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Abstract: The UIB (Upper Indus Basin) is prone to GLOFs (Glacial Lake Outburst
Floods) because of host of factors encompassing global warming in general and
anthropogenic in particular. Physical monitoring of such a large area on regular basis is a
challenging task especially when the temporal and spatial extent of the hazard is highly
variable. The purpose of this study was to identify the potentially dangerous glacial lakes and
simulate the associated hazard to the downward settlements using HEC-RAS in the GIS
environment by utilizing Landsat 7 remote sensing data. The study was conducted in Hunza
and Shyok sub-basins of UIB where there are several human settlements which are
endangered due to GLOFs hazard. Sudden breaches in the unstable moraine dams adjoining
receding glaciers had hardly been simulated previously for rapid and huge accumulation of
turbulent water in the glacial lakes. The ASTER DEM (Digital Elevation Model) is utilized
in this study to detect flow accumulation of glacial hazard involving slope, elevation, and
orientation of the mountain glaciers. A historic glacial outburst had affected settlements of
Hunza valley, and destroyed the village of Passu almost 40 kms from the outlet of the glacial
lake. The infrastructure including houses, buildings and farmlands in Hunza and Shyok
basins remains threatened because of GLOFs hazard. This study proposes a need to establish
a concrete scientific context which can be ultimately fed to more encompassing predictive
frameworks for early warning of potential hazards in the area. The study contributes in
simulation of potential hazardous GLOFs of Hunza and Shyok basins in order to earmark
hazard extents and to generate an early warning to the habitation. The study results revealed
that settlements of Hunza and Shyok basins are threatened by the GLOFs hazard. Keeping in
view the seasonal growth of the potentially dangerous glacial lake of Hunza basin, a low
discharge of 3500 m%s from potentially dangerous glacial lake can affect 40%, whereas, a
moderate discharge of 5000 m*/s can affect 60% and a high discharge of 7000 m*/s can affect
80% of the Shimshal village habitat. In Shyok basin, a low discharge of 100 m%s from
potentially dangerous glacial lake can affect 20%, whereas, a moderate discharge of 300 m*/s
can affect 30% and a high discharge of 500 m*/s can affect 40% of the Barah village habitat.
The results of this study provide a platform for the establishment of an early warning and
monitoring system to minimize the impact of future GLOFs which has been a grey area.
Accurate and comprehensive simulation of potentially dangerous GLOFs is of utmost
importance for risk assessment. A digital repository of GLOFs hazard extents can enhance
the ability to inform policy makers on the vulnerability, risk mitigation and action/adaptation
measures.
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1. INTRODUCTION

The alpine glaciers of the sub-continent region are a renewable natural freshwater
storehouse that benefits hundreds of millions of people downstream (Shah and Kanth, 2013).
Owing to global warming acceleration, the glaciers of the mid-latitude region of Pakistan are
retreating since the second half of the 20th century (Das and Meher, 2019). On the retreating
glacier terminus, this phenomenon has accounted for the accumulation of many disastrous
glacial lakes. The damming by unstable moraines has caused several glacial lakes. The
disastrous GLOFs containing debris and a large quantity of turbulent water lead to the sudden
breaches of these unstable moraines which hold huge quantities of water (Bhambri et al.,
2013).Glaciation and inter-glaciation are natural processes that have occurred several times
during the last 10,000 years. A situation that provides a large space for retaining melt water,
leading to the formation of moraine-dammed lakes (Che et al., 2014). Glacier-connected
lakes have likely accelerated the glacial retreat via thermal energy transmission and
contributed to over 15% of the area loss in their connected glaciers. On the other hand,
significant glacial retreats led to disconnections from their proglacial lakes, which appeared
to stabilize the lakes in the Himalayas. Continuous expansions in the lakes connected with
debris-covered glaciers, therefore, need additional attention due to their potential outbursts
(Nie et al., 2018). Glacier retreat is an indication of glacial lake formation. The glacial hazard
of GLOFs can cause loss of life, livestock, property, valuable forests, costly mountain
infrastructures, farmlands, and pasture resources. Damages to settlements and farmland can
take place at very great distances from the outburst source, for example, in Pakistan, a
damage occurred 1,300 Km from the outburst source (Gilany and Igbal, 2019). Much of the
damage created during GLOF events is associated with the large amounts of debris that
accompany the floodwaters (Budhathoki et al., 2010). In the past 20 years, glaciers in the
Himalayas have retreated and thinned rapidly as a response to regional climate warming,
leading to the formation of new glacial lakes and the expansion of existing glacial lakes
(Kaushik et al., 2019). These areas are located in the border belt and the Eurasian plates,
where tectonic seismic activity is frequent and intense. Earthquakes have often compromised
the stability of mountain slopes, glaciers, and moraine dams, resulting in an imbalance in the
state of glacial lakes (Wang and Zhou, 2017). During recent decades there has been a rapid
retreat of glaciers all over the world, new lakes are being formed, and the size of the existing
lakes attached to the glaciers is increasing. Another emerging hypothesis of more GLOF
events is the change in the pattern of rainfall (Khan et al., 2019, Harrison et al., 2018). A
historic glacial flood burst had a depth of around 30 m at the junction of Shimshal and Hunza,
(about 40 Km from the assumed position of the lake) and destroyed the village of Passu near
the Hunza river (Goudie, 1984). Glacier-fed lakes are dominant in both quantity and area and
exhibit an overall faster expansion trend compared to the non-glacier-fed lakes in the
Himalayas (Mir et al., 2018). Formation of glacial lake phenomenon has rapidly increased
owing to global warming. Glaciological characteristics of the ablation zone of Baltoro glacier
have changed in the recent past because of a host of factors (Mayer et al., 2006). The
diversity of glacial material is the prime reason for the diverse behavior and peculiar
dynamics of the glaciers. Heterogeneity in the Karakoram glacier surges is observed because
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of the peculiar dynamics of the glaciers (Quincey et al.,, 2015). The glacier surges are
propagated coupled with glacial lakes. Glacier changes in the Karakoram region are mapped
temporally in order to observe the diverse behavior of the glaciers (Rankl et al., 2014). On
debris-covered glaciers, glacial lake formation is observed at a faster pace in alpine region of
Pakistan (Hambrey et al., 2008, Raup et al., 2007). A conceptual analysis model of
supra-glacial lake formation on debris-covered glaciers is based on GPR (Ground
Penetrating Radar) (Mertes et al., 2017). The analysis has put forth the argument of increased
melting observed in glaciers of northern Pakistan. The risk factor increases exponentially
with the presence of supra-glacial lakes, the trend is observed through modeling and risk
assessment of GLOFs (Lala, 2018). The frequency of glacier-dammed lakes and outburst
floods in the Karambar valley of Hindukush-Karakoram has increased the risk to
infrastructure and living organisms in this region (lturrizaga, 2005). The glacier surge is a
seasonal phenomenon owing to the extreme flow velocities resulting in the formation of a
dammed lake (Steiner et al., 2018). The balance in accumulation and ablation zones of a
glacier is very vital for its stability. A hydro-meteorological perspective on the anomaly of
glacier dynamics has originated the argument of heavy accumulation zones, thus disturbing
the mass balance (Bashir et al., 2017). The natural stability and behavior of the glacier are
very much dependent on slope, elevation, aspect, and geomorphology of the vicinity. Glacier
expansion is very much related to the elevation from mean sea level in the Karakoram region
(Hewitt, 1998). Himalayan glaciers are a focus of public and scientific debate. Prevailing
uncertainties are of major concern because some projections of their future have serious
implications for water resources. Most Himalayan glaciers are losing mass at rates similar to
glaciers elsewhere; except for emerging indications of stability or mass gain in the
Karakoram (Bolch et al., 2012). Rising global temperature is the major factor in the glacial
lake formation which is caused by the glacial retreat in mountainous regions. In the era from
1550 to 1850, the glaciers were quite in length in comparison with today. With the inception
of global warming, moraines formation adjacent to glaciers blocks the glacial lakes
(Bhutiyani, 1999). Since the Little Ice Age, it is said that the glaciers of the Himalaya have
experienced a retreat of approximately one kilometer in length. A situation leads to the
formation of moraine-dammed lakes with the provisioning of a large space for melt water
retention (Mool et al., 2001). The proximity analysis of the settlements with respect to glacial
lakes is very vital with respect to geospatial analysis and modeling of GLOFs hazard in
Hunza and Shyok basins of upper Indus basin. Nearly 35 devastating GLOF events have
occurred during the last 200 years in Gilgit Baltistan (Din et al., 2014). The frequency and the
intensity of GLOF events has risen over the past few years according to available records.
During the three decades the glacier cover been decreased an average of 10.1% which cause
many GLOF in the Hunza and Shyok (Ali et al., 2019). Also during the year (2008-2009) five
GLOF events took place in Hunza Valley (Kreutzmann et al., 2011). Study of the GLOF
Events shows that such an event has been associated with weather condition in terms of
temperature increase, precipitation and heat waves.

Keeping in view the fact that watersheds of Pakistan are covered by major glaciers,
which are quite susceptible to disastrous outbreak / flooding hazards, the objectives of the
study were (i) to map potentially dangerous glacial lakes in Hunza and Shyok basins and (ii)
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to simulate the flood extents of the potentially dangerous glacial lakes using HEC-RAS
model and do damage assessment to the downstream settlements in these basins.

2. MATERIALS AND METHODS

2.1 Geomorphology

High mountains of Pakistan comprise the western end of 2,400 km long Himalayan
range and some parts in the Hindukush and Karakoram ranges. Northern areas spread over
72,496 km2 with a midst towering snow-clad peaks having heights varying from nearly
1,000 to over 8,000 meters above sea level. Of the 14 over 8,000 m peaks on earth, 4 occupy
an amphitheater at the head of Baltoro glacier in the Karakoram Range. These are: K-2
(Mount Godwin Austen) which is 8,611 m and is world second highest peak, Gasherbrum-I
(8,068 m), Broad Peak (8,047 m) and Gasherbrum I1 (8,035 m). In addition to these, there are
68 peaks over 7,000 m and hundreds which are over 6,000 m high. Generally, because of
their rugged topography and the rigors of the climate, the northern highlands and the
Himalayas to the east have been formidable barriers to movement into Pakistan throughout
history (Isserman et al., 2010).

2.2 Climate

Pakistan is basically a dry country of the warm temperate zone. The climate of the area
is transitional between that of central Asia and the monsoonal region of south Asia, which
varies considerably with latitude, altitude, aspect and local relief. There is not only high
spatial variability but temporal variability is quite high as well. Except for a small strip of
sub-tropical terrain in Punjab and the wet zone on the southern slopes of the Himalayan and
Karakoram mountain ranges, most of the country is arid or semi-arid steppe land. The
snowmelt run-off constitutes a substantial part of water resources of the rivers of Pakistan
(Singh et al., 2011). The Indus River, primarily supplied by glaciers in its upper reaches, and
subject to the least seasonal variation, still has a maximum flow more than fifty times its
minimum. Alpine glaciers contribute 50% of the Indus water flow. The Indus River is about
2,800 km long and 62% of its catchment lies in Pakistan (Singh et al., 2011). The swelling of
Indus and its tributaries is subjected to volumetric decrease of glaciers and if coupled with
heavy monsoonal rains, can cause floods during summer (Gilany and Igbal, 2018).

2.3 Glaciated River Basins of Pakistan
For hydrological studies, Pakistan’s northern area is divided into 10 major river basins
(Figure 1). Clockwise from west, these basins are of Swat River, Chitral River, Gilgit River,
Hunza River, Shigar River, Shyok River, Indus River, Shingo River, Astor River, and the
Jhelum River. Most of the snow and ice reserves are concentrated in the mountain ranges
lying in these basins (Gillani, 2014, Ashraf et al., 2015). These basins contain glaciated part,
4
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which forms headwaters of the main Indus basin. The study area encompasses the Hunza and
Shyok basins of alpine glaciers of Pakistan (Ali and De Boer, 2007, Kaéb et al., 2012,

Bookhagen and Burbank, 2010).
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Figure 1. Glaciated River basins of northern Pakistan.

2.3.1 Hunza River Basin

The Hunza River basin actually forms the sub basin of the Gilgit River but due to its
considerable size and importance it is considered as a separate basin. The river drains the
Karakoram Mountains comprising of large glaciated area in the north (Ashraf et al., 2012).
The Karakoram highway linking Pakistan to China passes across this basin. Part of the road
runs along Hunza River and ends near Khunjerab Pass (Geerken and Bréker, 2017). The
tributaries joining the Hunza River are Chabursan, Khunjerab, Ghujerab, and Shunsha River.
The basin comprises of major valleys and hanging glaciers on the high Karakoram Range
(Figure 2). Karimabad, the capital of the Hunza valley, is stretched over miles and miles of
terraced fields and fruit orchards. It offers a panoramic view of the Rakaposhi, Ultar and
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179  seven of which are over 7,500 m. Passu is the setting-off point for climbing expeditions up
180  the Batura, Passu, Kurk and Lupgar groups of peaks, and for trekking trips up the Shimshal
181  Valley and Batura Glacier (Singh, 2015, Kreutzmann, 2018).
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183 Figure 2. The glacier distribution in Hunza River basin.

184 2.3.2 Shyok River Basin

185 The Shyok River is bounded with Jammu and Kashmir disputed Territory in south,
186  China in northeast and Shigar and Indus River basins in the west. The elevation in the basin
187  varies from more than 2,500 masl to more than 7,700 masl (ul Hassan et al., 2018). There are
188 372 glaciers which contribute to a vast glacier area of about 3,548 Km? (Figure 3). Though
189  the Valley glaciers are only 14% of the total number; they contribute more than 82% to the
190 glacier area. This high contribution is mainly due to larger area of the individual glaciers.
191 Some of the important valley glaciers include Siachen, Kondus, Bilafond, Chogolisa,
192  Ghandogoro and Masherbrum (Wolovick, 2016). The glacier area of the basin contributes to
193  about 892 km? of the total ice reserves of the basin. Again, the major source of this huge ice
194  reserve is the valley glaciers which contribute more than 94%. Aspect wise the basin has
195  been divided into various ordinal directions. Glaciers are oriented towards NE (29%), NW
196  (24%) and E (18%) but are absent on the western aspects. The total area 33470 km? is
197  bounded by 75° to 77° E, 34° to 35° N (Ghosh, 2003, Pfeffer et al., 2014).
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Figure 3. The glacier distribution in Shyok River basin.

2.4 Dataset

Landsat ETM+ Images of Hunza and Shyok basins, within the substantial time span
from May to September, have been acquired from the USGS (United States Geological
Survey) using the Earth Explorer interface (http://earthexplorer.usgs.gov/), Digital Elevation
Model of Hunza and Shyok basins is used for obtaining the elevation, aspect, and slope of the
glaciers hosting the glacial lakes. ASTER interpolated data at 15m is used for this purpose,
Geomorphologic data of Hunza and Shyok basins of Pakistan acquired from the Geological
Survey of Pakistan.

2.5 Methodology

The Study encompasses acquisition of Satellite Images, performance of geospatial
analysis, and identification of GLOFs to assess the glacial hazard-prone areas. By utilizing
height information obtained through DEMs, orientation and slope maps are formed (Nabi et
al., 2018). The Landsat images of different time spans were downloaded and studied in detail
for quality input. Capturing Digital Data of Glacial Lakes from Imagery Landsat images
were used for identification of glacial lakes by applying the Normalized Difference Water
Index (NDWI), taking advantage of the low water reflectance in the NIR band.

NIR — Blue

NDWI = TR T Blue

Thereafter, mapping of Glacial Lakes of Shyok basin in contact with glaciers and
upstream of settlements was carried out. In this connection, direct hydrological connection
and lake dam type was determined. The lakes volume was calculated based on surface area.
Finally, the simulation and modeling of potentially dangerous glacial lakes in HEC-RAS was
conducted. The HEC-RAS model (Figure 4) contains several river analysis components for
steady flow water surface profile computations and one and two-dimensional unsteady flow
simulation including velocity and water surface depth analysis. The release of Version 5.0
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introduced two-dimensional modeling of flow as well as sediment transfer modeling
capabilities. The program was developed by the US Department of Defense, Army Corps of
Engineers in order to manage the rivers, harbors, and other public works under their
jurisdiction; it has found wide acceptance by many others since its public release in 1995
(Osti and Egashira, 2009).
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Imagery (15 m
pansharpen)

SOP Toposheet TN ASTER DEM
1:50,000 15m

Land Use HEC-Geo
REE RAS
Hydrological )
Data
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Unsteady HEC-
Flow -
Simulation SR

Figure 4. HEC-RAS model workflow.
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3. RESULTS AND DISCUSSION

The potentially dangerous glacial lakes which are concentrated at the headwaters of these
river basins can affect settlements, infrastructure, and agricultural fields situated in the
downstream river valley (Staubli et al., 2018). Antecedent glaciers and glacial lakes
comprehensive and accurate knowledge are of utmost importance. The ability of
decision-makers on the adaption of risk mitigation measures and reduction in vulnerability
will be enhanced with a detailed digital data repository of glacial lakes and GLOFs
occurrences. This forms the basis for global warming studies and future climate change
research in Pakistan, as the irrigation network is primarily dependent on summer season
snowmelt (Mukhopadhyay and Khan, 2015).

3.1 GLOFs Hazard Assessment

By using Landsat-7 images, the study of glaciers and glacial lakes is carried out
coupled with field investigations of potentially dangerous GLOFs. Using remote sensing
satellite images, the monitoring of the glaciers as per created inventories and the impact
assessment of the GLOFs extent is done precisely. The accuracy is achieved with the remote
sensing data and techniques for evaluation of geophysical conditions of the terrain with the
help of satellite images. The ability and precision of the analysis performed is increased with
the multistage approach of field investigation coupled with remote sensing dataset. The
study involving glaciers and GLOFs becomes reliable once visual image interpretation

techniques are integrated with GIS analysis.
8
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For this research, the identification of glaciers and glacial lakes has been done by
utilizing Landsat-7 ETM+ images. Landsat from an altitude of 705 km amsl covers an area of
183 km by 170 km. It is a sun-synchronous orbit imaging after every 16 days and obtains a
synoptic view at an inclination of 98.2 degrees. It carries the ETM+ sensor. The bandwidth
of TM and ETM+ are slightly different ranging from the blue to far infrared wavelength. For
feature identification, Landsat-7 band combinations and indices are utilized. The glacial
lakes can be easily identified in the band combination of RGB (Red-Green-Blue) (Pan-7-6b)
due to their better contrast with the surrounding features. In this FCC, the fresh snow and ice
of the glaciers appear in light to dark red color. In the image of the winter season, the glacial
lakes with a smooth texture and varying gray tone due to their semi-frozen ice surface are
easily identified (Figure 5(a-c)).

“u

Figure 5. Glacier ice covered with debris (a), snow (b) and glacial lake (c).

The identification/monitoring of glaciers and glacial lakes is done with integration of
remote sensing technique and GIS (Geographic Information System) data analysis. It played
a major role in decision making and application of rules of land cover types and features
discrimination in GIS analytical techniques, which enabled better presentation and
perspective views. DEM is utilized to create slope and aspect data sets of the study area.
Even though the glacial lake surfaces are flat and covered by snow, the glaciers ice and snow
ice create slope angles (Gilany and Igbal, 2016). Antecedent, decision rules of integrated
GIS analysis is applied, that if the surface texture is smooth and the slope is not pronounced
then such areas are recognized as glacial lakes.

3.2 GLOFs Analysis of Hunza Basin

There are 110 glacial lakes covering an area of about 3.22 sq. Km out of which, 47 are
major glacial lakes in this basin. Maximum of these are Supraglacial lakes (20) because in
the basin there are large size glaciers. This type is followed by Valley lakes (17). The other

9
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types of lakes are few in number and therefore contribute very little to the accumulative area
of the major lakes of the basin. In this basin maximum lake area (49%) is contributed by
Valley lakes followed by Supraglacial lakes (28%). Rest of the 23% lake area is collectively
contributed by Moraine dammed, Erosion and Blocked lakes. The largest End Moraine
dammed glacial lake has an area 0.12 sg. Kmand is at a distance of 175 m from Passu Glacier
having an area of 62.9 sq. Km, length of 26 km and ice reserves of 10.89 km®. The high relief
and unstable deposits along the valley sides have made the slopes prone to mass movements.
The upper Hunza basin provides an ideal and easily accessible location for the study of
ice-dammed and mass movement-dammed lakes. The largest sized lake in this category has
0.38 sq. Km area and a length of 5000 m. It is oriented towards the North West and is
associated with the Khurdopin glacier. This potentially dangerous glacial lake is hazardous
to the settlement of Shimshal valley (Figure 6a).

3.3 HEC-RAS Model Simulation of Glacial Lake Outburst Flood Hazard Risk in
Hunza Basin

The HEC-RAS model simulation is utilized for identification of GLOF hazard risk
extents to Shimshal village in Hunza basin. Shimshal village is located in Gojal Tehsil of
Hunza District, in the Gilgit—Baltistan region of Pakistan. It lies at an altitude of 3,100 m
amsl and is the highest settlement in Hunza basin. It is a border village that connects the
Gilgit-Baltistan with China. The total area of Shimshal is approx 3,800 km? and there are
around 2000 inhabitants with a total of 250 houses. The input parameters for the HEC-RAS
model are listed in table 1.

Table 1. HEC-RAS input parameters (Brunner, 2002).

Input Value Description
Parameters Assigned P
DEM 30m Digital Elevatlon_ModeI (ASTER)
For slope angle, altitude, and curvature
. The area with specific release drawn in
Inlet Polyline 8
shapefile
F 3
Global \ﬁtlglr(\;e Discharge volume (m?/s)
Parameters . Time interval in mins (1,3 and 30)
Period
Energy slope for distributing flow along
Energy Slope 0.1 boundary condition
Domain Area Perimeter Domain area with specific perimeter bound
Mesh around the area of interest drawn in shapefile

3.3.1 Khurdopin Glacial lake Inlet and Shimshal Village Domain Area

First, the domain area surrounding the flow accumulation of stream flowing out of
potentially dangerous glacial lake is drawn. The habitat of Shimshal village is included in the
domain area to ascertain the damage extents to the settlements. The two-dimensional domain
area is assigned the pixel value of 15x15m. Inlet to the domain area is drawn at the outflow of
potentially dangerous Khurdopin glacial lake (Figure 6 b).
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The peak seasonal discharge from potentially dangerous lake of Khurdopin glacier is
calculated using the empirical formula of peak discharge (Costa, 1988).

Qmax = 113(Vo x 1076)064 )

Where,

Qmax = Peak Discharge (m*/s)
Vo = Volume (m?®)

Basing on the parameters (Table 2) of the potentially dangerous khurdopin glacial lake
(Figure 6c), the peak seasonal discharge flow is calculated as 3500 m*/s, which can generate
low flood damage extent to the settlements of Shimshal village (Table 2). The peak
simulated scenario-1 discharge flow is calculated as 5000 m*/s, which can generate moderate

flood damage extent the peak simulated scenario-2 discharge flow is calculated as 7000 m*/s,
which can generate high flood damage extent to Shimshal village (Table 2).

Table 2. Parameters of potentially dangerous glacial lake to Shimshal village.

Peak Seasonal Simulated Scenario-1 | Simulated Scenario-2
Parameters
Value Value Value

Length 5000 m 5500 m 6000 m

Depth 100 m 150 m 200 m

Aspect NW NW NW

Area 2464780 (m)* 3081236 (m)* 3652018 (m)*
Volume 246478000 (m)* 308123600 (m)* 365201800 (m)®
Discharge 3500 m°/s 5000 m°/s 7000 m°/s

3.3.2 HEC-RAS Simulated Hydrograph Max Depth, Max Velocity, and Max Water
Surface Elevation at X-Sec of Shimshal Village

Basing on a peak seasonal discharge of 3500 m*/s and data input interval of 10 mins,
the two-dimensional hydrograph profiles are generated from HEC-RAS model. The max
depth of flow hydrograph at Shimshal village x-sec is calculated as 40 m, which has
generated a low flood to the settlements (Figure 6d). The max velocity of flow is calculated
as 7 m/s (Figure 6e). The reference surface elevation is 3070 m amsl and the max water
surface elevation at Shimshal village x-sec is 3110 m amsl (Figure 6f).
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-

Shimshal River

Shimshal Village

®
Figure 6. (a) General area showing glacial lake to Shimshal village, (b) Glacial lake inlet and
Shimshal village domain area, (c) Potentially dangerous lake of seasonal low discharge, (d)
Depth profile at x—sec of Shimshal village, (e) Velocity profile at x—sec of Shimshal village,
(f) Water surface elevation profile at x—sec of Shimshal village.
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3.3.3

and High Discharge)

Basing on the simulated 2D hydrograph profiles generated from HEC-RAS model,
the output parameter values of potentially dangerous Khurdopin glacial lake at Shimshal
village x-sec generating low, moderate and high discharge are as shown in table 3.

The Cryosphere

Discussions

HEC-RAS Output Parameters at Shimshal Village X-SEC (Low, Moderate

Table 3. HEC-RAS outputs at Shimshal village x-sec (low, moderate and high discharge).

Peak Simulated | Simulated
Output Seasonal | Scenario-1 | Scenario-2 -

Parameters (Low (Moderate (High Description

Discharge) | Discharge) | Discharge)
Flow Flow height obtained
Height 40m S0m om during the course of GLOF
Velocity The velocity of turbulent
Generated s 8 m/s 10m/s water of GLOF
WSE 3110 m 3120 m 3140 m Water Surface Elevation
Damage The extent of damage by
Extent 950m 1100m 1 1250m g jacial lake outburst flood

Keeping in view the seasonal growth of potentially dangerous glacial lake in Hunza
basin and simulated scenarios, the low discharge of 3500 m*/s from Khurdopin glacial lake
can affect 40% of the Shimshal village habitat, the moderate discharge of 5000 m%/s from
Khurdopin glacial lake can affect 60% of the Shimshal village habitat and the high discharge
of 7000 m*/s from Khurdopin glacial lake can affect 80% of the Shimshal village habitat as

shown below in figure 7(a-c).
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355  Figure 7. (a-c) GLOF damage extents of Shimshal village habitat.
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3.4 GLOFs Analysis of Shyok Basin

This basin comprises of a glaciated area of about 3,548 km? out of a total area of 10,235
km?. The distribution of different types of the glacial lakes shows the pronounced hazard of
GLOFs. The Shyok basin's 2.7 sq. km area is covered with 66 glacial lakes. In this basin,
most of the glaciers are concentrated in the north-eastern part while the glacial lakes are
scattered over the south-western part (Hewitt, 1998). Most of the lakes (39%) are of erosion
type covering an area of approximately 0.5 sq. Km. Though the End Moraine and Valley
lakes are only twelve and eight in number, respectively, but they contribute about 40% and
30% of the lake area respectively. The Eight Valley lakes in the basin contribute more than
29% of the lake area. Most of these lakes are at varying distances from their associated
glaciers. Half of these eight lakes are closed type lakes. The largest Valley glacial lake is
associated with Siachen glacier and is oriented towards the north. It has 0.27 sg. km area and
a length of 670 m. The End Moraine lakes are twelve which contribute about 40% to the lake
area. The largest sized lake in this category has 0.21 sg. km area and a length of 800 meters.
It is oriented towards the north and is associated with the Siachen glacier. Potentially
dangerous lakes of this basin are hazardous to the settlements of Barah village (Figure 8).

Figure 8. Potentially dangerous glacial lakes to Barah village.

3.5 HEC-RAS Model Simulation of Glacial Lake Outburst Flood Hazard Risk in
Shyok Basin

The HEC-RAS model simulation is utilized for identification of GLOF hazard risk
extents to village Barah in Shyok basin. The input parameters for the HEC-RAS model are
listed in table 1.

3.5.1 Potentially Dangerous Glacial Lakes Inlets and Barah Village Domain Area
First, the domain area surrounding the flow accumulation of stream flowing out of

both potentially dangerous glacial lakes are drawn. The habitat of Barah village is included

in the domain area to ascertain the damage extents to the settlements. The two-dimensional
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domain area is assigned the pixel value of 15x15m. Inlets to the domain area are drawn at the
outflow of potentially dangerous glacial lakes (Figure 9a). The expected peak seasonal
discharge from potentially dangerous lakes of Barah village is calculated using the empirical
formula of peak discharge (equation (1)).

Basing on the parameters of the potentially dangerous glacial lakes (Figure 9b), the
peak seasonal discharge flow is calculated as 100 m*/s (Table 4), which can generate low
flood damage extents to the settlements of Barah village.

Table 4. Parameters of potentially dangerous glacial lake to Barah village (peak seasonal).

Parameters Value (Left Lake) Value (Right Lake)
Length 1300 m 1400 m
Depth 4m 3m
Aspect N NW
Area 450,368.15 (m)? 517,112.16 (m)?

Volume 1,801472.60 (m)® 1,552236.48 (m)®
Latitude 35°05'53.78"N 35°05'50.47"N
Longitude 76°14'15.55"E 76°15'19.36"E

3.5.2 HEC-RAS Simulated Hydrograph Max Depth, Max Velocity and Max Water
Surface Elevation at X-Sec of Barah Village

Basing on a peak seasonal discharge of 100 m*/s and data input interval of 10 mins,
the two-dimensional hydrograph profiles are generated from HEC-RAS model. The max
depth of flow hydrograph at Barah village x-sec is calculated as 25 m, which has generated a
low flood to the settlements (Figure 9c¢). The max velocity of flow is calculated as 5 m/s
(Figure 9d). The reference surface elevation is 2560 m amsl and the max water surface
elevation at Barah village x-sec is 2585 m amsl (Figure 9e).
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402  Figure 9. (a) Potentially dangerous glacial lakes to Barah village, (b) Glacial lakes inlets and
403  Barah village domain area, (c) Depth profile at x—sec of Barah village, (d) Velocity profile at
404  x-sec of Barah village, (e) Water surface elevation profile at x-sec of Barah village.

405

17



https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License.

Discussions

406 3.5.3 HEC-RAS Output Parameters at Barah Village X-SEC (Low, Moderate and
407  High Discharge)

408 Basing on the simulated two-dimensional hydrograph profile generated from
409 HEC-RAS model, the output parameters values of potentially dangerous glacial lakes having
410  peak seasonal discharge of 100 m*/s are obtained as shown in table 5.

411  Table 5: HEC-RAS output parameters at Barah village x-sec (low discharge of 100 m®/s).

Output Peak Seasonal Description
Parameters (Low Discharge)
Flow Height 25m Flow height obtained during the course of GLOF
Velocity 5m/s The velocity of turbulent water of GLOF
Generated
WSE 2585 m Water Surface Elevation
Damage Extent 500 m The extent of damage by glacial lake outburst
flood
412
413 The peak simulated scenarios discharge from potentially dangerous lakes of Barah
414  village is calculated using the empirical formula of peak discharge (equation (1)).
415 Basing on the parameters of the potentially dangerous glacial lakes, the peak simulated

416  scenario-1 discharge flow is calculated as 300 m*/s (Table 6), which can generate moderate
417  flood damage extend to Barah village. The peak simulated scenario-2 discharge flow is
418  calculated as 500 m®s (Table 6), which can generate high flood damage extents to Barah
419  village.

420 Table 6. Parameters of potentially dangerous glacial lake to Barah village (simulated
421  scenarios).

Simulated Scenario-1 Simulated Scenario-2
Parameters
Value Value
Left Lake Right Lake Left Lake Right Lake
Length 1400 m 1500 m 1500 m 1600 m
Depth 8m 7m 14 m 12m
Aspect N NW N NW
Area 610(’;%3'15 717,112.16 (m%) | 710,368.15 (m?) | 917,112.16 (m?)
Volume 4,882945.20 4,597978.04 9,945154.10 10,214228.38
(m°) (m°) (m°) (m°)
422 Basing on the simulated two-dimensional hydrograph profile generated from

423  HEC-RAS model, the output parameters values of potentially dangerous glacial lakes having
424 peak simulated scenario-1 discharge of 300 m*/s and peak simulated scenario-2 discharge of
425 500 m*/s are obtained as shown in table 7.

426
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427
428  Table 7. HEC-RAS output parameters at Barah X-SEC (moderate and high discharge).
Simulated Simulated
Scenario-1 Scenario-2 -
Output Parameters (Moderate (High Description
Discharge) Discharge)
. Flow height obtained during the
Flow Height 30m 35m course of GLOF
Velocity Generated 6 m/s 7m/s The velocity cglt_lg't;ulent water of
WSE 2590 m 2595 m Water Surface Elevation
The extent of damage by glacial
Damage Extent 650 m 700 m lake outburst flood

429 3.6 HEC-RAS Model Simulated GLOF Hazard Extents at Barah Village X-Sec

430 Keeping in view the seasonal growth of potentially dangerous glacial lakes of Shyok
431  basin and simulated scenarios, the low discharge of 100 m*/s from both lakes can affect 20%
432  of the Barah village habitat, the moderate discharge of 300 m*/s from both lakes can affect
433 30% of the Barah village habitat and the high discharge of 500 m*/s from both lakes can affect
434 40% of the Barah village habitat as shown below (Figure 10).

‘Legend
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432 Figure 10. GLOF damé;thts of Barah villae habitat.
437

438

== ’*Iﬁ

F o &
/’% Kilometers

19




https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

4. CONCLUSION

The GLOFs play a vital role in sedimentation and erosion in UIB of Pakistan. Their
significance cannot be denied especially which lies in very exceptional risk to the
infrastructure and human installations. The historically recorded floods gain height well
beyond peak discharge estimated values for the seasonal precipitation. The erosion capacity
and competence are immensely enhanced by the active dynamic character of the GLOFs. In
the context of erosion in these valleys and the sedimentation of the reservoirs in the
downstream area, the vital importance is of the GLOFs happening. The passage of this dam
burst involving turbulent floods has contributed in huge numbers of landslides which have
occurred in valley sides and on the terraces of Hunza and Shyok basins. Keeping in view the
seasonal growth of potentially dangerous Khurdopin glacial lake of Hunza basin and
simulated scenarios, the low discharge of 3500 m*/s from glacial lake can affect 40% of the
Shimshal village habitat, the moderate discharge of 5000 m*/s from glacial lake can affect
60% of the Shimshal village habitat and the high discharge of 7000 m*/s from glacial lake
can affect 80% of the Shimshal village habitat. Keeping in view the seasonal growth of
potentially dangerous glacial lakes of Shyok basin and simulated scenarios, the low
discharge of 100 m%/s from both lakes can affect 20% of the Barah village habitat, the
moderate discharge of 300 m*/s from both lakes can affect 30% of the Barah village habitat
and the high discharge of 500 m%s from both lakes can affect 40% of the Barah village
habitat. The Shyok basin and Hunza basin are prone to glacial lake outburst floods hazard
based on the proximity of glacial lake with respect to infrastructure, geomorphology of
underneath surface, geo-cover of the vicinity, crevasses, ice melt, and anthropogenic
activities. Therefore, continuous monitoring through physical gauge stations and satellite
images is very vital of the streams nearing settlements of Shyok and Hunza basin. Knowing
the extent of damages beforehand can help in mitigating the impact of GLOF surges.
Antecedent, the most vital mitigation step to reduce flood risk is to gradually reduce the
volume of the glacial lake to decrease the dynamic peak surge of glacial lakes containing a
huge volume of water. In order to protect the infrastructure in downstream areas against the
destructive/dynamic forces of surging GLOFs, pre-disaster mitigation measures must be
taken. An early warning and monitoring system should be placed in advance in order to
safeguard against such catastrophic events. While choosing the appropriate method or
starting any mitigation measure, precise evaluation involving detailed analysis studies of
lakes, mother glaciers, surrounding conditions, and damming materials are the foremost
requirements. The measures adopted must be such that those must not increase the risk of a
GLOF event during or after the placement of mitigation measures. At different stages of the
mitigation process i.e., during or after, the onsite monitoring gadgets at the mother glaciers,
the lake, the dam, and the surroundings are very vital.
Acknowledgements

We are highly grateful to Almighty Allah, the most beneficent, the most merciful, for
giving us strength, courage and resources to complete this research. We are sincerely obliged
to IGIS-NUST for providing us platform of a knowledge base during the study period. We
are very thankful to SUPARCO for cooperation and help in this research work. We
acknowledge PMD (Pakistan) for the provision of data support for this paper.

20



https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

REFERENCES

ALL K., BAJRACHARYA, R. M., CHAPAGAIN, N. R, RAUT, N,, SITAULA, B. K,, BEGUM, F., KHAN, M. Z,
ALI M. & AHMED, A. 2019. Analyzing Land Cover Change Using Remote Sensing and GIS: A Case
Study of Gilgit River Basin, North Pakistan. International Journal of Economic and Environmental Geology,
10, 100-105.

ALL K. F. & DE BOER, D. H. 2007. Spatial patterns and variation of suspended sediment yield in the upper
Indus River basin, northern Pakistan. Journal of Hydrology, 334, 368-387.

ASHRAF, A, NAZ, R. & IQBAL, M. B. 2015. Heterogeneous expansion of end-moraine dammed lakes in the
Hindukush-Karakoram-Himalaya ranges of Pakistan during 2001-2013. Journal of Mountain Science, 12,
1113-1124.

ASHRAF, A., NAZ, R. & ROOH]I, R. 2012. Glacial lake outburst flood hazards in Hindukush, Karakoram and
Himalayan Ranges of Pakistan: implications and risk analysis. Geomatics, Natural Hazards and Risk, 3,
113-132.

BASHIR, F., ZENG, X.,, GUPTA, H. & HAZENBERG, P. 2017. A hydrometeorological perspective on the
Karakoram anomaly using unique valley-based synoptic weather observations. Geophysical Research
Letters, 44, 10,470-10,478.

BHAMBRI, R, BOLCH, T., KAWISHWAR, P., DOBHAL, D., SRIVASTAVA, D. & PRATAP, B. 2013.
Heterogeneity in glacier response in the upper Shyok valley, northeast Karakoram. The Cryosphere, 7,
1385-1398.

BHUTIYANI, M. 1999. Mass-balance studies on Siachen glacier in the Nubra valley, Karakoram Himalaya,
India. Journal of Glaciology, 45, 112-118.

BOLCH, T., KULKARNI, A., KAAB, A, HUGGEL, C, PAUL, F., COGLEY, J. G., FREY, H., KARGEL, J. S,
FUJITA, K. & SCHEEL, M. 2012. The state and fate of Himalayan glaciers. Science, 336, 310-314.

BOOKHAGEN, B. & BURBANK, D. W. 2010. Toward a complete Himalayan hydrological budget:
Spatiotemporal distribution of snowmelt and rainfall and their impact on river discharge. Journal of
Geophysical Research: Earth Surface, 115.

BRUNNER, G. W. Hec-ras (river analysis system). North American Water and Environment Congress &
Destructive Water, 2002. ASCE, 3782-3787.

BUDHATHOK], K. P., BAJRACHARYA, O. & POKHAREL, B. 2010. Assessment of Imja Glacier Lake outburst
flood (GLOF) risk in Dudh Koshi River Basin using remote sensing techniques. Journal of Hydrology and
Meteorology, 7, 75-91.

CHE, T., XIAOQ, L. & LIOU, Y.-A. 2014. Changes in glaciers and glacial lakes and the identification of dangerous
glacial lakes in the Pumqu River Basin, Xizang (Tibet). Advances in meteorology, 2014.

COSTA, J. E. 1988. Rheologic, geomorphic and sedimentologic differentiation of water floods,
hyperconcentrated flows and debris flows. Flood geomorphology, 113-122.

CREECH, C. T. 2014. Coupled sediment yield and sediment transport model to support navigation planning in Northeast
Brazil, Wayne State University.

DAS, L. & MEHER, J. K. 2019. Drivers of climate over the Western Himalayan region of India: A review.
Earth-Science Reviews, 102935.

DIN, K., TARIQ, S, MAHMOOD, A. & RASUL, G. 2014. Temperature and precipitation: GLOF triggering
indicators in Gilgit-Baltistan, Pakistan. Pakistan Journal of Meteorology, 10.

21



https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

GEERKEN, H. H. & BRAKER, A. 2017. The Karakoram Highway and the Hunza Valley, 1998: History, Culture,
Experiences, BoD-Books on Demand.

GHOSH, A. 2003. Natural resource conservation and environment management, APH Publishing.

GILANY, N. & IQBAL, J. 2019. Simulation of Glacial Avalanche Hazards in Shyok Basin of Upper Indus.
Scientific Reports, 9, 20077.

GILANY, S. & IQBAL, J. 2018. Glacial Avalanche Hazard’s Comparative Geospatial Analysis in Shigar and
Shyok Basins. International Journal of Environmental Science and Development, 9, 17-23.

GILANY, S. N. A. & IQBAL, J. 2016. GEOSPATIAL ANALYSIS OF GLACIAL HAZARD PRONE AREAS OF
SHIGAR AND SHAYOK BASINS. International Journal of Innovation and Applied Studies, 14, 623.

GILLANI, S. N. A. 2014. Degradation of Siachen Glacier in the Context of Volumetric Decrease in Siachen,
Baltoro and Biafo Glaciers of Pakistan. International Journal of Innovation and Applied Studies, 6, 871.

GOUDIE, A. 1984. The geomorphology of the Hunza valley, Karakoram mountains, Pakistan. The international
Karakoram project, 2, 359-410.

HAMBREY, M. ], QUINCEY, D. J.,, GLASSER, N. F., REYNOLDS, J. M., RICHARDSON, S. J. & CLEMMENS, S.
2008. Sedimentological, geomorphological and dynamic context of debris-mantled glaciers, Mount
Everest (Sagarmatha) region, Nepal. Quaternary Science Reviews, 27, 2361-2389.

HARRISON, S., KARGEL, J. S, HUGGEL, C., REYNOLDS, J., SHUGAR, D. H., BETTS, R. A., GLASSER, N.,
HARITASHYA, U. K., KLIMES, J. & REINHARDT, L. 2018. Climate change and the global pattern of
moraine-dammed glacial lake outburst floods. The Cryosphere, 12.

HEWITT, K. 1998. Recent glacier surges in the Karakoram Himalaya. South Central Asia, American Geophysical
Union.

ISSERMAN, M., WEAVER, S. A. & MOLENAAR, D. 2010. Fallen giants: A history of Himalayan mountaineering
from the age of empire to the age of extremes, Yale University Press.

ITURRIZAGA, L. 2005. Historical glacier-dammed lakes and outburst floods in the Karambar valley
(Hindukush-Karakoram). GeoJournal, 63, 1-47.

KAAB, A., BERTHIER, E.,, NUTH, C., GARDELLE, J. & ARNAUD, Y. 2012. Contrasting patterns of early
twenty-first-century glacier mass change in the Himalayas. Nature, 488, 495.

KAUSHIK, S., JOSHI, P. & SINGH, T. 2019. Development of glacier mapping in Indian Himalaya: a review of
approaches. International Journal of Remote Sensing, 40, 6607-6634.

KHAN, S. A. R, JIAN, C.,, ZHANG, Y., GOLPIRA, H., KUMAR, A. & SHARIF, A. 2019. Environmental, social
and economic growth indicators spur logistics performance: From the perspective of South Asian
Association for Regional Cooperation countries. Journal of cleaner production, 214, 1011-1023.

KREUTZMANN, H. 2018. Language Variegation across the Pamir Hindukush-Karakoram.

KREUTZMANN, H., KISHWAR, A, LU, Z. & ]URGER, R. 2011. Pastoralism and rangeland management in
mountain areas in the context of climate and global change. Deutsche Gesellschaft fiir Internationale
Zusammenarbeit (GIZ) GmbH: Bonn, Germany, 8-63.

LALA, J. M. 2018. Modeling and risk assessment of glacial lake outburst floods (GLOFs): a case study of Imja Tsho in the
Nepal Himalayas.

MAYER, C,, LAMBRECHT, A., BELO, M., SMIRAGLIA, C. & DIOLAIUTI, G. 2006. Glaciological characteristics
of the ablation zone of Baltoro glacier, Karakoram, Pakistan. Annals of Glaciology, 43, 123-131.

22



https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604

MERTES, J. R, THOMPSON, S. S., BOOTH, A. D., GULLEY, J. D. & BENN, D. I. 2017. A conceptual model of
supra-glacial lake formation on debris-covered glaciers based on GPR facies analysis. Earth Surface
Processes and Landforms, 42, 903-914.

MIR, R. A, JAIN, S. K., LOHAN]I, A. & SARAF, A. K. 2018. Glacier recession and glacial lake outburst flood
studies in Zanskar basin, western Himalaya. Journal of hydrology, 564, 376-396.

MOOL, P. K., WANGDA, D., BAJRACHARYA, S, KUNZANG, K., GURUNG, D. & JOSH], S. 2001. Inventory
of glaciers, glacial lakes and glacial lake outburst floods. Monitoring and early warning systems in the
Hindu Kush-Himalayan Region: Bhutan. Inventory of glaciers, glacial lakes and glacial lake outburst floods.
Monitoring and early warning systems in the Hindu Kush-Himalayan Region: Bhutan.

MUKHOPADHYAY, B. & KHAN, A. 2015. A reevaluation of the snowmelt and glacial melt in river flows
within Upper Indus Basin and its significance in a changing climate. Journal of Hydrology, 527, 119-132.

NABI, G.,, ULLAH, S, KHAN, S., AHMAD, S. & KUMAR, S. 2018. China-Pakistan Economic Corridor (CPEC):
melting glaciers—a potential threat to ecosystem and biodiversity. Environmental Science and Pollution
Research, 25, 3209-3210.

NIE, Y., LIU, Q., WANG, J., ZHANG, Y., SHENG, Y. & LIU, S. 2018. An inventory of historical glacial lake
outburst floods in the Himalayas based on remote sensing observations and geomorphological
analysis. Geomorphology, 308, 91-106.

OSTI, R. & EGASHIRA, S. 2009. Hydrodynamic characteristics of the Tam Pokhari Glacial Lake outburst flood
in the Mt. Everest region, Nepal. Hydrological Processes: An International Journal, 23, 2943-2955.
PFEFFER, W. T., ARENDT, A. A,, BLISS, A., BOLCH, T., COGLEY, ]J. G.,, GARDNER, A. S, HAGEN, ].-O,,
HOCK, R., KASER, G. & KIENHOLZ, C. 2014. The Randolph Glacier Inventory: a globally complete

inventory of glaciers. Journal of glaciology., 60, 537-552.

QUINCEY, D. ], GLASSER, N. F., COOK, S. J. & LUCKMAN, A. 2015. Heterogeneity in Karakoram glacier
surges. Journal of Geophysical Research: Earth Surface, 120, 1288-1300.

RANKL, M., KIENHOLZ, C. & BRAUN, M. 2014. Glacier changes in the Karakoram region mapped by
multimission satellite imagery. The Cryosphere, 8, 977-989.

RAUP, B, KAAB, A, KARGEL, J. S., BISHOP, M. P., HAMILTON, G, LEE, E., PAUL, F,, RAU, F., SOLTESZ, D.
& KHALSA, S. J. S. 2007. Remote sensing and GIS technology in the Global Land Ice Measurements
from Space (GLIMS) project. Computers & Geosciences, 33, 104-125.

SHAH, A. A. S. & KANTH, T. A. G. 2013. Impact of glaciers on the hydrology of Kashmir Rivers: a case study of Kolahoi
Glacier.

SINGH, S. P., BASSIGNANA-KHADKA, L, SINGH KARKY, B. & SHARMA, E. 2011. Climate change in the
Hindu Kush-Himalayas: the state of current knowledge. International Centre for Integrated Mountain
Development (ICIMOD).

SINGH, U. P. 2015. A Study of Sino-Indian Border Issues.

STAUBLI, A., NUSSBAUMER, S. U., ALLEN, S. K., HUGGEL, C., ARGUELLO, M., COSTA, F., HERGARTEN,
C., MARTIN EZ, R, SOTO, J. & VARGAS, R. 2018. Analysis of weather-and climate-related disasters in
mountain regions using different disaster databases. Climate change, extreme events and disaster risk
reduction. Springer.

STEINER, J. F.,, KRAAIJENBRINK, P. D., JIDUC, S. G. & IMMERZEEL, W. W. 2018. Brief communication: The
Khurdopin glacier surge revisited—extreme flow velocities and formation of a dammed lake in 2017.
The Cryosphere, 12, 95-101.

23



https://doi.org/10.5194/tc-2019-292
Preprint. Discussion started: 6 February 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

605
606
607
608
609
610

UL HASSAN, S. N., REBA, M. N. M., HUSSAIN, D. & ALI, A. Elevation dependent thickness and ice-volume
estimation using satellite derived DEM for mountainous glaciers of Karakorum range. IOP
Conference Series: Earth and Environmental Science, 2018. IOP Publishing, 012115.

WANG, S. & ZHOU, L. 2017. Glacial lake outburst flood disasters and integrated risk management in China.
International Journal of Disaster Risk Science, 8, 493-497.

WOLOVICK, M. J. 2016. Basal Dynamics and Internal Structure of Ice Sheets, Columbia University.

24



