynamic
simulation, and field observations and duw. cu:'ection, including deployment of a UAV to
retrieve high-resolution, post-event s:*e topography. The main conclusions arising from this
work are that:
® Contrary to prior estimate., the Chongbaxia Tsho GLOF event occurred on 6 August
2001, and was most likely triggered by an ice avalanche into the lake. The lake area of
Chongbaxia Tsho rapidlv 2xpanded prior to the outburst and has since remained stable.
® The GLOF released an estimated total water volume of 27.1+1.6 x 10° m® and achieved a
peak discharge of 6625 m® s™*. The most likely trigger for the outburst was an ice avalanche
originating from the parent glacier, whose terminus had receded to atop a rock buttress some
~200 m above the lake level, providing the topographic conditions necessary to generate a
mass movement with enough momentum and impact energy to produce an overtopping wave

which could have initiated moraine breach development.



® Two lakes in the GLOF path, Chongbamang Tsho and Chongbayong Tsho, served a
significant buffering function by attenuating the GLOF hydrograph. The latter lake is
estimated to have stored ~96% of the total flood flow; the remainder was released via its
artificial dam, which was damaged in the process. These lakes almost certainly reduced the
downstream impacts of the GLOF and are in large part responsible for the lack of recorded
fatalities associated with the outburst.

® Climate change played a crucial role in GLOF hazard dev:lopment by providing the
conditions necessary for sustained glacier retreat and moiwine-dammed lake development.
Positive precipitation anomalies in the weeks prece *:ig the GLOF may have played an
important role in determining the timing of an icc @ alanche-induced triggering event, and the
increasing frequency and magnitude of sc~i1 anomalies as a result of climate change should
be considered in future GLOF hazarr. ¢ ssessments.

® The synergy of current and 1 'ture generations of optical- and SAR-based RS observation
will improve our capacity 1 de.act GLOFs and monitor potentially dangerous glacial lakes,
perhaps in a near ccatin.uous manner. However, detailed field investigation, in situ
hydrological and meteorological observation, and the sharing of these data play an equally

important role in GLOF reconstruction and prediction.
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List of figure captions

Fig. 1. Location of the study area: (a) location of Nianchu River basin in the Eastern
Himalaya, (b) location of Kangmar County (black line), Chongbayong River, and the study
catchment (purple line), (c) Kangmar County and the location of the study site within this
region. The extent of Fig. 10d is also marked. Background in (a) and (b) are ©ESRI, and
background imagery in (c) is Sentinel-2 imagery acquired on 24 June, 20109.

Fig. 2. High resolution imagery and DEM data products for the study area. (a) ortho-rectified
high resolution images of Planet image on 23 October, ~-116 (background) and our
UAV-derived orthoimage of the moraine and immediate ¢ wr.stream area, derived from
imagery captured on 22 October 2016 and processed using S’V methods, (b) PALSAR DEM
and UAV-derived DEM extent overlaid with a fi:ld-.2corded GPS route, (c, d) spatial
distribution of random sampling points on stahle surtaces which were used to quantify
elevational differences between various DEMs. packground image in (c) is a Landsat image
acquired on 19 December 2000. Backgrc inc topography in (d) is a SRTM DEM.

Fig. 3. Comparison of DEM elevations for random points (Fig.2c, d).

Fig. 4. Modelling-derived hydrograpn at the moraine breach. The hydrograph was
constructed using the 1D DL 3i2oach model for three initial lake level scenarios based on
water level decrease uncertainy

Fig. 5. Surface area char ges °or the three lakes in the study catchment from 1987 to 20109.
Fig. 6. Changes in the sui face area of Chongbaxia Tsho moraine-dammed lake, and along the
GLOF flow path, between Feb. and Aug. 2001, including the effects of the 2001 GLOF. The
pre-GLOF lake extent on 5 February 2001 (yellow line) was selected as the reference for
comparing the changes. Background data are Landsat imageries in standard false color
composite (Bands 4, 3 and 2 in red, green and blue channels respectively). Black rectangles
highlight sudden landscape modification (i.e. development of debris fans) as a result of the
2001 GLOF.

Fig. 7. Modelled flow depth of the 2001 Chongbaxia Tsho GLOF event for various time steps,

specifically the points at which the GLOF reaches (a) the upstream limit of Chongbamang



Tsho, (b) the outflow of Chongbamang Tsho, (c) Chongbayong Tsho, (d) simulation end.
Background is a Sentinel-2 image acquired on 24 June 2019. Also shown is the pre-GLOF
extent of Chongbaxia Tsho (blue line) on February 5, 2001.

Fig. 8. Simulated flow velocity of Chongbaxia Tsho GLOF event on Aug. 6, 2001 at different
time steps (see Figure 7 caption for explanation). Also shown in (d) is the location of three
cross-sections (A-C) for which hydrographs are shown in Fig. 9. Background image is as per
Fig. 7.

Fig. 9. Modelled GLOF discharge at three critical cross sectior s along the flow path (Fig. 8d),
namely the moraine breach (section A), immediately upstrean. of the second lake in the
cascade, Chongbamang Tsho (section B), and the upstrez m boundary of Chongbayong Tsho
(section C); (b) water volume change of Chongtoxie Tsho, Chongbamang Tsho and
Chongbayong Tsho during the first 10 hours of the G'_C -

Fig. 10. Field photographs taken in 2016 sho.v.nc the impacts of Chongbaxia Tsho 2001
GLOF on downstream areas (panels 7-c) (o, a Landsat image dated 8 August 2001
highlighting the location of key settlemeni. downstream of the third lake in the cascade,
Chongbayong Tsho, which were affr cr.3 hy the GLOF.

Fig. 11. (a) Areal changes of th~ glacier formerly connected with Chongbaxia Tsho between
1980 and 2019, and the estim.~teu glacier thickness in 2015; (b) field photograph showing key
geomorphological and gl=.ia1 unaracteristics of the Chongbaxia Tsho basin, taken by the lead
author.

Fig. 12. Annual and monthly changes in air temperature and precipitation from the nearest
meteorological station at Gyangze County between 1987 and 2018: (a) annual air temperature,
(b) monthly air temperature, (c) annual precipitation and (d) monthly precipitation. The blue

line addresses the linear regression and the red curve represents the 5-year moving average (a,

C).
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Highlights

Chongbaxia Tsho GLOF occurred on 6 August 2001, undergoing a rapid lake expansion prior
to outburst.

It is most likely that the event was triggered by an ice avalanche.

A total water volume of 27.1+1.6 x 10° m® was released caused a severe damage to
downstream.

Downstream Chongbamang Tsho and Chongbayon¢ 1si.0 greatly buffered the GLOF

discharge.



