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HIGHLIGHTS

» We present the first comprehensive glacier lake inventory for the Indian Himalayas.
» In total, 251 glacier lakes >1 ha were mapped and classified.

» For three critical glacier lakes a detailed risk assessment was carried out.

» Risk assessment is based on field work, remote sensing and dynamic modeling.
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Glacial lake hazards and glacial lake distributions are investigated in many glaciated regions of the world, but
comparably little attention has been given to these topics in the Indian Himalayas. In this study we present a
first area-wide glacial lake inventory, including a qualitative classification at 251 glacial lakes >0.01 km?2.
Lakes were detected in the five states spanning the Indian Himalayas, and lake distribution pattern and
lake characteristics were found to differ significantly between regions. Three glacial lakes, from different geo-
graphic and climatic regions within the Indian Himalayas were then selected for a detailed risk assessment.
Lake outburst probability, potential outburst magnitudes and associated damage were evaluated on the basis
of high-resolution satellite imagery, field assessments and through the use of a dynamic model. The glacial
lakes analyzed in the states of Jammu and Kashmir and Himachal Pradesh were found to present moderate
risks to downstream villages, whereas the lake in Sikkim severely threatens downstream locations. At the
study site in Sikkim, a dam breach could trigger drainage of ca. 16 x 10° m® water and generate maximum
lake discharge of nearly 7000 m> s~. The identification of critical glacial lakes in the Indian Himalayas and
the detailed risk assessments at three specific sites allow prioritizing further investigations and help in the
definition of risk reduction actions.
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1. Introduction

Glacier retreat is observed in most regions of the Hindu Kush
Himalaya (HKH; Bolch et al,, 2012), which has given rise to the forma-
tion of numerous new glacial lakes. Glacial lakes are an indirect indica-
tor of glacier change (Gardelle et al., 2011) and unstable lakes can
present hazards to downstream locations (Costa and Schuster, 1988).
Sporadic glacial lake outbursts may drain as powerful floods (Mergili
et al, 2011), and are therefore considered the most important
glacier-related hazard in terms of direct damage potential (Osti and
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Egashira, 2009). Glacial lake outburst floods (GLOFs) have killed thou-
sands of people in many parts of the world (Carey, 2005; Clague and
Evans, 2000; Richardson and Reynolds, 2000a), and some of the largest
events occurred in the Himalayas (Bhargava, 1995; Osti and Egashira,
2009; Tashi, 1994; Vuichard and Zimmermann, 1986). As a result,
GLOF risks are receiving increased attention as a key climate change
hazard (Malone, 2010), and awareness for glacial lake monitoring and
hazard mitigation has increased recently.

Glacial lake inventories with a prioritization of detected lakes are
important as they allow non-specialist local authorities to quickly
identify lakes where more detailed and comprehensive studies
should be directed (Allen et al., 2009). Glacial lakes have been
mapped and analyzed in different regions of the HKH (Hewitt,
1982; Yamada and Sharma, 1993), yet the focus of past studies has
been predominantly on Bhutan (Fujita et al.,, 2008; Komori, 2008;
Pitman et al., 2012), Nepal (Bolch et al., 2008; Yamada and Sharma,
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1993), and Tibet (Wang et al., 2008). A transboundary assessment of
glacial lake distribution and evolution in the HKH was carried out by
Gardelle et al. (2011) and also covered some regions in India; and
ICIMOD (2010) compiled an extensive glacial lake inventory over
large regions of the HKH, including three states in India. However,
we are not aware of any glacial lake inventory covering the entire
Indian Himalayas, and realize that generally few studies on glacial
lakes have been carried out in the Indian Himalayas so far
(Babu-Govindha-Raj, 2010; Randhawa et al., 2005).

An accurate and objective classification of glacial lakes is challeng-
ing but essential to maintain credibility towards stakeholders and
local populations. Not all existing glacial lakes are unstable and most
lakes will not burst out catastrophically (Huggel et al., 2004). Lake out-
burst probability is a function of the susceptibility of a dam to fail and
the potential of external trigger processes (Richardson and Reynolds,
2000a). The stability of a dam depends primarily on its geometry, in-
ternal structure, and material properties (Costa and Schuster, 1988;
Fujita et al., 2009; Korup and Tweed, 2007). Dam stability can change
over time, as for instance melting of stagnant ice within moraine dams
can contribute to weakening of overall dam structure (Clague and
Evans, 2000; Richardson and Reynolds, 2000b; Worni et al., 2012a).
Different authors (Huggel et al., 2004; Lu et al., 1999; Wang et al.,
2008) proposed key parameters such as the dam width-to-height
ratio, top width of dam, distal dam flank steepness or freeboard for a
qualitative lake stability assessment. Parameters of most likely dam
breaching help to assess the outburst probability of a particular lake.
However, even unstable glacial lakes normally need a trigger to induce
dam failure: Dams fail when the material strength is exceeded by driv-
ing forces that comprise, among others, the weight of the impounded
water mass, seepage forces, earthquakes and shear stresses from
overtopping flow or displacement waves (Korup and Tweed, 2007,
Massey et al., 2010). Overtopping flows can be caused by heavy rain-
fall or a sudden influx of water from upstream sources. Displacement
waves are, in contrast, triggered by mass movements entering the
lake, such as snow and ice avalanches, rockfalls, debris flows or land-
slides (Carey et al, 2012; Clague and Evans, 2000; Costa and
Schuster, 1988; Huggel et al., 2004). To assess the probability for
mass impacts into a lake, potential starting zones of mass movements
must be identified, possible magnitudes estimated and corresponding
run-out distances evaluated. Alean (1985), for instance, analyzed ice
avalanches in the Swiss Alps with volumes between 0.2 and
5x10% m3, and found angles of reach between 17° and 32°. Such
dimensions are useful to delimit a reasonable range of potential ice
avalanches which might trigger a GLOF. Similar empirical relations
are available for other mass-movement processes and are summa-
rized by Rickenmann (2005).

For lake dams that are found to be susceptible to failure, magni-
tudes of potential GLOFs can be approximated with empirical rela-
tionships (Evans, 1986; Huggel et al., 2004; Kershaw et al., 2005) or
calculated using empirical and physical models. Different types of
dam breach and flood models have been applied to model glacial
lake outburst scenarios and to assess potential downstream impacts
(Bajracharya et al., 2007; Huggel et al., 2003; Mergili et al., 2011;
Osti et al., 2012; Wang et al., 2008). For specific and local-scale sce-
nario modeling the application of dynamic models is preferable to
empirical models, as the latter represent an over-simplification of
complex processes (Allen et al., 2009; Worni et al., 2012b). However,
the large number of complex input parameters, the computational re-
quirements and the topographic sensitivity of physically-based flood
and dam breach models make dynamic GLOF modeling challenging.

Despite the existence of preliminary studies, little is known on the
distribution and hazards of glacial lakes in the Indian Himalayas.
Therefore the purpose of this study was (i) to provide a glacial lake
inventory covering the entire Indian Himalayas and to prioritize
lakes for further risk assessments; and (ii) to assess outburst proba-
bility and potential outburst magnitudes for three critical glacial

lakes based on fieldwork and a sophisticated modeling approach.
The two-dimensional dynamic BASEMENT model was used for this
purpose as it allows simulation of cascades of complex processes
which are typical for GLOFs.

2. Study regions

The Indian Himalayas have a glaciated area of about 23,300 km?
(Philip and Sah, 2004), cover the northern boundary of India and
span from west to east the states of Jammu and Kashmir (JK),
Himachal Pradesh (HP), Uttarkhand (UK), Sikkim (SK) and Arunchal
Pradesh (AP). Topography, morphology and climate vary significantly.
Climate is influenced by the orographic barrier of the Himalayan
mountain range in the north-south direction resulting in dry regions
in the monsoon shadow. On the other hand, the Indian summer mon-
soon carries humidity from the Bay of Bengal into the eastern
Himalayas but its influence weakens in the western portions of the
range (Bookhagen and Burbank, 2006).

Based on a remote assessment of glacial lakes, as described in
Section 3.2, three study sites were selected over the entire Indian
Himalayas. The case study glacial lakes (Fig. 1) are located in different
geographic regions and show contrasting climatic and topographic
variability within the Indian Himalayas.

The first study site is located in the Zanskar mountain range which is
aligned in parallel to the Indus valley on the plateau of Ladakh (JK). The
crests of the mountain ranges are at 5400-5700 m a.s.l. on average, and
reach maximum altitudes of 6000 m a.s.l. Rather small glaciers of 0.5-
2 km? are common above 5100-5200 m as.l. (Burbank and Fort,
1985). The region of Ladakh lies north of the main Himalayan range
and therefore escapes the full impact of the monsoon (Sant et al.,
2011). The region is characterized by cool and arid climatic conditions.
The Spong Togpo glacial lake (34°03’02”N; 76°43'04"E) is located in
the Zanskar range at 5100 m a.s.l. some 26 km south of the village of
Lamayuru. The Spong Togpo River reaches the first settlement
(Honupatta village) 19 km downstream of the glacial lake and passes
further small villages before discharging into the Yapola River (25 km)
and finally into the Indus River some 50 km below the glacial lake.

The Lahaul-Spiti district (HP) comprises the NW-SE trending Pir
Panjal and Great Himalaya mountain ranges, which are divided by
the Chandra Valley. The valley bottom averages 3500 m a.s.l. and
the surrounding steep and glaciated mountains reach altitudes
above 6000 m a.s.l. The northern slopes of Pir Panjal and the Great
Himalayan range lie in the monsoon-arid transition zone (Owen
et al,, 1997), and are alternately influenced by monsoon in summer
and mid-latitude westerlies in winter (Wagnon et al., 2007). The
Gopang Gath cirque glacier which is mainly fed from the steep
north faces of Mount Gepang Goh (5870 m a.s.l.) is located in the
Great Himalaya range 20 km east of the village Keylong. Its proglacial
lake at 4100 m a.s.l. (32°31/38”N; 77°13'03"E) is the source of the
steep Sissunala River which discharges into the Chandra River at
Sissu village (3100 m a.s.l.), 10 km downstream of the glacial lake.

The state of SK is located between Nepal and Bhutan on the
south-facing slopes of the Himalayan mountain range. The predomi-
nantly steep mountain topography ranges from 300 to 8598 m a.s.l.
and encompasses the third highest mountain in the world (Mount
Kanchenjunga). SK covers an area of about 7300 km? of which about
900 km? is covered by glaciers (Bhasin et al., 2002). Climate is strongly
influenced by the monsoon with much precipitation from April to
September and a dry period in winter. Extreme rain events are recorded
periodically, causing major landslides and inundations (Bhasin et al.,
2002; Krishna, 2005). The Shako Cho glacial lake (27°58'29"N; 88°36/
58"E) is located at 5000 m a.s.l. and below the south face of Mount
Kangchengyao (6889 m a.s.l.) in North SK. Shako Cho lake is 12 km
northeast of Thangu village (3900 m a.s.l.), where the small tributary
river from the lake discharges into Teesta River.
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Fig 1. The Indian Himalayas at the northern boundary of India, with the case study sites of Spong Togpo glacial lake (Jammu and Kashmir, JK), Gopang Gath glacial lake (Himachal

Pradesh, HP) and Shako Cho glacial lake (Sikkim, SK).

3. Data and methods
3.1. Data

LANDSAT ETM + imagery from 2000 to 2002 at 30-m resolution
and high-resolution images from Google Earth (1.65 to 2.62-m reso-
lution) were used for glacial lake mapping and lake classification.
High-resolution images in Google Earth for areas of interest were
mainly SPOT5 images of 2.5-m resolution, GeoEye images of 1.65-m
resolution and Quickbird images of 2.62-m resolution. For Gopang
Gath glacial lake a SPOTS5 satellite image was available from 2010,
and GeoEye satellite images (Google Earth) from 2011 and 2010
were used for Spong Togpo and Shako Cho glacial lakes, respectively.

Topography for the GLOF scenario modeling was obtained from
the Global Digital Elevation Model (GDEM) version 2 of the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER),
and from the digital elevation model (DEM) of the Shuttle Radar
Topography Mission (SRTM). The spatial resolution of the ASTER
GDEM v.2 is between 71 and 82 m; the absolute vertical accuracy
was found to be within —0.2 m on average, with an accuracy of
17 m at the 95% confidence level (ASTER GDEM Validation Team,
2011). The resolution of the SRTM DEM is 90 m, with an elevation in-
terval of 1 m. The indicated absolute and relative 90% horizontal
accuracies are £20 m and + 15 m, respectively, and the indicated
absolute and relative 90% vertical accuracies are 416 m and 46 m,
respectively (Strozzi et al., 2003).

3.2. Glacial lake mapping and classification

Glacial lakes were automatically mapped over the entire Indian
Himalayas using the normalized difference water index (NDWI,;
Eq. (1)), applied on the spectral bands TM1 and TM4 of Landsat
ETM + satellite images (Huggel et al., 2002).

TM4—-TM1
NDWI = 1oz 1wt (M)

Subsequently, misclassified lakes were corrected through the
visual postprocessing of data. Only lakes in close glacier proximity
and with a surface area >0.01 km? were considered for the lake
inventory. Based on remote sensing, lake-outburst probability was

then assessed for all mapped lakes with available high resolution im-
agery in Google Earth. A qualitative approach was used by which four
key indicators were assessed for each lake, namely: (i) dam type,
(ii) dam geometry (iii) freeboard and (iv) potential for lake impacts.
Thereby, each key indicator was assigned with one out of three possi-
ble attributes, indicating different lake outburst probabilities in the
range of low, medium and high. The resulting matrix is used as a de-
cision tool (Fig. 2) on which basis the expert can assign a general out-
burst probability for a lake (Huggel et al., 2004).

(i) Dam type: Moraine- and ice- dammed lakes may exhibit a high
dam failure potential, whereas bedrock-dammed lakes are in
general stable (Huggel et al., 2004). Lakes in flat topography
in glacier forefields (often found in the Indian Himalayas
west of Nepal) and without any clear dam structure are consid-
ered having low dam failure potential. Yet, lakes with rock
dams or no dams can still present hazard situations in case of
mass impacts into lakes that may cause overtopping waves.
For these lakes the parameters (iii) freeboard and (iv) potential
for lake impacts are critical for hazard assessments. Ice dammed
lakes are practically inexistent in the Indian Himalayas and
therefore not considered for this study. For moraine-dammed
lakes (ii) dam geometry, (iii) freeboard and (iv) potential for
lake impacts are crucial parameters. Parameters (ii) and (iii) in-
fluence hydraulic gradients within the moraine (Clague and
Evans, 2000; Richardson and Reynolds, 2000a) (Fig. 2).
Moraine dam geometry: Moraine dams with high hydraulic gra-
dients are more susceptible to collapses (Huggel et al., 2004).
In addition, the dam width-to-height ratio, the width of the
crest and the slope of the downstream face of moraine dams
are an indication for the susceptibility of a moraine dam to
fail (Huggel et al., 2004; Lu et al., 1999). In Fig. 2 critical values
for these parameters are given in order to evaluate in a first-
order assessment moraine dam stability.

Freeboard: The height of the freeboard is a crucial parameter
for all dam types and must be considered in combination
with the potential for lake impacts. The freeboard is a factor
that influences whether a potential impulse wave will overtop
the dam. Overtopping waves can lead to dam erosion and
eventually to the failure of moraine dams. Even without partial
or full failure of the glacial lake dam, overtopping waves may

(ii

—

(iii

=
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Fig. 2. Flow-chart illustrating the working steps of glacial lake detection based on the normalized difference water index (NDWI), lake-outburst probability assessment and lake

classification in the Indian Himalayas.

travel valley downstream and cause inundation (Carey et al.,
2012). The exact height of the freeboard is difficult to measure
by remote sensing. This is why relatively rough freeboard
values were defined to assess lake outburst susceptibilities
(Fig. 2).

(iv) Potential for lake impacts: Impact waves from rock or ice falls,
snow avalanches or debris flows have been observed to be
most effective triggers for dam failure and lake outburst
(Clague and Evans, 2000; Huggel et al., 2002; Richardson and
Reynolds, 2000a). If steep glaciated and non-glaciated slopes or
glacier tongues - i.e. potential sources for mass movements —
are in reach of lakes, it is possible that impact waves could
occur. Values for runout distances of different mass movements

can be found e.g. in Alean (1985) or Rickenmann (2005) (Fig. 2).

Moraine-dammed lakes surrounded by steep slopes or exposed to
glacier calving, with a significant potential for dam breach triggers,
low freeboards and/or unstable dam geometries (i.e. low dam
width-to-height ratio or a low width of dam crest or high slope of
downstream face of dam) are considered to have high outburst prob-
abilities. In the case of lakes for which at least one and up to four of
the key parameters indicated moderate lake outburst potentials, the
outburst probability was considered to be moderate as well. Low out-
burst probability is assigned for lakes for which all key parameters in-
dicate low outburst susceptibility.

In addition to the qualitative outburst probability, we also consid-
ered damage potential (i.e. the exposure of infrastructure and
inhabited areas) downstream of a lake for the classification of the
detected lakes. The final result was a glacial lake inventory with
mapped lakes categorized as: (i) critical lakes (ii) potentially critical
lakes, (iii) uncritical lakes and (iv) unclassifiable lakes (i.e. lakes
where high-resolution imagery was not available in Google Earth)
(Fig. 2). Critical in this context does not necessarily imply that a lake

is about to burst out, but that it should be of high priority for detailed
field investigations and process modeling. Potentially critical lakes are
of some priority, still requiring monitoring and possibly field recon-
noitering. Uncritical lakes have a lower priority and are designated
for periodic observation (sensu ICIMOD, 2011).

Based on this assessment, three critical moraine-dammed glacial
lakes in different states of India and climatic regions of the Himalayas
were selected from the lake inventory. For these lakes further inves-
tigations on outburst probability and potential outburst magnitude
were carried out, based on field surveys and/or process modeling.
The aim was to assess the risk emanating from these lakes, by evalu-
ating the hazard potential (i.e. a function of outburst probability and
magnitude) and the damage potential (i.e. a function of exposure
and vulnerability). Damage potential was qualitatively assessed by
field surveys and satellite image based surveys. For each downstream
area of Spong Togpo-, Gopang Gath- and Shako Cho lake, damage po-
tential was assigned to one of four categories, low, moderate, high and
very high (refer to Fig. 10).

In September and November 2010, fieldwork was carried out at
Spong Togpo and Gopang Gath glacial lakes. Sakho Cho glacial lake,
in contrast, is located in the restricted area of North SK and could
not therefore be visited. During the field campaigns further evidence
was collected to assess lake-outburst probabilities and to obtain dif-
ferent model input parameters. On-site mapping of the lakes, mo-
raines and outlet rivers was carried out using a GPS (Garmin
GPSMAP 62STC) and a high-specification laser distance measurement
device (Nikon LASER 550A S) with an integrated angle measurement
function. These ground measurements, complemented by measure-
ments from satellite imagery, helped to improve local topography
of the model domains. Lake depth measurements in the proximity
of the shore were performed with a sonar system (Humminbird
Smartcast RF25) so as to gather data on lake bathymetry required
for modeling.
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3.3. Dynamic modeling

BASEMENT is a fluid dynamics and sediment transport model for
the analysis of water-sediment flow propagation and breaching pro-
cesses of non-cohesive earthen dam structures (Faeh et al., 2012).
The two-dimensional program simulates water and sediment flows
in a two phase system with separate unstructured meshes for the
water and sediment phase. The computational meshes were created
by the Surface Water Modeling System (SMS) software (SMS, 2012),
based on the DEM of the study sites and field mapping, which also
included lake bathymetry reconstruction. For the hydrodynamic
calculations the program solves shallow water Egs. (2) and (3) with
an explicit finite-volume method and the application of an exact
Riemann solver. The primary variables used are water depth h and
specific discharge (q =uh, r =vh) in the coordinate directions.

oh O(uh) O(vh)

acax oy O @)
0 0 2 1 .9 a _,0z5 g
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0 0 0/ 2 1 o\ 0z Tp
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where u is the velocity in x direction, v is the velocity in y direction, g
is the gravitational acceleration, p is the fluid density, and zp is the
bottom elevation. Bed shear stresses (7gy, Tgy) act in the direction
of depth-averaged velocities and are determined using the quadratic
resistance law with ¢, being the dimensionless friction factor as

Tpy = PV U + vzu/cfz, Tpy =PV U + vzv/cfz. (4)

Erosion and sediment transport of single and multiple grain clas-
ses caused by water flows are calculated with empirical sediment
transport equations. The program evaluates surface erosion based
on the bottom shear stress exerted by the flow on the inundated ma-
terial. Within this study, the transport rate was determined using a
modified Meyer-Peter and Miiller (1948) formula (5) for fractional
transport with the hiding function § after Ashida and Michiue
(1971) and the critical bottom shear stress of incipient motion 7g.
from the Shields (1936) diagram. The hiding function considers
effects of hiding and exposure of the grain particles with different
sizes at fractional transport.

an = (™ E.gzggscr'gf/z (@=e) )

For dam breach modeling the lateral breach widening due to slope
collapses of the side walls is considered with a geometrical 3D bank
failure operator. It is based on three different critical failure angles:
(i) one for dry or partially saturated material at the breach side
walls above the water surface; (ii) one for bank material below the
water surface; and (iii) one for deposited material resulting from
slope collapses. If one of the failure angles is exceeded due to vertical
erosion, gravitational bank failure occurs and the slope is flattened
until the critical angles are reached. The material moves in downward
direction of the cell's slope and is added to transport rates.

We applied BASEMENT to simulate a typical process chain of GLOFs,
i.e. an (i) impulse wave generation by mass flows into the lake and
wave propagation over the lake; (ii) dam overtopping and dam
breaching; and (iii) lake emptying and flood propagation (Fig. 3).
Model input parameters were either derived from field measurements,
constituted typical (material) constants (Table 2) or based on a model
calibration process as presented in Worni et al. (2012a). For glacial
lakes with a high freeboard, smaller values for the calibration parameter

failure angle of deposition had to be applied, in order to simulate realistic
dam breaching mechanisms.

(i) Impulse wave modeling: Impulse wave generation was re-
produced by a sudden release of mass flow from a potential
mass-movement starting zone into the lake. The mass flow is
represented by equivalent water flow, as solid mass move-
ments cannot be adequately modeled in BASEMENT (Faeh,
2005). Momentum of the rapid and high-discharge flow is
transferred to the lake water, whereby impulse waves develop.
The impulse wave generation, propagation and run-up at the
shore are described by shallow water equations, which represent
an approximation, especially for the impulse wave generation.
Water surface elevations of the lake and of the volume to be
released into the lake were the initial conditions of the model
in this case.

(ii) Dam breach modeling: Dam overtopping flow leads to vertical
breach erosion. Sediment transport laws determine incision
rates, which are controlled by the properties of the dam material
and the shear stress of the water flow. Vertical breach incision
leads to a steepening of the breach side walls, which collapse
when the critical failure angles are exceeded. Due to breach en-
largement, lake outflow increases. Breach expansion ceases
when the lake level and outflow decrease below the threshold
for bedload transport.

(iii) Modeling flood propagation: The water-sediment discharge
resulting from the dam breach propagated valley downstream
based on hydrodynamic and sediment transport calculations. In-
undation depths, flow velocities, bottom shear stresses and
changes in bed elevations are reported for each cell of the com-
putational mesh.

For each case study small and large lake impact scenarios were
modeled, for which two different volumes of water were released
from potential avalanche starting zones into the lakes. The small sce-
narios represent minimum required lake impacts to trigger dam
failure; they were determined by a trial-and-error approach. Thereby
release volumes (initial conditions) were constantly increased until
dam failure occurred in the simulation. The large scenarios were de-
fined such as to cause significant lake overtopping with the conse-
quence of larger breach formations, but still representing realistic lake
impacts. Lake impacts were not quantified primarily by the impact vol-
umes but by the momentum fluxes p into the lakes (see Eq. (6) for de-
tails). These represent the actual trigger pulses for wave generation,
eventually leading to dam overtopping and dam breaching.

p=[prQvedt ©)

where p is the density of water, Q is water discharge into the lake, v is
velocity at lake impact and dt is the time step of constant water flow.

4. Results
4.1. Glacial lake inventory and glacial lake assessment

Atotal of 251 glacial lakes >0.01 km? were identified and mapped
over the Indian Himalayas of which 45 lakes are not classifiable due to
missing high-resolution imagery in Google Earth. All other lakes were
qualitatively classified according to outburst probability and damage
potential. Based on the remote-sensing analysis, 12 lakes were con-
sidered as critical and will require in-depth field analysis and process
modeling in the future so as to evaluate their hazard situation in
greater detail. Another 93 lakes were considered as potentially critical
and 101 lakes were deemed to present no GLOF risk to downstream
locations under present conditions. Critical lakes were detected in
the states of JK (2 lakes), HP (2) and SK (8). For each of these states
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Fig. 3. Schematic sketch of cascading effects of a GLOF: The different phases 1-5 were simulated with the BASEMENT model at one stretch. The mass flow into the lake is represented

by equivalent water flow (after Heller et al., 2008).

the lake with the highest GLOF risk was selected for a detailed hazard
assessment (Fig. 4; Table 1).

The proglacial Spong Togpo lake in JK (Fig. 5A) was considered as
critical principally due to its low freeboard, the downstream damage
potential and the possibility for mass movements to occur from the
steep lake environments. On-site reconnaissance revealed that the
low freeboard (1 m), the low dam top width-to-height ratio (0.15)
and the unconsolidated moraine material would probably cause dam
erosion in the case of overtopping flows. Average measured lake

depth (at 30 m from the shore) was ca. 12 m, and empiric relation-
ships indicate an average lake depth of 15 m, resulting in a lake
volume of ca. 2.3x10% m? (Table 2). The hanging glacier above the
lake has an angle of reach of ca. 22°, a major ice avalanche would
therefore reach the lake (Table 2.). In addition, retreat of the flat gla-
cier behind the lake would cause lake growing, resulting in smaller
and more frequent avalanches reaching the lake, since the angle of
reach would increase in the case of glacier retreat. However, based
on satellite imagery, the glacier tongue remained almost stationary

Fig. 4. Glacial lake inventory with mapped and classified glacial lakes over the entire Indian Himalayas. The coordinates of the mapped glacial lakes are given in Table 1. Three critical
glacial lakes are indicated by arrows. For these lakes a detailed risk assessment has been carried out. The maps A, B and C illustrate three different regions within the Indian Himalayas

(see inset in map A).
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Table 1

Coordinates (long/lat) of mapped glacier lakes of Fig. 4 over the Indian Himalayas. Colors indicate critical (red), potentially critical (orange) and uncritical (yellow) lakes. Lakes for
which no high-resolution imagery was available in Google Earth were not classified (gray). Bold black lines delimit Indian states, which are from left to right or west to east: JK, HP, UA,

SK, and AP.

78°43'43"E | 77°10'10"E | 77°10'39"E | 78°7'36"E | 77°36'23"E | 77°3'0"E 76°16'S6"E | 76°55'54"E | 76°47'15"E | 79°29'13"E | 78°59'10"E | 88°12'7"E | 88°44'39"E | 88°25'47"E | 92°25'8"E
32°44'18"N | 34°54'12"N | 34°29'43"'N | 34°25'25"N | 33°40'16 "N | 34°25'34"N_| 33°31'38"N | 32°52'0'N_ | 32°13'17"N_| 30°58'49"N | 30°44'56"N | 27°54'43"N_| 27°59'54'N_| 27°58'11"N_| 27°45'33'N
78°29'S6"E | 77°14'24"E | 76°59'31"E | 77°15'22"E | 77°13'33"'E | 76°4'33"E | 78°16'18"E | 77°242"E | 76°46'47"E | 79°27'33"E | 78°46'15"E | 88°1129"E | 88°44'9"E | 88°2523"E | 92°23'41"E
32°58'31"N_| 34°50'59"N [ 34°29'26'N | 34°26'12"'N_| 32°58'29"N | 34°21'7"N__ | 32°21'56"N_|[ 32°51'15"N_| 32°13'18"N | 30°58'32"N_| 30°54'38"N | 27°53'39"N [ 27°59'18"N | 27°58'26"N | 27°45'20"N
78°11'54"E | 77°4327"E | 78°7'6"E 78°4'8"E 78°30'12°E | 76°5'1"E 77°45'41"E | 77°1141°E | 77°39'17°E | 79°22'9"E | 78°50'0"E | 88°15'56"E | 88°47'48"E | 88°12'51"E | 92°24'5'E
32°56'40°'N_| 34°43'1"N__ [ 34°28'0"N | 34°24'52'N_| 33°33'26"N_| 34°20'26"N | 32°14'33"N_| 32°45'44"N | 32°11'23"N_| 30°58'22"N_| 30°53'19"N | 27°53'8"N [ 27°57'50"N_| 27°53'43'N_| 27°45'16"N
78°51'3"E | 77°45'15"E | 78°7'12"E | 77°6'53"E | 76°58'58"E | 75°19'30"E | 78°25'5"E | 77°22'57"E | 77°29'35"E | 79°27'40"E | 79°6'8"E 88°15'33"E | 88°45'44"E | 88°21'25"E | 92°26'43"E
32°29'32"N_| 34°40'25"N [ 34°27'54"N | 34°25'43'N_| 33°9'33"N_ | 34°14'1"N__ | 32°12'15"N_| 32°44'41"N | 32°10'47"N | 30°57'49"N_| 30°52'0"N | 27°52'59"N [ 27°53'42"N | 27°57'16"N | 27°45'10"N
78°50'10"E | 77°4'14"E | 77°4'4"E 78°4'51"E 75°22'28"E | 78°24'S6"E | 77°24'43"E | 77°27'26"E | 79°2000"E | 79°13'8"E | 88°15'1"E | 88°47'21"E | 96°5'0"E 92°26'29"E
32°28'9'N__ | 34°40'26"N_[ 34°292'N | 34°23'59'N 34°115"°N_ [ 31°57'53"N_[ 32°43'19"N_[ 32°8'1"N 30°56'33"N_| 30°54'58"N | 27°52'51"N_| 27°52'20"N | 29°20'17"N_| 27°44'42"N
78°54'9"E | 76°57'7"E | 78°8'52"E | 77°58'48"E | 76°48'26"E | 75°4321"E | 78°42'8"E | 77°22'59"E | 77°31'36"E | 78°57'28"E | 88°42'43"E | 88°14'28"E | 88°48'4"E | 96°14'39"E | 92°23'15"E
32°26'43"'N_| 34°35'5"N__ [ 34°27'25"N | 34°23'57"'N_| 34°42'48"N | 34°8'40"N | 31°54'45"N_| 32°43'14"N | 31°54'54'N_| 30°54'41"N_| 28°1'45"N | 27°51'6"N__ [ 27°52'19"N_| 29°14'39"N | 27°44'38"'N
78°55'28"E | 77°22'15"E | 78°9'4"E 77°523"E | 76°4229°E | 75°24'58"E | 77°38'24°E 77°32'18"E | 79°32728"E 88°13'55"E | 88°44'41"E | 96°13'8"E | 92°25'57"E
32°26'29"'N | 34°34'19"N | 34°27'25"N | 34°24'33"'N_| 34°41'46"N | 34°8'17"N__| 31°51'5"N 31°53'56"N_| 30°54'57"N 27°50'33"N_| 27°51'53"N_| 29°13'31"N_| 27°44'35"N
78°57'10"E | 76°49'2"E | 76°58'13"E | 77°20'119"E | 76°45'0"E | 75°18'55"E | 77°47'20"E | 77°32'52"E | 77°31'32"E | 79°32'25"E 88°15'5"E | 88°3921"E | 96°7'25"E | 92°26'41"E
32°24'46"N | 34°34'4"'N_ | 34°28'40°N | 34°23'39'N | 34°40'55"N | 34°8'9"N 31°50'58"N | 32°29'53"N [ 31°53'53"N_[ 30°54'30"N 27°49'27°N_| 27°48'57"N_| 29°20'41"N | 27°44'31"N
78°53'47"E | 76°54'ST"E | 77°2'45"E | 77°14'54'E | 76°48'45"E | 75°51'15"E | 78°1821"E | 76°59'7"E | 77°31'56"E | 79°44'47"E | 88°29'49"E | 88°15'38"E | 88°40'19"E | 97°16'58"E | 92°25'24"E
32°24'41"N | 34°33'45"N_| 34°28'31"N_| 34°23'10"N_| 34°37'11"N_| 34°2'48"N__ | 31°47'22"N_| 32°16'22"N_| 31°53'52"N_| 30°54'30"N | 28°0'25"N | 27°49'3'N | 27°55'16"N_| 28°3'13"N__ | 27°44'19'N
78°56'48"E | 77°2'56"E | 78°8'4"E 77°30'36"E | 76°46'38"E | 75°37'54"E | 78°7'29"E | 76°50°'53"E | 77°33'39"E | 79°3129"E 88°11'6"E 93°2'42"E | 92°22'26E
32°23'57"'N | 34°32'36"N | 34°27'14'N_| 34°19'0"N__ | 34°36'23'N_| 33°5521"N_| 31°44'21"N_| 32°25'17"N_| 31°50'33'N_| 30°53'8"N 27°367"N 28°17'55"N_| 27°44'12"N
77°36'41"E | 78°529"E | 78°8'40"E | 78°9'20"E | 76°48'47"E | 75°58'42"E | 77°407"E | 78°7'16"E | 76°43"14"E | 79°21'25"E 88°7'25"E 92°55'25"E | 92°29'57"E
35°23'13"'N_| 34°31'15"N_| 34°26'47"N_| 34°16'52'N | 34°35'10"N | 33°54'12"N_| 31°43'23"N_| 32°22'47'N_| 33°7'59"N__| 30°44'37"N 27°33'46"N 28°7'44'N | 27°44'14'N
77°32'36"E | 78°6'4"E 76°57'48"E 76°59'48"E | 76°7'10"E | 77°37'7"E | 77°0'48"E | 76°44'34"E | 79°41'40"E | 88°48'3"E | 88°5'13"E | 88°38'56"E | 92°57'S"E | 92°25'31"E
35°19'29'N_| 34°31'13"N | 34°28'1"N 34°30'24"'N_| 33°52'5"N__ | 31°39'57"N_| 32°20'10"N | 33°1'26"N | 30°38'21"N_| 27°59'51"N | 27°31'54'N_| 27°57'40'N_| 28°6'54"N__| 27°43'43"N
77°4314"E | 76°50'2"E | 78°1'30"E | 76°47'16"E | 76°59'48"E | 76°1'18"E | 78°44'31"E | 76°59'4"E | 79°23'59"E | 80°10'37"E 88°47'2"E | 88°38'1"E | 92°24'52"E | 92°22'15"E
35°211"N_ | 34°32'34"N_| 34°26'41"N_| 34°0'24'N__ | 34°30'24"N_| 33°50'10"N_| 31°40'42"N | 32°16'24"N_| 31°2'46"N__| 30°33'51"N 27°56'10"N_| 27°58'3"N__ | 27°46'48"N | 27°43'2'N
77°4127"E | 77°54'42"E | 76°57'28"E | 78°1'39"E | 75°45'3"E | 76°31'52"E 76°46'40"E | 79°21'22"E | 80°23'20'E | 88°47'49"E | 88°47'15"E | 88°37'37"E | 92°21'11"E

35°1'55"N | 34°30'43"N_| 34°27'57"N_| 33°50'24"N | 34°30'43"N_| 33°45'8"N 32°1521"N_[ 31°125"N__ [ 30°26'45"N_| 27°58'7"N__ | 27°57'21"N_| 27°58'15"N_| 27°46'36"N

77°41'55"E | 77°17'S0'E | 76°57'46"E | 78°17'3"E | 75°38'13"E | 76°14'0"E | 78°45'3"E | 77°26'52"E | 79°21'40"E | 80°42'47"E | 88°17'47"E | 88°45'23"E | 88°34'25"E | 92°18'51"E

35°1'55"N | 34°30'21"N_| 34°27'59"N_| 33°43'8"N__ | 34°29'39'N_| 33°56'42"N_| 31°33'12'N_| 32°14'42'N_| 31°124'N__ | 30°15'49"N_| 27°579"N__ | 28°0'52"N__ | 28°0'23'N | 27°4624'N

77°39'34"E | 77°U57"E | 77°16'30"E | 78°32'S"E | 75°39'0"E | 76°43'19"E | 78°25'13"E | 76°47'12"E | 79°26'57"E | 79°57'37"E | 88°18'22"E | 88°45'49"E 92°25'33"E

35°129°N | 34°30'28"N | 34°27'15"N_| 33°41'26"N | 34°29'26"N | 34°0'20°N__ | 31°24'11"N_| 32°14'37"N_| 31°0'49"N__ | 30°26'17"N_| 27°56'55"N_| 27°59'43"N 27°45'48"'N

77°1125"E | 77°4'6"E 76°55'24"E | 77°57'54'E | 77°3'31"E | 75°9'38"E | 77°10'25"E | 76°45'10"E | 79°21'34'E | 79°3'45"E | 88°9'41"E | 88°44'50E | 88°30'24'E | 92°24'12"E

34°58'27"'N_| 34°29'56"N | 34°27'13"N_| 33°54'53'N_| 34°27'3'N__ | 34°5'40'N__ | 32°52'19'N_| 32°14'1"'N__ | 30°59'26"N | 30°44'51"N_| 27°55'8"N | 27°59'58"N | 27°58'56"N_| 27°45'38"N

over the past 10 years. In addition, it is possible that calving processes
into the lake could initiate dam erosion with subsequent breaching
processes. The same phenomenon can be initiated by heavy cloud-
bursts, such as observed in August 2010, when lake overtopping
resulted in the formation of a 2-m deep breach. However, the fact
that this exceptionally intense cloudburst did not cause a complete
dam failure also indicates that a more significant trigger might be
needed to effectively drain the lake.

The proglacial Gopang Gath lake in HP (Fig. 5B) was considered as
critical principally due to the steep slope of the downstream face of
the moraine dam, the big lake area and the possibility for mass move-
ments to occur from the surroundings of the lake. The dam is of var-
iable geometry and incised at its northern end by an outlet river. The
river flows at low descent around the moraine dam, which renders it
somewhat less susceptible to breach drastically. However, a signifi-
cant overtopping flow could erode the dam also at its southern end,
where the dam width-to-height ratio is lower but the freeboard is
still at 5 m (Table 2). Measurements taken at 30 m from the shore
suggest average lake depths of ca. 30 m, and empiric relationships in-
dicate an average lake depth of 27 m, resulting in a lake volume of ca.
15.7x10% m? (Table 2). Mass movements and debris flows from the
south-facing mountains could reach the lake (angle of reach: 27°).
At present, ice avalanches from the north-facing hanging glaciers
are considered unlikely to enter the lake (angle of reach=13—8°,
depending on the source area). In the past 10 years the flat glacier be-
hind the lake retreated by 300 m and further lake growing is probable
to occur in the future. Hence, ice avalanches from the hanging glaciers
could more easily reach the lake in the future. Calving activities of the
massive glacier tongue entering the lake represent yet another possi-
ble trigger of dam breach processes.

The large proglacial Shako Cho lake in SK (Fig. 5C) was considered as
highly critical due to the following key indicators: low width-to-height
ratio of the end moraine, which consists of loose and granular material;

the steep, glaciated, 1000-m high mountain face rising above the lake;
and the position of Thangu village to the river flowing out of the lake.
Although fieldwork could not be carried out in this case, photographs
of the lake and dam as well as high-resolution satellite imagery were
readily available to assess the hazard situation. Empiric relationships in-
dicate an average lake depth of 27 m, resulting in a lake volume of ca.
15.5x10°% m> (Table 2). Mass impacts into the lake from the mountain
face above the lake appear likely and dam overtopping waves are possi-
ble, even at a freeboard of about 10 m (based on SRTM DEM measure-
ments) (Table 2). An overtopping flow would likely lead to dam
erosion due to the sharp dam geometry and weak dam structure. No ar-
mored lake outflow exists at present and lake drainage occurs through
piping. Heavy earthquakes, as occurred in SK in September 2011 (mag-
nitude 6.9), are yet another possible source for dam breach processes to
be initiated at this lake.

4.2. Model results

The energies transferred to the lakes from the small and large im-
pact scenarios are represented by the momentum fluxes and were
calculated for the three case study lakes (Table 3). Table 3 also indi-
cates lake impact volumes, which however, should not represent
real impact volumes of typical mass movements, due to differences
in immersion processes and densities between water (as modeled)
and solids (e.g. ice, rock, debris).

4.2.1. Spong Togpo lake

The smaller lake impact scenario eroded a breach of 24 m depth and
60 m width into the end moraine. The lake level was lowered by 20 m
and 2.4 x 10 m® water drained in 120 min with a maximal discharge of
1400 m3 s~ . Only 70 min after impulse wave generation the flood
wave reached Honupatta with maximum flow velocities of 7 m s~ !
and maximum flow depths of 7 m. Such a GLOF scenario would flood
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Fig. 5. Critical glacial lakes in JK, HP and SK represented with (A) Spong Togpo, (B) Gopang Gath and (C) Shako Cho lakes. Pictures were taken during fieldwork in September and
November 2010. Pictures from Shako Cho lake were extracted from Google Earth (bird view) and obtained from a mountaineer (ground view). Potential ice avalanche starting
zones (PASZ) are indicated. For Gopang Gath lake, there is also evidence for debris-flow activity from the south-facing mountains (inset).

mainly farm land close to the river, threatening farmers working in the
fields and trekkers frequenting the area (Fig. 6).

In contrast, the large lake impact scenario eroded a breach of 22 m
depth and 120 m width, and 3.6 x 10° m> water drained in 120 min.
Maximum discharge was calculated at 4000 m® s~! and the lake
level was lowered by 17 m. The wide breach resulted in generally
smaller lake outflow velocities than in scenario 1. As a consequence,
bottom shear stresses were smaller, causing less vertical dam erosion
and lake lowering. Some 50 min after mass-movement impact, the
flood wave reached Honupatta village with maximum flow velocities
of 9 m s~ ! and maximum flow heights of 8 m. Such a GLOF would in-
undate farm land located next to the river and flood a local road at
various instances. Houses of local residents are, in contrast, unlikely
to be affected by the flood (Fig. 6).

4.2.2. Gopang Gath lake

The smaller lake impact scenario eroded the dam at its northern
end (i.e. in the lake outlet area), ending up in maximal breach depths
of 16 m. This would lead to total lake lowering of ca. 7 m and a re-
lease of 5.3x10°% m? water in 180 min, with maximal discharge of
1250 m>® s~ . Some 50 min after the generation of the impact wave,

the flood wave reached Sissu village with maximum flow velocities
of 7 m s~ ! and maximum flow depths of 6 m. Model results indicate
that such a GLOF scenario would have minor effects in Sissu; only a
ruin located next to the river would be inundated as well as some
farmland upstream of the village. However, bridge foundation at the
local road might be damaged (Fig. 7).

The larger lake impact scenario eroded the moraine dam at both
its northern and southern ends. Final maximal breach depths were
calculated to 20-27 m, and the lake was lowered by 13 m. The ero-
sion of two breaches caused much stronger lake outflow and a total
volume of 12.6x 10° m® water was released in 180 min with maxi-
mal discharge of 3850 m> s™'. Some 30 min after the lake impact,
the flood wave reached Sissu with maximum flow velocities of
13 m s~ ' and maximum flow depths of 10 m. Such a GLOF would
have minor to moderate impacts in Sissu; two ruins located next to
the river would be likely destroyed and a larger surface of farmland
(as compared to scenario 1) would be flooded. Model results also sug-
gest minor flooding in the village's periphery, but the DEM is inaccu-
rate for the deep (25 m) and narrow (5-7 m) gorge below the bridge.
It is likely that the flood would not leave the river channel here due to
the strong incision; however, the bridge foundation could be
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Key parameters to characterize the three case study glacier lakes, to evaluate their outburst probabilities and to model outburst scenarios. Field measured (M), empiric (E), visually
assessed (V), remote sensing and DEM-based assessed (R), assumed values (A) and (typical) material constants (C). “Model input parameters. For some key parameters the sources

are referenced.

Parameter

Spong Togpo lake (1)

Gopang Gath lake (2)

Shako Cho lake (3)

Coordinates; altitude (R;_3)

Base axes; lake area (R;_3)

Mean lake depth (E;_3);
(Huggel et al., 2004)

@ lake depth at 30 m (M, 5)

Freeboard (M »; R3)
(Huggel et al., 2004;)

Dam material (Vi ; R3)

34°03'02"N; 76°43'04"E;
5100 m a.s.l.

620300 m; 0.15 km?
15m

12 m
Tm

Non-cohesive, unconsolida-ted,
poorly sorted, granular

32°31'38"N; 77°13'03"E;
4100 m a.s.l.

1700500 m; 0.58 km?
27 m

30 m

North: 0 m

South: 5 m

Non-cohesive, unconsolida-ted,
poorly sorted, granular

15%

27°58729"N; 88°36/58"E;
5000 m a.s.l.

1420 %520 m; 0.575 km?
27 m

10 m

Non-cohesive, unconsolida-ted,
poorly sorted, granular
15%

Porosity* (Cy_3) 15%
(Parriaux and Nicoud, 1990)

Manning's n of dam* (C;_3) (USGS, 0.05
2012)

Dam width/height (M 5; R3) 0.15
(Huggel et al., 2004)

Dam top width (M 2; R3) 5m

(Wang et al., 2008)
Distal dam flank steepness 30°
(Mi2; R3); (Xin et al., 2008)
Ice cored dam (V4 )
(Yamada and Sharma, 1993)
Material failure angles of dam
material* (M;_,; A3)
Grain size distribution of dam mm 4 8 22 64 128 180
material* (M_; A3) % 28 12 16 14 20 10
Angle of reach starting 22°
zone — lake (R;_3)
Topography best represented with*
(Vi-3)

No evidence

40° below-, 70° above water surface

SRTM DEM

0.05 0.05
Northern end of dam: 0.6 0.15
Southern end of dam: 0.5

North: 10 m 10 m
South: 10 m

North: 5-13° 30°
South: 30°

No evidence -

33° below-, 70° above water surface 40° below-, 70° above water surface

4 11 32 90 256 720 4 8 22 64 128 180
22 10 21 22 15 10 28 12 16 14 20 10
Ice fall: 13-18° 48°

debris flow: 27°

ASTER GDEM v.2 SRTM DEM

damaged or even destroyed. It is likely that a large GLOF would affect

the helicopter landing field and flood part of a water reservoir (Fig. 7).

4.2.3. Shako Cho lake

At Shako Cho lake, impact magnitudes had a less significant effect
on dam breaching and lake emptying. (A significantly differing effect
can only be achieved with unrealistically large lake impact scenarios).
For the small and large impact scenarios maximal breach depths of
43 m and 45 m were obtained, respectively. Maximal breach widths
were 140 m and 180 m for the small and large scenarios, respectively.
The lake level was lowered in both scenarios by 32 m and about
16x10% m>® water drained in 180 min with a maximal discharge of
6100 m> s~ ! and 6950 m3 s~ for scenarios 1 and 2, respectively.
For both scenarios the flood wave reached Thangu village about
50 min after lake impact with maximal flow velocities of 15 m s~ !
and maximal flow depths of 12 m. About 12 min later the GLOF
would have reached the village of Yathang 3.5 km below Thangu.
Maximum flow velocities and flow depths were at Thangu calculated
to 9 m s~ ! and 9 m, respectively. Both villages would be hit by the
GLOF, and damage would be particularly severe in Thangu. Parts of
the road, three bridges, about 100 buildings and farmland would be
flooded and partly destroyed in Thangu; and parts of the road, one
bridge and about 30 buildings would be flooded and partly destroyed
in Yathang (Fig. 8).

Table 3

5. Discussion
5.1. Glacial lake inventory

Within this study, only lakes with a surface >0.01 km? were con-
sidered in the inventory, since smaller lakes were assumed not to
present a relevant hazard potential to downstream locations
(ICIMOD, 2011). This threshold is reasonable to cope with the large
number of small lakes and helps to ensure efficient use of limited re-
sources for on-site investigations and glacial lake monitoring. As the
inventory is based on satellite imagery taken between 2000 and
2002, it represents the state of glacial lakes from that period. Howev-
er, we assume that only a limited number of lakes >0.01 km? would
have developed since then (Gardelle et al., 2011). On the other hand,
all lakes detected on the ~10-year old images were still present on the
high-resolution Google Earth images from 2010 to 2011, but glacial
lake areas have indeed changed in some instances since the early
2000s.

The evaluation and classification of outburst probabilities of glacial
lakes by remote sensing are challenging and different approaches
have been presented in the literature (Huggel et al., 2004; McKillop
and Clague, 2007a,b; Wang et al., 2011). The approach presented
here considers previous studies and is efficient for analyzing a large
number of lakes. Four key parameters and critical guiding values
(Fig. 2) form the basis for the evaluation of the mapped glacier

Momentum fluxes and impact volumes into the three case study glacier lakes. For each lake large and small dam breach trigger scenarios were modeled. Small scenarios represent
minimal required lake impacts to trigger dam failure and were evaluated in a trial-and-error approach. Large scenarios provoke in each case significant dam breaching.

Scenarios Spong Togpo Gopang Gath Shako Cho

Momentum flux [N - s] Impact volume [m?] Momentum flux [N - s] Impact volume [m?] Momentum flux [N - s] Impact volume [m?]
Large (2) 9.84x10° 1,600,000 6.82x10'° 4,700,000 4.07x10'"° 2,800,000
Small (1) 1.6x10° 600,000 1.35x10" 1,100,000 2.55x10'° 2,300,000
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' Scenario 1 ¢ Scenario 2 i?

Fig. 6. Model results of small and large lake outburst scenarios for Spong Togpo glacial lake. The overview shows flow velocities of scenario 2. Included are the lake outburst
hydrographs, breach geometries and flow velocities during a potential GLOF impact at Honupatta. Water was released into the lake from the mass-movement starting zone.
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Fig. 7. Model results of small and large lake outburst scenarios for Gopang Gath glacial lake. The overview shows flow velocities of scenario 2. Included are the lake outburst
hydrographs, breach geometries and flow velocities at Sissu. Water was released into the lake from the mass-movement starting zone.
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Fig. 8. Model results of small and big lake outburst scenarios for Shako Cho glacial lake. The overview shows flow velocities of scenario 2. Included are the lake outburst
hydrographs, breach geometry and flow velocities at Thangu and Yathang. Water was released into the lake from the mass-movement starting zone.

lakes within the Indian Himalayas. Yet, expert knowledge on the sta-
bility of glacial lakes is required for the assessment, since analysis
cannot only be based on the semi-quantitative decision tool, but
also needs a holistic perspective and consideration of the dam, lake
and lake surroundings.

The glacial lake inventory for the Indian Himalayas shows an
overall trend for rather small and generally less critical glacial lakes
when compared to other countries in the HKH such as e.g. Nepal or
Bhutan (ICIMOD, 2010). Yet, a clear exception to this trend is the
state of SK, where many large and (potentially) critical glacial lakes
exist. Within the Indian Himalayas glacial lake distribution is more
uniform in the glaciated areas of JK, HP, and UK (west of Nepal)
than in SK, where glacial lake density is high, or in the case of AP,
where lake distribution is very sparse. However, regional differences
within the states can be substantial. The lake distribution pattern
corresponds with lake characteristics in the different regions, which
is also manifested in the number of critical, potentially critical, and
uncritical lakes per state (Table 4).

Areas of all detected lakes are plotted in Fig. 9, illustrating again
the remarkable situation in SK. Especially in North SK a high propor-
tion of (very) large lakes exists, whereas in all other states medium to

Table 4

Proportions of glacier lake counts per state in the Indian Himalayas, classified as critical,
potentially critical and uncritical. The difference to 100% corresponds to unclassifiable
lakes. (JK = Jammu and Kashmir, HP = Himachal Pradesh, UK = Uttarkhand, SK =
Sikkim, AP = Arunchal Pradesh).

JK HP UK SK AP
Tot # lakes 103 45 27 50 26
Critical 2% 4% 0% 16% 0%
Pot. critical 32% 36% 52% 60% 0%
Uncritical 41% 24% 40% 22% 96%

small lakes are dominant. Yet, the largest glacial lake in the Indian
Himalayas is Samudra Tapu lake (77°32/52"E; 32°29’53”N) located
in the Chandra Valley (HP) (Kulkarni et al., 2007). Two large lakes
are located in the Karakoram mountain range of JK. UK and AP have,
in contrast, very few and small lakes.

Beside a rather small number of lakes west of Nepal which should
be monitored in the future, SK clearly represents a hotspot region in
terms of possible GLOF occurrences, and more research and monitor-
ing are urgently needed there. High-quality imagery in Google Earth
indicates that moraine dams in SK very often have a low width-
to-height ratio and that they consist of unconsolidated, granular
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Fig. 9. Glacial lake areas of all mapped lakes in the Indian Himalayas, divided by states.
The y-axis shows the number of lakes, and the x-axis illustrates lake areas. Sikkim has a
high proportion of (very) large lakes, whereas rather small lakes prevail in the other
states.
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materials. As a result, they appear to be easily erodible by
overtopping flows. Fujita (personal communication, February 2012)
mapped and classified glacial lakes over large parts of the HKH and
identified lakes which might potentially burst out with a volume
>10x10% m>. Shako Cho lake is among the lakes mapped by Fujita
and process modeling performed in this study clearly confirms that
it should be considered as one of the most critical glacial lake in the
Indian Himalayas.

5.2. Modeling

This study represents a pilot to model the chain of GLOF hazards,
from mass-movement induced impact wave generation to dam
breaching and flood propagation. The release volume and release lo-
cation of the impacting mass define the GLOF scenario and are initial
conditions of the model. Scenario definition is inherently affected by
uncertainties, and we therefore defined small and large lake impact
scenarios for each case study site, covering a reasonable range of po-
tential dam breaches. We did not represent real lake impacts, since
mass movements composed of ice and/or debris cannot be simulated
with BASEMENT. In contrast, through the release of water volumes
into the lake, we reproduced realistic impulse waves which have
the potential to trigger dam breaches. This approach represents a so-
phisticated scenario definition, which is more accurate than any spec-
ulation about potential dam breach scenarios, where the shape of the
breach and its enlargement over time must be assumed. However, the
approach presented in this paper does not encompass all possible
dam breach trigger mechanisms and does, for instance, ignore
overtopping flows induced by extraordinary rainfalls.

Uncertainties, which may potentially affect model results, also
existed in the definition of critical model input parameters and the
DEM. The sediment transport components in the model have more
limitations than the hydraulic components, as the former are based
partly on empirical equations and geotechnical simplifications, and
thus require several critical input parameters. The calibration of
such critical input parameters based on similar past events is crucial,
and was done in detail in a previous study on the basis of a moraine
dam failure in the Patagonian Andes (Worni et al., 2012a). The reso-
lution and accuracy of the DEM are correlated to the accuracy of
model results (Wang et al., 2012), which is especially pronounced
for advanced numerical models such as BASEMENT. Therefore a lack
of recent and highly resolved elevation data from the Indian
Himalayas remains a limiting factor in representing complex flow
and dam breach dynamics (Allen et al., 2009). However, Wang et al.
(2012) tested the influence of the SRTM DEM and ASTER GDEM ver-
sion 1 data on hydraulic GLOF modeling in Tibet, and concluded
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that although flood inundation extent and water depths depend on
the applied DEM, the level of deviation was of little significance
when predicting high-discharge floods.

5.3. Risk assessment

Overtopping waves typically erode an initial breach into moraine
dams. As soon as the initial breach depth is deeper than the lake free-
board, the hydrostatic lake pressure becomes the driving force for con-
tinuous breach enlargement and lake outflow. Hence, the smaller the
freeboard, the less initial erosion is required to trigger dam failure,
and the smaller a lake impact needs to be to effectively trigger a breach
process. This correlation was confirmed with the GLOF modeling at
Spong Togpo and Shako Cho lakes, but only partially for Gopang Gath
lake. Although the freeboard at Gopang Gath lake was only 0-5 m,
only massive lake impacts were resulting in significant dam failure
(scenario 2). In this particular case, the limiting factor for moraine
breaching was more related to dam geometry and only to a lesser extent
to freeboard. Another reason for differences in dam breach processes is
the mass impact location, which was at an angle of 90° with respect to
the dam (whereas the angle was 180° at Spong Togpo and Shako Cho
lakes). The impulse waves with the highest energy therefore hit the
shore opposite of the impact location and the waves will have attenuat-
ed significantly by the time they reach the dam (Heller et al., 2008).
Hence, in addition to freeboard, dam and lake geometry, mass impact
location and direction have to be seen as other critical parameters re-
garding the impact magnitude required to trigger moraine dam failure.
The key question to assess lake outburst probabilities is to decide
whether the minimal lake impacts required to induce dam failure are
realistic or not. The geotechnical aspect of the lake outburst probability
assessment (i.e. the susceptibility of a dam to breach) was covered with
the BASEMENT simulation.

The minimum momentum flux required to induce dam failure at
Spong Togpo lake in JK was calculated to be about 1.6x10° Ns. An
ice volume (pjce =917 kg m—3) of ca. 60,000-90,000 m* impacting
instantly Spong Togpo lake with 30-20 m s~ !, respectively, would
transfer the same momentum p (p =mv) to the lake, where m is the
impact mass and v the impact velocity. Although such ice avalanches
are plausible and not particularly extreme, little evidence for ice fall
activity was found at the base of the hanging glacier at Spong Togpo
lake during field surveys. However, warming may increase suscepti-
bility of steep glaciers to fail (Huggel et al., 2010) and avalanches
may occur at locations without precedence. Hence, moderate out-
burst magnitude and outburst probability have been assigned for
Spong Togpo lake (Fig. 10).

Risk
Very high
High jﬁ( Spong Togpo
X Moderate * Gopang Gath
Moderate risk * Shako Cho
Low

Low Moderate High Very high

Damage = Exposure x Vulnerability

Fig. 10. Hazards and risks emanating from the three case-study glacial lakes were semi-quantitatively assessed, based on process modeling, field reconnaissance and remote sens-

ing, and illustrated in a magnitude-probability and hazard-damage matrix.
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If a debris flow (pgebris 1= 2200 kg m~3) is assumed to trigger
dam failure at Gopang Gath lake in HP, a sudden lake impact of
200,000-300,000 m® with velocities of 30-20 m s~ ! would be re-
quired. Alternatively, an ice volume of 480,000-720,000 m? (assum-
ing similar velocities) would result in 1.35x10'® Ns as well, which
was found to be the minimum lake impact needed to trigger dam fail-
ure. Such volumes seem more realistic for ice avalanches than for de-
bris flows, based on a visual judgment of potential source areas and
evidence of past events. The occurrence of such ice avalanches reaching
the lake with high velocities will become more likely to occur in the fu-
ture with further glacier retreat. An ice impact volume of roughly
2-3x10% m*® would be required to trigger a large (scenario 2) dam
breach. Such trigger magnitudes are generally considered to be unlikely.
As a consequence, a low outburst probability and a moderate outburst
magnitude were finally chosen for Gopang Gath lake (Fig. 10).

Due to the steep terrain, potential ice impact velocities of
30-40 m s~ ! were assumed for Shako Cho lake in SK. Ice impact vol-
umes of 700,000-900,000 m> would transfer about 2.55x10'° Ns to
the lake, which was found to be the minimal lake impact to induce
dam failure. The highly glaciated, steep mountain faces above the
lake clearly favor the occurrence of such an impact scenario. This re-
sults in a high outburst probability for Shako Cho lake and model re-
sults indicate high outburst magnitudes (Fig. 10).

Lake outburst probabilities were assigned for the three case study
sites, based on the calculated mass impacts and the qualitative assess-
ment of probability of occurrence of such mass movements: Spong
Togpo lake was accordingly attributed a moderate outburst probabil-
ity, Gopang Gath was considered to present a low outburst probabil-
ity and Shako Cho was assigned to have a high outburst probability.
Based on the modeled lake outburst hydrographs, the expected mag-
nitudes of potential outburst floods are moderate for Spong Togpo
and Gopang Gath lakes and high for Shako Cho lake (refer to chapter
4.2). Based on the modeled flow extents (Figs. 6-8), field surveys and
the analysis of satellite imagery, the damage potential in Honupatta
(JK) and Sissu (HP) was considered to be moderate, and high in
Thangu (SK) and Yathang (SK). The semi-quantitative parameteriza-
tion of lake-outburst probabilities, potential outburst magnitudes
and damage potentials, was then used to qualitatively assess the
risk for each lake as illustrated in Fig. 10.

6. Conclusion

In this study we followed a multi-level approach from basic detec-
tion of glacial lakes over large areas using LANDSAT imagery, an assess-
ment of hazard potential of detected lakes based on high-resolution
imagery, to local-scale risk assessments of individual lakes based on
field evidence, remote sensing data and model output. So far, no glacial
lake inventory existed for the entire Indian Himalayas, and therefore
the contribution of a comprehensive inventory with mapped and classi-
fied glacial lakes is important for the identification of potential hazard
sources and for the planning of adequate coping strategies. The exis-
tence of Spong Togpo and Gopang Gath lakes is hardly known to local
people and therefore awareness building in villages downstream of crit-
ical glacial lakes should become a priority. The glacial lake inventory is
also the basis for further analysis of priority lakes. The schemes used
for the three lakes of this study can serve as a reference for the risk as-
sessment at other lakes in the Indian Himalayas. Whereas ground ob-
servations remain crucial, novel modeling capabilities have been
shown to be highly relevant for integral glacial lake assessments. De-
spite prevailing uncertainties in the modeling process the dynamic
BASEMENT model has been demonstrated to be a valuable tool to assess
lake-outburst probabilities and potential lake outburst magnitudes.
Such data facilitates the planning and dimensioning of accurate mitiga-
tion measures in the form of e.g., early warning systems, and helps the
justification of decisions aimed at preventing infrastructure and popu-
lated areas from being possibly at risk. Yet, apart from potential hazard

sources, glacial lakes can also have a touristic potential (e.g. Samudra
Tapu lake in the Chandra Valley, HP), and when considering glacial
lake patterns and characteristics over large regions, glacial lakes can
be used as an indirect indicator of glacier change.
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