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ABSTRACT ARTICLE HISTORY

We observed the surge velocity, terminus advance, lake formation Received 1 April 2021
and outburst, as well as its downstream impacts at Shisper Accepted 28 August 2021
Glacier in the Karakoram, Pakistan and suggest potential nature-
based risk-reduction solutions. A recent surge started in late 2017
with increased velocity since April 2018 and a resulting terminus
advance from June 2018. Bi-modal peak velocity of 19.2+0.16 m/
day was observed in April-May 2018 and May-June 2019. Also,
the terminus advance blocked the river from the adjacent
Muchuhar Glacier repeatedly since November 2018. Lake out-
bursts were observed in June 2019 and April 2020. Relying on
observations of the lake area and peak discharge of 142m* s~ in
2019 and 85m> s=' April 2020, outburst were simulated using
the BASEMENT software. Simulations and field observations show
that even at high discharge, damages were mainly observed
along the main river channel, causing strong bank erosion rather
than widespread inundation of land. The ice-dammed lake is
potentially hazardous until the blocked stream completely disap-
pears in future. Our results suggest that the biggest lake outburst
hazard lies in its erosion potential with damages to infrastructure
closest to the river and large sediments transport to the down-
stream Hunza River.

KEYWORDS

Glacier surges; GLOF;
remote sensing; Shisper
Glacier; Karakoram

Introduction

Karakoram is the most heavily glacierized mountain range in Asia comprising ~ one-
fourth of the glaciers in the Himalaya-Karakoram-Hindukush (HKH) region (RGI
Consortium 2017). The concentration of surge-type glaciers in the Karakoram is
among the highest on Earth, spreading over ~40% of the total glacier cover area
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(Hewitt 2014, Hewitt 1998; Bhambri et al. 2017), while globally 2317 equivalent to
~1-2% of all glaciers have been observed to surge (Jiskoot et al. 1998; Sevestre and
Benn 2015). During the surge phase, flow velocities increase by 10 to 100 times com-
pared to the quiescent phase and the surge cycle lasts between weeks to years (Meier
and Post 1969; Jiskoot 2011). Surges can either be thermally and hydrologically con-
trolled but the dominant mechanism in the Karakoram remains unknown (Quincey
et al. 2015). Generally, Karakoram surges are out-of-phase with climate change and
each other, whereas, few surges are associated to climate warming and extensive
snowfall (Copland et al. 2011; Hewitt 2014, Hewitt 2007; Quincey et al. 2015).

Karakoram glaciers surges have been reported since the early nineteenth century
(Longstaff 1910). A recent investigation identified 223 surge-type and surge-like gla-
ciers in the Karakoram (Bhambri et al. 2017) which is more than twice the amount
of previously reported (Copland et al. 2011; Rankl et al. 2014). Surging glaciers are
important to observe as surge-like activities redistribute large ice volumes from reser-
voir to receiving zone within a relatively short period of time and hence modify the
local mass balance (Hewitt 2014). Furthermore, surge dynamics can help to better
understand surge-driven erosion and resulting sediment transport (Humphrey and
Raymond 1994), and natural hazards associated with river blockage forming ice-
dammed lakes (Bazai et al. 2021). The ice-dammed lakes pose downstream outburst
hazards and are threatening for downstream communities, infrastructure, and liveli-
hood. Such lakes may burst multiple times until the ice dam created by the surge
melts away (Steiner et al. 2018). While many glacier surges occur without any further
discernible consequences for downstream populations, a number of surges have been
associated with potentially dangerous lakes and associated hazards (Harrison et al,
2015), specifically in the Karakoram region (Bazai et al. 2021), with the most promin-
ent examples the Kyagar Surge (Round et al., 2017) on the Chinese side as well as the
Khurdopin (Steiner et al. 2018) and Shisper in Pakistan. However, integrated hazard
assessments, including an investigation of impacts of downstream communities and
potential nature-based risk-reduction solutions, are largely missing from the literature.
Few dedicated studies exist for individual surging glaciers characterizing their dynam-
ics, most notably on Variegated Glacier (Kamb 1987). Recent advances in remote
sensing, with more repeat imagery available for flow velocity mapping and access to
repeat DEMs for mass change analysis, allows us to investigate surges in more detail,
which is especially important as surges are difficult to anticipate and surging glaciers
often difficult to access or monitor locally.

A recent surge, spanning multiple seasons on Shisper Glacier (elsewhere also
referred to as Shispare or Shispar Glacier) in the Upper Indus Basin, western
Karakoram, occurred followed by repeated glacier lake outburst floods (GLOFs). The
pre and post-surge image and the potentially vulnerable downstream area are shown
in Figure 1. The lake burst in 2019 and 2020 causing partial damages to downstream
land and infrastructure and specifically the Karakoram Highway.

Shisper Glacier is one half of a previously much larger glacier tongue, separated
into two after 1950, with the western branch referred to as Muchuhar Glacier (the
lower tongye after Shisper and Muchuhar merge is refer to as Hassanabad Glacier).
The glacier has been subject to repeated surges, the most recent in 1973 and 2000/
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Figure 1. Study area map, (a) image before terminus advance showing Karakoram Highway (KKH)
and the buildings downstream Shisper stream, (b) image showing the maximum terminus advance,
flood extent occurred in 2020 and KKH damaged zone.

2001 (Bhambri et al. 2020). Two recent studies (Bhambri et al. 2020; Rashid et al.
2020) have investigated the recent surge. Although they investigated the same event
with similar data, they reached contending conclusions. Bhambri et al. (2020) pro-
vided an analysis of velocities dating back to the 1990s. They found considerable sea-
sonal variation in surface velocities in the quiescent phase that is greatly surpassed by
an increase during the recent surge in 2018 where peak velocities reached 18m d ™'
in June. They also found that the lake grew to a volume of ~ 16 x 106 m® in May
2019, which could result in discharge of up to 400 m> s~! and found little evidence
for inundated areas but discernible channel migration due to the flood. They noted
that the lake volume and discharge values should all be treated with caution due to
the limited number of available data points and the empirical relations employed.
Rashid et al. (2020) only investigated the recent surge with contrasting findings com-
pared to Bhambri et al. (2020). Their peak surge velocities in 2018 stand at 48 m d '
in October, at a time when Bhambri et al. (2020) only noted velocities below 5m d!
which might be attributed to the use of satellite data with clouds and snow (Bhambri
et al. 2020). Based on similar estimates of lake volume but an empirical equation for
moraine dam breaks they further estimated potential flood volumes between 5000
and 6000m’ s '. Neither of the two studies looked into downstream impacts in
much further detail.

To clarify these large discrepancies and discuss the actual downstream impacts of
such a flood in more detail, we revisit this surge. Based on a more detailed
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investigation of downstream impacts, we aim to clarify the actual potential hazard
posed by glacier surges in the region. To this end, this study aims to elucidate the fol-
lowing: (a) estimate the temporal variations in the glacier surge and lake reformation
between 2018 and 2020, (b) comparative estimation and confirmation of ice velocity
using passive and active remote sensing datasets including Sentinel-1 and Sentinel-2,
(c) conduct a lake outburst model with multiple scenarios and discuss the down-
stream impacts, and (d) evaluate the downstream socio-economic impacts based on
household questionnaires, damage analysis, and propose potential nature-based solu-
tions to reduce the flood risk.

Datasets

We used Landsat 8 OLI images between 2016 and 2020 to understand the glacier
dynamics during the quiescent and active phase. We used this dataset to assess the
terminus advance and lake reformation (Table S1). Besides, Advance Space borne
Thermal Emission and Reflection Radiometer (ASTER) stereo-pairs data acquired
from https://earthdata.usgs.gov were used to generate digital elevation models (DEM)
using the open-source Ames Stereo Pipeline (ASP) (Shean et al. 2016; Brun et al.
2017). We used Sentinel-2 L1C images between April 2018 and July 2019 to derive
the horizontal flow velocity of the Shisper glacier. To verify the horizontal velocity
derived from Sentinel-2 images (optical), Sentinel-1A images (SAR) between April
2018 and April 2019 were also acquired. In addition, a household socio-economic
survey in the Hassanabad Valley was conducted to identify potentially vulner-
able population.

Methodology
Remote sensing data

The glacier terminus advance and lake formation were mapped using Landsat 8 OLI
data by manual digitization. The time-series changes in the glacier area and terminus
advance during the surging of Shisper glacier and the ice-dammed glacial lake were
mapped and analyzed. Besides, the phase-correlation function of the COSI-Corr soft-
ware was implemented to derive the east and north glacier displacements from
Sentinel-2 images (Leprince et al. 2007). After multiple experiments, we found setting
an initial search window size of 64 x 64 pixels, a final search window size of 16 x 16
pixels, a search step of 2 pixels, and a correlation threshold of 0.9 can obtain good
displacement fields. Only the NIR band (band 8) of Sentinel-2 images was used for
the phase-correlation since it has the highest resolution of 10 m and the widest band-
width. Systematic bias caused by the orbit change was removed by fitting a quadratic
polynomial surface trend based on the observations over stable regions (Ding et al.
2016) (Figure S3). The outliers in the displacement maps resulted from cloud cover,
sharp surface change, image shadow, or the lack of texture contrast were manually
masked out by referring to the signal-noise-ratio map. Non-local mean filtering was
performed to reduce the residual noises. Finally, the average horizontal flow velocity
fields were obtained by combining the east and north displacement fields and
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dividing the results with image pair intervals. The intensity-tracking function of the
GAMMA software was implemented to derive the glacier displacements in SAR azi-
muth direction and slant range direction from Sentinel-1 images (Strozzi et al. 2002).
To reduce the topographic effects, the 1-arc second SRTM DEM was used to assist
the SAR intensity tracking (Li et al. 2014). The size of the matching window (96 pix-
els in slant range direction x72 pixels in azimuth direction) and the threshold of
cross-correlation (0.3) was determined carefully to balance the result details and the
number of effective observations. In general, a smaller matching window and higher
cross-correlation threshold would bring in finer displacements; however, the propor-
tion of effective observation would be lower. Similarly, non-local mean filtering was
performed to suppress the noise in the displacement fields. The final average horizon-
tal flow velocity fields were obtained by synthesizing the azimuth and slant range dis-
placement fields and dividing the results with image pair intervals. The uncertainty of
the horizontal glacier flow velocity was evaluated by the standard deviation of the
observations over stable regions, where the flow velocity should be zero. The
Sentinel-1 and Sentinel-2 images used in this study are listed in supplementary
Table S2.

The void-filled Shuttle Radar Topography Mission (SRTM) DEM with 30 m reso-
lution was used as a seed DEM for generating four ASTER DEMs. The latter were
then coregistered horizontally and vertically to the SRTM DEM (e.g., Berthier and
Brun 2019). The ASTER DEMs were also validated using differential Global
Positioning System (dGPS). In this study, we used same dGPS as in Muhammad and
Tian (2016, Muhammad and Tian 2020). The dGPS data and off-glacier elevation dif-
ference of ASTER DEMs are shown in Figure S5. All pixels with absolute elevation
differences larger than 150m were discarded in the analysis. Due to the haze and
clouds in the ASTER images, there were some data gaps in the elevation difference
maps. The volume of transported ice mass was calculated after interpolating the data
gaps using natural neighbour method.

GLOF simulations

We employ the BASEMENT model (BASEMENT, 2020) to simulate two observed
GLOFs from the lake formed at the terminus as well as two simulations of potentially
bigger events. As in a similar recent case in the region on Khurdopin Glacier (Steiner
et al. 2018), the lake at Shisper drained subglacially and water exited at the glacier
terminus. No information is available about the formation of the subglacial drainage
network and we hence only model the flood from the terminus of the glacier to the
confluence of the local Hassanabad River into the Hunza River, which covers a dis-
tance of approximately 7 km, from 2460 m a.s.l. to 2000 m a.s.l. (slope ~5° at the gla-
cier terminus and ~3° at the confluence). We use an 8 m DEM which is available
from the glacier snout to the entry point (Shean 2017). Unfortunately no locally
measured river cross profiles are available to verify the DEM. We therefore only cor-
rect obvious artifacts in the DEM, which were only present at one location at the ter-
minus of the glacier. Using the lake area just before and after the drainage of the
lake, we derive the volume of the lake using the 30m SRTM DEM, which was
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acquired when no lake was present.We use this volume to calculate a peak discharge
following Huggel et al. (2004) and (Walder and Costa 1996).

v 0.66
Qmax: 46 (1—06> (1)

where Q.x is peak discharge in m® s7! and V is the drainage volume in m®. The
equation is specifically suited for tunnel drainage through the ice, which is what has
happened at Shisper and previously at Khurdopin Glacier (Steiner et al. 2018). A
more detailed discussion of the process is provided in (Bazai et al. 2021).

Measurements of peak discharge during the two outburst events in 2019 and 2020
(142 and 85m> s~ ') as well as the observation that the drainage lasted approximately
2 to 3 days enable us to recreate an input hydrograph for both events that drains the
complete observed volume change. Measurements of peak discharge were conducted
by the Pakistan Meteorological Department (PMD) at the main bridge in Hassanabad
(PMD 2021). The basic discharge, based on ground observations is 20m> s~ ', which
was also used to wet the model domain before the discharge from the lake breach
was added. Beyond the standard assumptions to solve the numerical algorithms in
BASEMENT, we chose a Manning-Strickler coefficient of 33 m> s~ for the river bed
and 30m’ s~ for the surrounding area (Vanzo et al. 2021). We carefully delineated
the river bed using a Sentinel-2 image from the 20th of June 2019. In the narrower
sections, including the lower areas where infrastructure is affected, the river channel
is between 50 and 80 m wide, in some wider parts upstream it reaches up to 200 m
(Figure 1).

Socioeconomic survey

A household owning any type of property, i.e., a house, animal shelter, a business,
agricultural, and nonagricultural land in the flood catchment area were considered. A
total of 136 households were identified, of which 115 were found at the time of the
survey. The total population covered is 784 persons (Male = 393, Female = 391).
Data has been collected using mixed-method approach. Quantitative data was col-
lected using a structured household survey questionnaire comprising of household-
level socioeconomic indicators and associated vulnerabilities due to GLOFs over the
last four years, i.e., as of 2017. For the household survey, household heads were inter-
viewed. Besides, qualitative data was collected through 4 focus group discus-
sions (FGDs).

Results and discussion
Terminus advance of shisper glacier

Shisper is a 16.5km long surge-type glacier covering an area of 25.84km? as per 2016
images which remained unchanged till early May 2018. The glacier terminus advance
started in June 2018 and continued until July 2019. Between April and December
2018, the terminus of Shisper Glacier had advanced by 0.44 km increasing the glacier
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area by 0.45km” (~2%, Table S3). During the periods December 2018 to January
2019, January to February 2019, March to April 2019, and April to July 2019, the gla-
cier terminus advanced by 0.74+0.03km, . 0.18+0.002km, 0.09 +0.005km, and
0.27 £0.004 km, respectively. After July 2019, the advance was very slow and the ter-
minus became almost stationary from November 2019 until the observed time of
October 2020. This suggests that the surge has two repeat peak cycles in 2018 and
2019. The glacier terminus advance and increase in the area during the whole surge
period was 1.79km and 1.40 km* (Table S3). The present terminus advance was mod-
est compared to past advances of 9.3km and 9.8 km for the 1892-93 and 1903surges,
respectively (Goudie et al. 1984, Hewitt 2014).

Formation and breaching of ice-dammed glacial lake

The surging mass of the Shisper Glacier blocked the meltwater channel of the adja-
cent Muchuhar Glacier, forming an ice-dammed lake from mid-November 2018
(Figure 2). The glacier terminus completely blocked the valley ~1.5km Hassanabad
River. The lake occupied an area of 0.042km? during November 2018. We also found
an abrupt increase in maximum temperature of the nearby meteorological station at
Ali Abad, Hunza during April and June 2018 when the surging ice was reported to
accelerate and reached its peak (Bhambri et al. 2020). The lake level gradually
increased between November 2018 and 20 June 2019 to form an ice-dammed lake
with an area of 0.31km? (Table S3). Two days before the outburst on June 20, 2019,
the lake reached an area of 0.35km? The GLOF on June 22, 2019, partially damaged
the Karakoram Highway and caused minor infrastructure damage downstream. In
July 2019, the lake shrinked to an area of 0.2km’ and in August the lake further
reduced to 0.03km”. In September 2019, lake water drained almost completely. In
October 2019, a lake again started to form and covered an area of 0.04km?. In
November 2019, the lake area increased abruptly up to 0.22km” An adjacent ice-
dammed lake was formed between the Shisper Glacier margin and valley wall (sup-
plementary Figure S1). The lake slowly drained out as indicated by a reduction in
lake size by 0.008 km* between March and April 2020. This event was not reported in
local media as the locals may have not noticed the insignificant rise in flow. In May
2020, two ice-dammed lakes merged to form a single ice-dammed glacial lake. The
size of the merged lake was 0.25km? a day before the breach (Table $3). On 29 May
2020, the lake breached causing an inundation of 0.6km?® and partially damaged a
700 m stretch of the Karakoram Highway (supplementary Figure S2).

The 2018-2019 active surging behaviour of Shisper Glacier, dynamic features of the
ice-dammed lake and the past two major GLOF events in June 2019 and May 2020
indicate that the lake might expand its size again and there is a chance of another
GLOF in the future. The greater risk is in summer months between April and
September. Currently, field-based lake monitoring is almost impossible as the glacier
surge mass has blocked the access to the valley. Therefore, regular spaceborne remote
sensing monitoring of the lake is imperative until the surged ice which blocks the
Muchuhar stream completely melts away.
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Figure 2. Snout change and lake formation and change from 2018 to 2020 (a). The blue and black
lines are the terminus extent in the quiescent and post-surge, respectively. The minimum and max-
imum temperature data at Hunza meteorological station is also shown (b).

Flow velocity change of shisper glacier

The time series of horizontal flow velocity derived from Sentinel-2 imagery indicated
the Shisper Glacier surged two times between April 2018 and July 2019. As shown in
Figures 3 and 4, the tongue of Shisper Glacier accelerated from early April 2018
(7.8 m/d) to early June 2018 (17.2m/d) and then decelerated from early June to late
September 2018 (3.2 m/d). However, it accelerated again from late September 2018 to
early May 2019 (19.2m/d) and then decelerated from early May to late July 2019
(1.4 m/d). The acceleration mainly occurred at the trunk of the Shisper Glacier, which
is consistent with distribution of surface elevation change caused by the surge activity
(Figures 3 and 4). During the surge phase, the flow velocity generally increased from
the upper trunk to the mid-lower trunk, and then decreased towards the terminus.
However, during period 26 May to 5 June 2018, the velocity did not decrease at the
mid-lower trunk; the velocity of the middle trunk and lower trunk was high and uni-
form (~16m/d), indicating a large volume of mass was discharged during this short
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Figure 3. Time series of the horizontal flow velocity of the Shisper Glacier derived from optical
imagery (Sentinel-2). Background: shaded SRTM DEM; black curve: glacier outline; dashed line in
panel I: location of the profile shown in Figure 4.
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Figure 4. Spatial variation in the horizontal flow velocity along the profile shown in Fig. 3I.

period. At the upper trunk (10 ~13km from the terminus), the flow velocity actually
increased downstream very slowly, even during the most active periods (26/5/2018 to
5/62018, 1/5/2019 to 6/5/2019). However, at the confluence of the trunk with the
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. #19/05/2018-31/05/2018

Figure 5. Time series of the horizontal flow velocity of the Shisper Glacier derived from SAR
imagery (Sentinel-1). Background: shaded SRTM DEM; black curve: glacier outline; dashed line in
subfigure g: location of the profile shown in Figure 6.

lowest tributary (i.e., the valley mouth), the flow velocity increased sharply, because
the bed becomes narrow and steep there. The highest horizontal flow velocity
(19.2+0.16 m/d) occurred 5.8km from the terminus during the period 1 May to 6
May 2019 (Figures 3 and 4). At the same place, the horizontal flow velocity during
the period 5 July to 20 July 2019 was only 0.30%0.16 m/d. The temporal change in
flow velocity is consistent with that in terminus advancing speed. As mentioned
above, the terminus advance was very slow after July 2019. Note that during the
period 5 July to 20 July, the flow velocity at the terminus was higher than that at the
mid-lower trunk, where the flow velocity reached the peak during the surge phases
(see Figure 3). After the second surge, a large volume of mass (302.8 x 10° m®) was
transferred from the upper reaches to the glacier snout. Driven by the gravity effects,
the transferred mass did not stop advancing immediately, even though there was no
compressing stress from upper reaches. It kept flowing downslope until the resisting
force equalled the driving force.

Bhambri et al. (2020) derived a time series of flow velocity from Sentinel-2 images.
Their results also indicated the Shisper Glacier accelerated two times during 2018 to
2019. They found the peak of the flow velocity (~18.0+0.5m/d) at the mid-lower
trunk during period 21 April to 6 May 2019. The slight difference between our peak
velocity (19.2+0.16 m/d) and theirs may be due to the slight difference of observa-
tion periods. As shown in Figures 3 and 4, the flow velocity in the period 1 May to 6
May 2019 is higher than that during the period 21 April to 1 May 2019. In general,
both the temporal and spatial change pattern of our optical flow velocity during 2018
to 2019 are consistent with that derived by Bhambri et al. (2020); however, our flow
velocity fields have higher coverage and richer details, especially in the upper trunk.
In the study of Rashid et al. (2020), the maximum flow velocity of the Shisper
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Figure 6. The optical- and SAR-based horizontal flow velocities along the profile shown in
Figure 5g.

Glacier was much larger (over 45m/d in late 2018 and early 2019). Their results were
derived from Landsat-8 OLI images, which has a coarser spatial resolution and
sparser temporal distribution than Sentinel-2 images. Moreover, many outliers
induced by the cloud and fresh snow (lead to the lack of texture contrast) were pre-
served in their results. This explains the large difference in results.

Due to the slant-range imaging way, the glacier tongue located in the deep valley
was hardly illuminated by the Sentinel-1 radar. Therefore, over the glacier tongue, no
effective displacements could be obtained from the Sentinel-1 images (Figure 5).
Nevertheless, the variation pattern of displacements obtained over the broad upper
reaches is consistent with that derived from Sentinel-2 imagery. The time series of
Sentinel-1 flow velocity (Figure 5) shows the upper reaches of the Shisper Glacier
accelerated from early April to late May 2018, and decelerated from early June to
early September 2018, and then accelerated again at early April 2019. Sentinel-1 and
Sentinel-2 horizontal flow velocities profile closely matches with some uncertainty
(Figure 6).

In general, both Sentinel-2 and Sentinel-1 flow velocity results show that the
Shisper Glacier accelerated in winter/spring and decelerated in summer, which is a
typical feature of hydrologically-controlled glacier surge (Kamb 1987; Round et al,
2017). It is likely that the basal water pressure increased in winter/spring and pro-
moted the glacier acceleration; however, as the collision and compression of ice
bodies intensified during the surge phase, part of the basal meltwater drained in early
summer and the glacier decelerated correspondingly. Hence, the Shisper Glacier may
surge again in the coming decades. To some extent, no matter how much mass the
Shisper Glacier accumulates at its upper reaches, it will surge as long as its basal
water pressure is high enough.

Elevation changes of shisper glacier

Four DEMs acquired on 1 November 2016, 10 April 2017, 11 July 2018, 19 June
2019, respectively were compared with each other to estimate the ice transfer from
the accumulation to ablation zones (Figure 7). The difference between the first two
DEMs indicated that no surge occurred before April 2017. We used the DEM from
April 2017 as pre-surge DEM because no other ASTER stereo-pairs are available until
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Figure 7. Surface elevation changes of Shisper Glacier between 2016 and 2019. The ice surged
from the zones encircled in (d). The surged ice accumulated near the terminus as visible in blue
colour whereas the white spots are missing data due to clouds.

Figure 8. (a) The glacier terminus in 2019 when the surge was still active. The blue arrow denotes
the location of the lake, the orange dashed line shows the trim line of the old tongue of
Muchuhar Glacier when both branches of the old Hassanabad Glacier were still connected (pre
1950). (b) Shows the lake in 2019, at the location where eventually the ice tunnel would open. (c)
A panorama view taken from East to West just below the terminus at the approximate maximum
extent, where the GLOF would exit the glacier tongue.

the start of the surge. The DEM differencing indicate that glacier ice surged from the
upper zones >10km above the terminus. The elevation changes due to the surge are
more prominent in the lowest part where the ice accumulated below the lower-middle
narrow valley causing internal deformation and extensive crevasses. The surge indi-
cates a complex triggering mechanism as the mean surface lowering in the upper part
is nearly —9 m whereas the lower middle part indicates approximately —60 m between
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2017 and 2019 (encircled in Figure 7(d)). These results are also confirmed by the
horizontal flow velocity where a comparatively slow and fast glacier movement of <
5m and up to ~19m/day is observed in the upper and lower glacier part, respectively
(Figure 3j-k). The surged ice accumulated in the ~3km above the post-surge ter-
minus position with an average elevation increase of approximately +94m between
April 2017 and June 2019. The difference of the DEMs indicated an ice mass trans-
port of 96.5x 10° m’ between April 2017 and July 2018 which increased to
206.3 x 10° m’ between July 2018 and June 2019 (Figure 7). Bhambri et al. (2020)
estimated a net mass gain of 251 +67 x 106 m® between October 2017 and June 2019.
The volume of the surge and mass relocation of the Shisper Glacier is quite sizeable,
more than twice the Horcones Inferior Glacier surge (Mount Aconcagua, Central
Andes) (Pitte et al., 2016) and ~10% more than the Khurdopin Glacier (Steiner et al.
2018). In addition, the Shisper Glacier surged ice is approximately 60% and 67%
more than that of the collapsed ice (68 +2 x 10° m® and 83 +2 x 10° m?) of twin Aru
Glaciers (Kdab et al. 2018), and approximately 37% more than that of the disinte-
grated ice (130 x 10° m>) of the Kolka Glacier (Evans et al. 2009).

Outburst flood simulations

We obtained the drained volume during the two events in 2019 and 2020 by compar-
ing the lake volume before and after the drainage resulting in approximately 9.7 and
4.8 million m® drained respectively. Using the calculated peak discharge (equation 1)
we were able to distribute the total discharge over the time where the high flow was
observed downstream, i.e., 48hours (Figure 8). The lake drained subglacially, i.e.,
meltwater after it accumulated and likely warmed up continuously excavated a tunnel
through the ice at the lake and then exited the snout 2km further down, with an ele-
vation drop of approximately 150m (Figure 9). While moraine dam breaks are
expected to have a hydrograph that peaks rapidly, tunnel excavation takes time and
the hydrograph is expected to slowly rise, culminate at a sudden peak as it reaches a
critical diameter and the quickly drain completely (Walder and Costa 1996). This
matches observations from the field, where from 22" to 23™ of June 2019 a steady
increase was observed over 24h, discharged peaked at 142m> s' at night the 24™
June and then gradually decreased to the previous rate. However, the exact start of
lake drainage is not known and neither is the drainage mechanism understood. We,
therefore, run a number of scenarios to evaluate downstream effects. The modelled
peak discharge (206.1 and 129.5m> s~ ') is well above the measured discharge in the
village at the bridge (located where the KKH crosses the river, Figure 10) of 142 and
85 . This can be explained by the expected attenuation of the flood peak between the
glacier snout and the measurement location as well as the general uncertainty of the
measurement during peak flow and the relatively wide confidence interval of
Equation (1) (Walder and Costa 1996) . As an extreme scenario we additionally eval-
uated a hypothetical lake drainage, where 27.6 million m’> would be drained assuming
that the lake could grow to approximately twice the observed size of 348000 m* in
2019. This results in a peak discharge of 410m> s ' (referred to as “hyp” in Figure
8), which corresponds to the value used in Bhambri et al. 2020.
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Figure 9. Input hydrographs for the observed GLOFs in 2019 and 2020 as well as the hypothetical
example (hyp). 2019% is the same drained volume as in the normal scenario, only with a later
peak. The two triangles show the empirical expected peak discharge following Huggel et al. (2004)
for the two observed events.

| Buildings

- Karakoram Highway
Hydropower Site
Mod

Figure 10. Outburst flood simulations. The green background shows vegetation and agricultural
land based on a Landsat image from the 22nd of July 2019 (NDVI > 0.1). The background is a
Sentinel-2 image from the 20th of July 2019. Note that the simulation stops at the confluence with
the Hunza River and the water level from the main arm is derived from the NDVI rather than the
simulation. Contour lines are placed every 100m. (a) Overview over the complete model domain.
The black square shows the details shown in panels b-e. (b) Water depth during the simulation in
2019 at peak flow. The white arrows pointing away from the bridge towards houses show the
view visualized in Figure 11. The small red arrow show a diversion canal for irrigation. The part of
the highway marked in red was damaged during the event in 2019 (Figure 10c). (c) Shear stress
during the event in 2019 at peak flow. (d/e) Flow velocities during the 2019 and hyp scenario
respectively.

The discharge peak reaches the settlement approximately 1.5h after it exits the
lake. In Figure 10a, the simulation results for 2019 are shown for the complete
domain at the moment that the flood peak reached the bridge in Hassanabad. As
observed during the event, the water stayed largely within the incised channel, caus-
ing flooding of agricultural land on the left channel bank before the settlement and
again after the bridge. In the simulation water reaches one house that is located close
to the river channel, on the right river bank looking downstream from the bridge as
well as one on the opposite bank upstream (Figure 11la). This corresponds with the
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Table 1. Population vulnerable to Shisper glacier outburst flood by gender and age.

Age group Male Percentage Female Percentage Total
Households > 65 years of age 31 7.9 38 9.7 69
Household between 45 and 65 years age 69 17.6 62 15.9 131
Household between 30 and 45 years age 87 221 80 20.5 167
Household between 15 and 30 years age 126 321 120 30.7 246
Household <15 years of age 80 204 91 233 171
Total 393 100 391 100 784

Figure 11. Photographs of the river around peak flow upstream (a) and downstream (b) of the
bridge crossing the river in Figure 10. Damage caused to the road downstream of the bridge (c).

observation made in the field, where the downstream house was indeed reached by
high water (Figure 11b), while the house upstream was just not reached due to the
construction of a new embankment (Figure 11a). Additionally some of the orchards
along the river bank are inundated at various locations, especially before and after an
intake to an irrigation channel (Figure 10b), in line with observations. Most of the
damage has been reported on trees, agricultural land and irrigation channels close to
the main channel.

Increasing the discharge drastically as in the hyp scenario, does not cause signifi-
cant additional area to be inundated. However, the extreme discharge volumes cause
indirect damage via erosion of embankments, in the extreme case causing the collapse
of adjacent infrastructures such as the Highway which is the main road in the region
and the only direct connection between China and Pakistan (Figure 11). As there is
little space for the discharge to dissipate, flow velocities increase strongly. Modelled
velocities around the bridge and further downstream were around 4 to 6m s ' for
the scenario in 2020, between 5 and 7m s~ ' in 2019 and increasing to 10m s~ in
the hyp scenario. Shear stress T was ~300N m ™ in 2019 and reached up to ~600 N
m~? also close to embankments.

There are a number of uncertainties in modelling lake outbursts in an environ-
ment with little available observation data. First, GLOF simulations are sensitive to
DEM quality (Watson et al,, 2015). The model does not include recently erected
embankments (Figure 10a/b) and is only based on the DEM. Further improvements
could be made with accurate cross-section measurements from the field. However,
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the fact that modelled and observed discharge levels during the outburst in 2019
agree well support the potential of recently available and easily accessible high reso-
lution DEMs, like used in this case (Shean 2017).

Deriving lake volumes from lake areas introduces additional uncertainty. Our vol-
ume estimates (2.17 10’ m> and 1.71 10" m?®) fall well within the uncertainty bar of
the estimated volumes at Shisper from Bhambri et al. (2020). However, as Bhambri et
al. 2020 and Rashid et al. 2020 note and the large difference in estimated discharge
volume between ~400m> s~' and ~5000m> s~' visualize, coming to an appropriate
estimate for peak discharge, that is defining for potential downstream hazards
remains extremely difficult. We can readily rule out the extreme estimate from
Rashid et al. 2020. It is based on an empirical equation derived for moraine dam
breaches, where all accumulated water discharges rapidly (within ~1hour) in an
extreme flood wave. Such a discharge would be more than 3 times the peak discharge
during summer at Danyore, approximately 70 km downstream near Gilgit where the
entire Hunza catchment is captured (~1500 m? s7'). While events of such dimension
can happen in theory, it would be very unlikely for an ice-dammed case (where more
time is needed to carve and enlarge a tunnel through the ice) and has not been confi-
dently observed previously in the region. Historic observations of the Kyagar GLOF
were in that order of magnitude, but the present lake which has a much larger vol-
ume than the Shisper Lake would create a much smaller flood wave of 1500 m> s™".
Other historic accounts report similar extreme values up to 7000m® s~ ' but are all
based on very rough estimates of total discharge times (Hewitt 1982; Iturrizaga 2005;
Hewitt and Liu 2010) Our field observations of relatively moderate peak discharge of
just above 100m” s~' and high flows spanning up to 2 full days, suggest that such
extreme assumptions are misplaced. While flood peak attenuation after GLOFs can
be considerable in the HKH (Schwanghart et al. 2016, Maurer et al. 2020), it is
unlikely to be an order of magnitude over this relatively short distance of 4.5km.
Future studies should investigate in more detail how rapid attenuation happens in
such small streams with heavy sediment load to better understand the threat of
GLOFs to downstream communities. Nevertheless, the relatively low peak flows inves-
tigated here (~100 to 400 m’ s~ ') are capable of causing considerable erosive damage.
Increasing the flood further to the higher estimate from Bhambri et al. (2020) gener-
ally does not increase inundation area significantly but flow velocity and erosive
potential in the main channel. At these forces, boulders with ~1 m diameter are easily
moved (Costa 1983, Shields 1936). This reflects the potential of GLOFs to move a
large amount of sediments within a short period of time. As further sediment supply
from upstream is cut off due to the blockage caused by the surge (assuming that
most of the subglacially transported material is suspended load) causes the river
channel downstream to incise ever deeper, causing further instabilities in future. As
the lake is likely going to form in subsequent years repeatedly, this could cause ser-
ious destabilization of the complete Hassanabad deposit. A countermeasure for this
development would be the removal of embankments upstream to give the water more
space to decrease river flow velocities and attenuate the peak discharge. Further ana-
lysis would be needed to determine erosion rates. Such estimates would also be of
interest for the fraction of total sediment load in the Hunza River being sourced
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Figure 12. Socio-economic damages and losses downstream Shisper Glacier between 2017
and 2020.

from such extreme events. Simulations including sediment transport and a more real-
istic dam break and tunnel formation scenario could further elucidate important
processes, but introduce further uncertainties that are difficult to constrain.

Socio-economic impacts

Mountain communities are highly concerned about the consequences of huge GLOF
during ever-increasing temperatures during summers. In the Karakoram Mountains,
floods mostly occur in early spring until late summer where smallholder farmers’
agricultural activities remain at the peak in the same season. To evaluate the impact
of GLOFs of Shisper Glacier, a total of 115 households were surveyed for the detailed
socio-economic damages assessment (Table 1). The average household size is equiva-
lent to the national average of ~6.8 (Pakistan Bureau of Statistics (PBS) Pakistan
Bureau of Statistics (PBS)) 2013). The average age of the population is ~33years,
with most people between 15 and 30years followed by children below 15years and
adults between 30 and 45 years. About 13.7% and 5.8% of the population have gradu-
ation and master qualification, respectively. The GLOFs in 2019-20 caused cata-
strophic damages to all three land categories. Each of the 115 GLOF affected
households sustained an economic loss of 35,000 USD during the last four years,
approximately 4 million USD as a whole. The grassland owner communities and
smallholder farmers bear huge losses almost every summer. The 2019-20 GLOFs
damaged a total of 22.82 Acre of grassland, 10.02 Acre of Pedocal land, and 6.77 Acre
of agricultural land. On average, each of the 115 GLOF-affected households lost
approximately 0.47 Acre land. A total of 8217 fruit and non-fruit trees were destroyed
between 2017 and 2020, from both general high melt water discharge and GLOFs.
Shisper stream remains flooded almost every summer and badly damages vulnerable
infrastructure mainly including 3 major irrigation channels serving as the lifeline of
Murtazaabad, Hassanabad, and Aliabad. The 2020 GLOF damaged drinking water
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pipeline and other infrastructure in these villages. Shisper stream remain flooded
almost every summer and badly damages vulnerable infrastructure mainly including 3
major irrigation channels serving as the lifeline of three major villages, i.e.,
Murtazaabad, Hassanabad, and Aliabad. During peak floods, the community rehabili-
tate main water channels requiring huge human efforts and life-threatening situation
during rehabilitation workIn 2019-2020, a total of 6126 trees constituting 369 fruit
trees, 3525 Poplar trees, and 2232 other trees were damaged as a result of the GLOFs
having an economic value of 0.29 million USD. The land and trees damages and
associated economic losses are shown in Figure 12. During peak floods in summer,
the community rehabilitate the main water channels requiring large human efforts
and resulting in potentially life-threatening situations. They are being faced with the
challenge of not being able to counter the repeat GLOF occurrence. In such a situ-
ation, a flood early warning system may help to prevent human lives and damages to
scarce properties of poor stallholders. To save the lives, assets, and properties of vul-
nerable communities, we recommend that: i) End-to-end ‘Gabion Walls’ are con-
structed, ii) Construction of barriers to reduce the flood flow, iii) Allocation of
development funds for routine rehabilitation of critical water infrastructure, and iii)
Permanent resettlement of vulnerable people.

Conclusion

The repeated Shisper Glacier surge possess a potential risk to downstream people and
livelihoods. The glacier surge is not directly hazardous to the distant (> 5km) down-
stream population. The peak glacier velocity was 19.2+0.16 m/day in May 2018 and
May 2019 which continued to flow with normal velocity after September 2019.
However, the surged ice retained Muchuhar Glacier meltwater in an ice-dammed lake
creating a continuous threat until the surged ice completely melts away. The ice-
dammed lake started to form in November 2018 and outburst on June 22, 2019, for
the first time. An early winter (January 2020) lake outburst occurred, reported by
locals, was not captured through remote sensing because of the frozen lake surface,
followed by a third outburst in April 2020. Simulations of the June 2019 event with a
modelled peak discharge of 206.1m> s~ and 129.5m> s in April 2020 agree well
with observed discharge and inundated land. Water flow velocities during the June
2019 event reached up to 7m s~ ' close to the settlement and would increase up to
10m s~ ' in a hypothetical case where the lake would be twice as large. Even during
very high flows, relatively little land is inundated and most damages are along the
embankments and the poplar trees planted along the river. Our results suggest that
the biggest hazard of the lake outburst lies in its erosion potential, resulting in dam-
ages to infrastructure immediately next to the river as well as a potentially large out-
put of sediments to the downstream Hunza River. The outburst destroyed a
powerhouse and partially damaged ~700 m of the Karakoram Highway. The down-
stream 115 households faced economic losses of 4 million USD between 2017 and
2020. The losses are mainly due to damages of agriculture land, crops, and trees.
Each household faced approximately 35,000 USD of losses between 2017 and 2020.
To reduce the future damages in the valley, installation of gabion walls along the
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Hassanabad stream to overcome erosion, building barriers to reduce the flood water
flow, and installation of an early warning system are recommended.
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