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Abstract

Current rapid climate change has profound impacts on the glacial and periglacial en-
vironment. Glaciers are retreating all over the world and in response numerous glacial
lakes have formed in depressions of the exposed bed during the last century. These
water reservoirs represent a serious hazard as they are located in potentially unstable
terrain and in case an outburst flood is triggered severe damage can occur even far
downstream. Past studies focused on the assessment of hazard posed by current lakes.
Yet, glacial lakes are still growing and new lakes are expected to form as a consequence
of deglaciation. Therefore, scientific attention is now shifting towards the anticipation
of future hazards. This thesis analysed the future evolution of the glaciated area and the
emerging outburst flood hazards related to the formation of new lakes in the Bhilangna
Valley, Indian Himalaya. A medium (RCP4.5) and a worst-case (RCP8.5) warming sce-
nario were considered. Based on past glacier outlines, glaciers in the Bhilangna Valley
seem to have thinned by 5-37m between 1968-2015. The temperature change during
this period was around 1.45°C for this region according to gridded CMIP5 model data.
The GlabTop model was used to calculate current glacier ice thicknesses and potential
sites of new lakes. Projecting past thinning rates into future, changes in ice thickness
and glacier extent could be evaluated based on an adapted version of the thickness
change parametrisation model proposed by Linsbauer et al. (2013). For the medium
warming scenario, little change in glacier extent was observed with an overall area de-
crease of around 16% within the next eight decades. By comparison, the same area
change of 16% is already seen after only 4 decades under the worst-case scenario, and
within 80 years, 70% of the glacier area mapped for the year 2015 might disappear. Up
to 35 new lakes could emerge in the next eight decades if a worst-case warming scenario
is assumed, 27 of them having an area larger than 1ha. Particularly between 60 and 80
years in future a large number of new lakes appear. Their hazard was assessed based
on the modelled lake volume and the probability of mass movement impacts, which
was approximated by using the concept of topographic potential. For several lakes,
an increase in the hazard level could be observed within the future decades. However,
according to downstream flow modelling results, no debris flows originating from future
lakes seem to affect infrastructure or human settlements in the Bhilangna Valley due
to the remoteness of this region. In contrast, potential floods with minimal sediment
entrainment propagate far downstream and could therefore cause damage to several
hydropower stations. The approach proposed in this thesis is a first step to combine
different methods and models to assess emerging outburst flood hazards of glacier lakes
in data scarce mountain regions.
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1 Introduction

The Himalayas are as other mountainous regions in the world of major importance
for human activities. Estimates show that almost 10% of the global population is
directly dependent on mountains for its livelihood and another 40% are expected to
rely indirectly on mountain ecosystems for forest products, fresh water and river val-
ley projects for industry, agriculture or domestic purposes (Schild, 2008; Viviroli et
al., 2007). Irrigation in the Himalayas as well as hydropower generation are strongly
dependent on the water discharge from glaciers upstream, especially during the dry
season (Bhambri et al., 2011). But exactly mountain regions seem to be exposed to
rapidly changing climatic conditions with faster rising temperatures than in nearby low
land areas (Rangwala and Miller, 2012). For the period 1971-2007, Kothawale and
Rupa Kumar (2005) reported a decadal warming rate which was more than twofold
higher for the western Indian Himalayas than the mean rate for whole India. As
the glacial and periglacial environment is very sensitive to atmospheric warming due
to intensifying ice melt with rising temperatures, new hazards might be the conse-
quence. A destabilisation of rock and debris slopes is likely to occur related to per-
mafrost degradation or glacier retreat leading to an increase in potential source zones
for rock fall respectively debris flows. Moreover, a change of the thermal regime and
geometry of glaciers can be caused by rising temperatures and therefore a change in
frequency of ice avalanches is expected (Allen et al., 2016b). However, the hazard
which is reported to have the highest impact on downstream living population is the
glacier lake outburst flood (GLOF) (Richardson and Reynolds, 2000). After glacier
retreat, lakes may form in the exposed depressions of the former glacier bed and rep-
resent water reservoirs which can be released suddenly. It is due to this sudden onset,
potentially high-magnitude discharge and long runout distance which makes GLOF's
such a serious threat for people living in proximity to river channels (Carrivick, 2010;
Cui et al., 2013). Yet, not every glacier lake poses the same hazard and even lakes with
an unstable dam require a trigger event to initiate partial or complete dam failure and
subsequent drainage (Worni et al., 2014). It is probable that future lakes will mainly be
dammed by bedrock instead of loose moraine material (Allen et al., 2016b). However,
overtopping from displacement waves after the entering of a debris flow, rock or ice
avalanche into the lake can still occur. Many of the currently and future growing lakes
will be situated beneath hanging glaciers and seracs or below potentially unstable rock
slopes (Haeberli et al., 2010). Therefore, the probability of mass movements triggering
a GLOF will likely rise (Allen et al., 2016).

The fact that GLOF's represent a particularly dangerous glacial hazard was already
demonstrated by several events in the past. A very severe example is the one of Kedar-
nath, Indian Himalaya, where hundreds of buildings were destroyed, thousands of peo-
ple lost their life and roads and paths were disrupted (Bhambri et al., 2016). The total
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economic damage was estimated to range around 1.1 Mio USD (Swiss Re, 2014). This
event was such a disaster not least because of the ongoing pilgrim season and the high
importance of Kedarnath as a pilgrimage site.

GLOF impacts on society always depend to a certain extent on population pressure
and land use (Carrivick and Tweed, 2016). During the last decades, human settlements
and activities have been observed to increase considerably in high mountain regions
(Huggel, 2004). Residential, tourism and hydropower infrastructure expands now to
higher altitudes and therefore conflicts with the natural environment will likely increase
(Allen et al., 2016b). In India, energy consumption experienced a steep rise by 51%
between 2000-2010. If rapid economic growth is sustained in future energy demands
are expected to increase by another 75% by 2035. Currently, only a small fraction
of the hydropower potential of the Himalayas is tapped, for example, Vaidya (2012)
estimate that less than 20% of the ~ 500GW available is used by the Himalayan
countries. In consequence, there are numerous hydropower projects across the Indian
Himalayas. In Uttarakhand, the Indian state where the study area is located, more
than 450 hydroelectric power schemes are proposed or already in the development phase
(Buechler et al., 2016). Currently, a push of hydropower projects into headwaters occurs
adding uncertainty to expected GLOF peak discharges and impacts (Schwanghart et
al., 2016). Peak discharges further downstream can be predicted more precisely as
GLOF waves attenuate rapidly (Schwanghart et al., 2016).

In future, the land area which could be affected by a GLOF will likely increase due
to growth and formation of new lakes. Across the Indian state of Himachal Pradesh,
a neighbouring Himalayan state of Uttarakhand, a minimum 2 — 3 fold increase is
expected in several districts (Allen et al., 2016b). Assessment of current glacial haz-
ards by magnitude and probability of occurrence is already in practice. However, as
anticipating hazards is better than only reacting to problems after they appear, this
thesis investigated the temporal evolution of emerging GLOF hazards in the Bhilangna
Valley, Indian Himalaya.

Frey et al. (2010) state that predicting the time of occurrence of a future glacier lake
needs to be coupled with simple but transient models which simulate the glacier retreat
over large regions. In order to achieve time-dependent changes, glacier-evolution models
must be linked to a climate scenario (Linsbauer et al., 2013). Schneider (2011) recom-
mend to consider worst-case scenarios because climate is changing rapidly and therefore
building simply on the basis of local empirical data of past events is problematic.

Linsbauer et al. (2013) proposed a simple glacier-evolution model which is based
on ice thickness changes. The model was developed for the Swiss Alps where good
historical data on thinning is available. However, in most mountain regions such as
the Himalayas data are scarce. Therefore, this thesis focused on implementing an
approach using commonly available simple input data such as glacier outlines to de-
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rive the amount of thinning for glaciers in the Bhilangna Valley. Past ice thickness
changes are then linked with past temperature change and thinning is projected into
future. Thereby, two warming scenarios are considered which are based on the gridded
temperature projections of the CMIP5 models for the two radiative forcing scenar-
ios RCP4.5 (medium forcing) and RCP8.5 (worst-case forcing) for this region (IPCC,
2013). As future precipitation evolution is very uncertain it was excluded from analysis.
The proposed model is strictly empirical and has no physical basis.

Mass movement impacts into glacier lakes are reported as common GLOF triggers

(Allen et al., 2016b; Worni et al., 2014; Schneider et al., 2014). It depends on the to-
pographic setting, i.e. steep rock faces or glaciers in proximity, whether a lake is prone
to generate a GLOF. This aspect was operationalised using the topographic potential
concept described by Allen et al. (2016b). In combination with the lake volume an
assessment of future GLOF hazards posed by lakes could be performed. Of course, the
likelihood of a GLOF is also conditioned by other factors such as dam stability. But
as no information exists on future dams, although it can be expected that they will
be composed of bedrock (Allen et al., 2016b), dam stability was not considered in the
modelling part of this thesis.
To evaluate the exposure of current and planned hydropower stations in the Bhilangna
Valley, paths of potential GLOFs were modelled with the modified single flow model
(MSF) (Huggel et al., 2003) and intersected with station locations. Results were exam-
ined in a Boolean manner whether a site is or is not affected by a modelled flood path.
An overlay of all modelled paths yielded a first order assessment of site exposures to
potential GLOFs.

This thesis is affiliated to the scientific project ”Flood Risk in Uttarakhand, India:
Learning from the 2013 Disaster and Anticipating Emerging Threats” which examines
the physical, social and institutional factors that played a crucial role in the Uttarak-
hand flood disaster 2013. An overall aim is to incorporate the findings in disaster risk
reduction and climate adaptation measures. The thesis is linked to the work package
”emerging threats”.

1.1 Research questions

The thesis aims to provide a first order assessment of the spatiotemporal evolution
of GLOF hazards in the Bhilangna catchment. The relative exposure of current and
planned hydropower stations located along the Bhilangna River shall be estimated. To
achieve this goal a sequential approach was adapted which seeks to answer the following
questions:

1. What is the amount and pattern of glacier surface elevation change observed in
the Bhilangna catchment between 1968 and 20157
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2. What was the temperature change during the last 50 years for the Garhwal Hi-
malayan region?

3. Considering past rates of thinning, and projected warming scenarios for the fu-
ture, when will new lakes in the Bhilangna catchment emerge from beneath the
retreating glaciers?

4. How will the hazard in terms of water volume and mass movement impact prob-
ability evolve for current and future lakes in the future?

5. Are current and planned hydropower stations located in the Bhilangna Valley
affected by potential GLOF paths and how will the exposure of these assets
evolve in the future?

1.2 Structure

The thesis is divided into a first part describing the scientific background and a second
practical part. The first chapter gives an overview about the Himalayan mountain
range in general, its extent, topographic and climatic characteristics. A description of
the study area situated in the Indian state Uttarakhand follows afterwards, mentioning
topographic, glacial, geological and socioeconomic aspects of this region. In a next
step, past climatic evolution in the Indian Himalayan region is reviewed and future
projections are discussed. It follows an overview of past glacier changes in India. The
section about future glacier modelling presents a selection of approaches to model ice
thickness, future lake positions and glacier-evolution. The impact of climate warming
on the evolution of natural hazards in the glacial and periglacial area is discussed in a
next step. Afterwards a section on GLOFs describes general characteristics, i.e. dam
failure, flow transformations, and the procedure to model potential GLOF's and process
chains. A description of the flood disaster 2013 in the Mandakini Valley is included at
the end of the GLOF-section. In the last section of the scientific background part an
overview on hazard assessment is given. The practical part is divided into four sections
each of these sections having a method and a results part. The following topics are
treated in this sequence: past glacier changes, future glacier evolution, emerging GLOF
hazards and the evolution of the downstream hazard. The discussion summarises the
most important results of the practical part and compares them with results from other
studies where possible. The conclusion proposes what could be investigated in future
studies.



2 Scientific Background

2.1 Geographical setting

2.1.1 The Himalayas - an overview

The arc of the Himalayan mountain range extends from northwest to southeast roughly
between 29-37°N and 72-96°E on a length of around 2500km (Seyfferth, 2006). Five
countries have at least parts of their area located in the Himalaya, namely Pakistan,
China, India, Nepal and Bhutan. The great extent of the mountain range leads to
a variety of topographic, geologic and climatic conditions and therefore regions show
different characteristics. A discussion exists which of the outermost regions in the
NW such as the Karakoram, the Hindu Kush and the Pamir or in the SE such as the
Hengduan Shan shall be attributed to the Himalayas. Authors resolve these ambiguities
by talking i.e. about the Hindu Kush-Karakoram-Himalayan region (HKH) or about the
Pamir-Karakoram-Himalayan region (PKH) (Gardelle et al., 2013; Kaab et al., 2012;
Bolch et al., 2012). In this thesis the term Himalayas is used in a broader sense referring
to the Himalayan Karakoram region. The Himalayas represent a rather long and narrow
mountain chain with a width of only 150km in most parts of the central and eastern
Himalaya. The northwestern part including Karakoram shows larger widths of up to
300km (Seyfferth, 2006). Despite the narrow N-S respectively NE-SW extent large
elevation differences can be found within short distance. From the low lands of India
and Pakistan at several hundred meters above sea level the altitudes rise to over 8000m.
The Himalayas are therefore the highest mountain range of the world. North of the
mountain chain the Tibetan Plateau follows with altitudes of around 4000m (Seyfferth,
2006).
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Figure 2.1: Main wind systems influencing the climate in the Himalayas (left) and mean
precipitation in January and July (right). Figure reproduced from Bolch et al. (2012).
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Climate and glaciers

Due to their high elevations, the Himalayas act as a barrier blocking transfer of moist
air masses to the Tibetan Plateau (Bolch et al., 2012) and determine the regional
climate in this way (Singh et al., 2016). Two major weather systems govern the
timing and amount of precipitation in the Himalayas, one being the Indian mon-
soon which is replaced by the SE-Asian monsoon further in the east, the other be-
ing the mid-latitude westerlies (Bolch et al., 2012; Bookhagen and Burbank, 2010;
Yang et al., 2008). Fig. 2.1 shows these major weather systems and the amount of
winter and summer precipitation for the different regions. According to this, glaciers
in the Karakoram and the western Himalaya receive most of their snow supply in
winter whereas for glaciers in the central and eastern Himalaya the main accumula-
tion period coincides with the summer ablation period (Bolch et al., 2012). Therefore
glaciers in the northwest belong to winter accumulation type glaciers and those in the
central and eastern part to the summer accumulation type (Benn and Evans, 2010;
Bolch et al., 2012).

Closely linked to mass gain from snow accumulation and mass loss due to meltwater
runoff and sublimation is the equilibrium line altitude (ELA). It indicates the eleva-
tion where accumulation equals ablation (Cuffey and Paterson, 2010). On temperate
glaciers, it can be approximated from the position of the snow line at the end of the
ablation period (Cuffey and Paterson, 2010) and therefore determined from remote
sensing data. Bolch et al. (2012) state that the mean ELA for the whole Himalayan
range is around 5360m with highest values in the central Himalaya (~ 5600m) and
lowest values in the western part (~ 5150m) where more accumulation occurs.

But not only the altitude of the equilibrium line, also the glaciated area reflects differ-
ent amounts of accumulation and ablation. The Himalayan region showing the largest
glaciated area is the Karakoram in the northwest. Glaciers here extend to relatively
low elevations (down to ~ 2300m (Seyfferth, 2006)). Bolch et al. (2012) estimated a
glacier coverage of ~ 40800km? for the whole Himalaya, the Karakoram contributing
with ~ 18000km? almost 50% to this value. This is remarkable as the Karakoram
covers less than 10% of the Himalayan mountain range. Frey et al. (2014) analysed the
volume of glaciated area in different major regions, fig. 2.2 shows the hypsometry re-
sults. Areas were determined by remote sensing techniques and the volumes presented
in the figure were calculated using the GlabTop2 model (more information on GlabTop2
is given in section 2.3.2). It can be seen that smallest areas and lowest volumes are
found in the eastern Himalaya. Central and western Himalaya show similar glaciated
areas and volumes but glaciers located in the central Himalaya seem to be situated at
higher elevations. Largest glacier coverage and volume can be found in the Karakoram.
However, in terms of number of glaciers the highest number was not determined for
the Karakoram but for the western Himalaya (Frey et al., 2014).
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Figure 2.2: Areas (dashed line) and volumes (solid line) for different regions of the Hi-
malayas as calculated with GlabTop2. Altitudes correspond to glacier surface elevations.
Figure reproduced from Frey et al. (2014)

Indian Himalayan Region

The Indian Himalayan Region (IHR) covers an area of around 0.67 million km? (Singh
et al., 2016) and can be subdivided in a western and an eastern part. The states Jammu-
Kashmir, Himachal Pradesh and Uttarakhand belong to the western IHR (western and
central Himalaya) and Sikkim and Anurachal Pradesh to the eastern IHR (central
and eastern Himalaya). Therefore, intense summer precipitation is experienced in the
eastern [HR as well as in the east of the western IHR in the form of rainfall at lower
altitudes and snow at higher elevations (Singh et al., 2016). In the northwest of the IHR
the dominance of mid-latitude westerlies leads to more than a third of the precipitations
(37%) occurring from January to March (Singh et al., 2016). Another third (31%) of
the yearly precipitations is registered during April to June and the last third (32%)
during 6 months from July to December (Singh et al., 2016). Around 9600 glaciers are
located in the Indian Himalayas (Bhambri et al., 2011).

2.1.2 Bhilangna Valley

The study area is situated in the Bhilangna Valley which is part of the Indian state Ut-
tarakhand and belongs to the Garhwal Himalaya (fig. 2.3). Local population here lives
from farming, fishing, livestock rearing and fodder collection (Buechler et al., 2016).
The Bhilangna Valley is rather a remote region with small villages neither frequently
visited by tourists nor by pilgrims which distinguishes it clearly from the highly visited
neighbouring valleys of Mandakini with the pilgrimage site Kedarnath and from the
Bhagirathi Valley with the holy place Gangotri at the source of Ganges. The Bhilangna
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Valley extends approximately between 30.43°N and 30.88°N and 78.66°E and 79.03°E
and shows a total length of ~ 60km. Its orientation is from NE to SW with highest
elevations in the NE. Here, peaks attain altitudes of more than 6000m above sea level,
the highest peak Thaley Sagar named also Phating Pithwara at the northeastern end of
the valley raises up to 6904m (fig. 2.5). The southwestern boundary of the Bhilangna
Valley is at Ghansali, a small village with a censed population of around 400 people
(Census Organisation of India, 2011). The valley covers around 628km? with the main
study area situated at the glacierised northeastern end (~ 233km?).

Glaciers

Two main valley glaciers dominate the study area, the first being Khatling in the west
covering about 31km? and the second being Phating in the east with roughly 10km?
(fig. 2.4). In 2015, the tongue of Khatling Glacier terminated at ~ 3975m. It seems to
be strongly covered by debris up to an elevation of around 4300m followed by a zone
of either very thin debris or dust cover between 4300m and 4730m. This zone shows
transversal crevasses as the glacier passes over a topographic steepening. At 4800m the
confluence of Sangli Glacier and Khatling Glacier is located from where a prominent
middle moraine develops in downstream direction. Around and above the confluence
zone the glacier is gently sloped with angles below 10°. And even the accumulation
zone is characterised by gentle to moderate slope values rarely exceeding 20°. Vaster
steep zones with slopes of more than 30°can be found only at the highest elevations
between 5420m and 6100m on the northeastern and eastern flank of Jaonli (6632).
Phating Glacier is in several aspects different to Khatling Glacier. The exact position
of its terminus is difficult to determine as it is heavily debris covered. However, it seems
to be at around 3820m in 2015. But not only the terminus, the whole glacier tongue
is under a rather thick debris cover which seems to continue up to the confluence of
Bhartekhunta Glacier with Phating Glacier at an altitude of around 4320m. According
to satellite images the debris cover seems to be thinner on both glaciers above the
confluence with ice showing through the debris. Clean ice can be found above ~ 4420m
on Phating and above ~ 4450m on Bhartekhunta Glacier. Compared to Khatling
Glacier, Phating Glacier shows an even flatter tongue. Over a distance of 4.8km the
elevation difference is 580m which results in a mean slope of 7°. However, a major
disparity between Khatling and Phating Glacier can be found in the accumulation
zone. In contrast to Kathling, it is quite steep for Phating and Bhartekhunta Glacier
with vast areas being steeper than 30°. Bhartekhunta Glacier extends to an altitude of
~ 6330m and Phating to ~ 6150m.

Satellite imagery from the end of the hydrological year (Landsat 8, 8. Sept. 2015)
suggest that the equilibrium line altitude (ELA) is located somewhere between 5000m
and 5200m for the whole catchment. Assuming a value of 5100m allows to determine
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Figure 2.3: Overview of the study area (white frame), red dot in the small map (top
left) is indicating the position within India. Villages (green dots) and glaciers (light blue)
are shown within the Bhilangna Valley. Gangotri and Kedarnath are added for orientation
purpose. A motorable road exists up to Gowahna, Gangi is the last village in the valley and
only accessible by a trek path. Gangotri and Kedarnath are important Hindu pilgrimage
sites and therefore major roads exist high up in the Bhagirathi and Mandakini Valley. The
Tehri reservoir (bottom left) is the largest reservoir in India and a very important source
for hydropower energy. Road, village and river data are taken from OpenStreetMap. 9
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Figure 2.4: Glaciers located in the study area overlaid on Google Earth imagery (acqui-
sition date: 16 October 2014).

the accumulation area ratio (AAR) of the glaciers. The accumulation zone of Khatling
Glacier situated below Jaonli (6632m) and below Bhetiara ka Danda (5748m) where
the contributing Sangli Glacier originates covers around 21km? and though the AAR
for Khatling is 0.69 or 2:1. This lies in the range of values which were calculated by
Haeberli et al. (2003) for 63 alpine glaciers. They stated that for glaciers with a net
mass balance of 0 the AAR can take values from 0.22 to 0.72 with a mean of 0.55. With
this the Khatling Glacier has an AAR exceeding the mean value. The accumulation
area of Phating Glacier (including Bhartekhunta Glacier) covers around 4.6km? and
the AAR takes a value of 0.46.

Further glaciers located in the catchment are Jogin Glacier, Ratangrian Glacier,
both former contributors to Khatling Glacier, Satling Glacier a former contributor to
Phating Glacier and the rather flat and vast Dudhganga Glacier.

10
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2 Scientific Background

Geology

Rao and Pati (1980) investigated the geology of the Bhilangna Valley. They stated that
the valley comprises two tectonic units in the Central Himalayan Crystalline Group of
rocks and a third Deoban/Garhwal tectonic unit. The Deoban/Garhwal unit is charac-
terised by sedimentary rocks and is separated from the crystaline rocks of the Central
Himalayan Crystalline Group by the Thayeli Thrust which is located less than 5km
northeast of Ghansali. The Thayeli Thrust corresponds to the Main Central Thrust
in this area. The Central Himalayan Crystalline Group located at north from the De-
oban/Garhwal unit can be subdivided into the Bhilangana Formation and the Gangi-
Kedarnath Formation. The study area lies in the Gangi-Kedarnath Formation which
in general comprises various types of schists, phyllite, porphyroblastic gneiss, gran-
ulite, marble, quartzite, granite and amphibolite. More specifically, the main study
region belongs to the Rambara member of the Gangi-Kedarnath Formation. Rao and
Pati (1980) found a sequence of marble, quartzite, various types of schist and porphy-
roblastic gneiss, granulites, calc silicates and metabasites being characteristic for this
area. As the glacierised area of Bhilangna Valley was at the margin or even outside of
the area of investigation of the mentioned study, more details are not available for this
uppermost valley part.

According to field observations in May 2016 especially crystalline rocks such as quartzite
or gneiss seem to dominate this area even though other rocks such as schists were also
observed. It is important to note, that no detailed analysis was carried out during
the field work and consequently a confusion between similar rocks such as gneisses and
granulites is possible. All observed rocks are crystalline, medium to high grade meta-
morphic rocks of high hardness (Softusvista Inc., 2017). This fact could explain why
many steep mountain flanks can be found in the area. However, observations indicate
that the rock is locally strongly fractured allowing for faster erosion. Debris is present
everywhere in the proglacial area in large amounts accumulating especially in the flat
proglacial area where stream power is too low to transport it down valley.

Landcover

From a landcover point of view, the percentage of cultivated land is diminuishing from
Ghansali towards Gangi with a simultaneous increase of forested area. Upstream of
Gangi, forest covers most of the area up to an elevation of approximately 3200m. At
higher elevations a sequence of shrubs follows which is replaced by grass above 3600m.
The proglacial area as well as flatter parts within the main study area are higly debris
covered with little vegetation. However, the prominent lateral moraine of Phating
Glacier shows vegetation cover on the outer southern and east oriented side.

12



2.1 Geographical setting

Figure 2.6: Cultivated area around a small village situated upstream of Gowahna and
downstream of Gangi (top left). Area vacated by the Khatling Glacier, its debris covered
tongue is marked with a blue polygon; the arrow shows the former position of Ratangrian
Glacier which joined Khatling Glacier in the past (top right). Exposed bedrock showing
the crystalline rocks downstream of Dudhganga Glacier (bottom left). Proglacial area of
Khatling and Phating Glacier, the middle moraine of these two glaciers is visible in the
centre of the image; in the background Ratangrian Glacier and Thaley Sagar (6904m,
snow-covered peak at right) can be observed (bottom right).

Socioeconomic situation

Numbers and derived statements presented in this section are based on statistical tables
provided by the Office of the Registrar General & Census Commissioner India (2011)
if not indicated differently.

The Bhilangna Valley is located in the Ghansali Tahsil which belongs to the district
Tehri Garhwal. Ghansali Tahsils population grew slightly by 2.42% between 2001 and
2011 and counted 120775 inhabitants in 2011. Most inhabitants live in rather small
villages populated by several hundreds of people. 100% of the population of Ghansali
Tahsil lives in rural area. Literacy rates are rising, however, 40% of the population is
still uneducated, two thirds being female (Villageprofile, 2017). 220 out of 260 villages
have a primary school, 104 a middle school and 41 a secondary school. Medical facilities
and post offices are rather scarce 201 villages having no medical facility and only 43
having a post office. All villages have access to drinking water and power is available in
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every village with one exception. A large part of the villages is accessible either by bus
or taxi. Agriculture is of major importance in the whole state of Uttarakhand. Around
31% of the gross domestic product of Uttarakhand comes from agriculture and more
than 70% of the population depends on agriculture for their livelihood (Thadani et al.,
2015). In Ghansali Tahsil more than 80% of the working population is engaged in the
agricultural sector. The main food crops planted are wheat and paddy (rice), millet
is cultivated in third place (Office of the Registrar General & Census Commissioner
India, 2011). Most of the villages have rather a small proportion of their fields irrigated.
43.88% of the total area in Ghansali Tahsil is cultivable and 27.46% of this cultivable
area is irrigated demonstrating the high dependency on natural water input.

Hydropower

The following information are drawn from the Census Handbook provided by the Di-
rectorate of Census Operations Uttarakhand (2011) The construction of the Tehri dam
started in 1978 and it could be put into operation in June 2006. Tehri dam was built
at the confluence of Bhagirathi and Bhilangna River at the former position of old Tehri
town and is the largest hydropower dam in India with a height of 261m. Bhilangna
River is an important source of water for this reservoir which has the capacity to gener-
ate 2400 MW of power. Additionally, it stabilises irrigation for a vast area and supplies
270 million gallons (equivalent to 1.2 billion litres) of drinking water per year to in-
dustrialised cities in the states of Delhi, Uttar Pradesh and Uttarakhand. Along the
Bhilangna River four smaller hydropower stations (H1-H4) were constructed between
Ghansali and Gangi, their locations can be consulted in fig. 3.24. Another station (H5)
is planned ~ 2.5km downstream of Gangi.

2.2 Climate change

2.2.1 Past evolution

Climate is defined as the long-term average of weather conditions including tempera-
ture, precipitation, humidity, wind speed and direction (Singh et al., 2016). A time
span of 30 years is often used to obtain climate parameters for a given site. Any
long-term deviation of these averages which can be provoked by natural variability
or human activities is regarded as climate change (IPCC, 2007). Climate is chang-
ing continually across the world with random fluctuations from one year to another
superimposed on longer term trends (Cuffey and Paterson, 2010). As many energy
exchange processes, such as longwave radiation flux or sensible heat flux, are governed
by air temperature, temperature is considered to be a good indicator of climate change
(Bhutiyani et al., 2007). Various authors stated a systematic increase in temperatures
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all over the world. A rise of 0.85K was determined for the period 1885-2012 which
leads to a global mean temperature increase of around 0.05K per decade (IPCC, 2013;
Diaz and Bradley, 1997; Easterling et al., 1997; Folland et al., 2001). It is important
to bear in mind that these numbers represent a global average and warming patterns
of different global regions differ considerably. Particularly mountainous regions seem
to be subject to increased warming rates. Different studies registered a significantly
stronger increase in minimum temperatures for mountainous regions such as the Swiss
Alps, the Colorado Rocky Mountains, the Tibetan Plateau and the Tropical Andes as
compared to surrounding low lands (Rangwala and Miller, 2012).

Observed temperature changes in the Himalayas

The Himalayas show non-uniform evolution of temperatures across the mountain range.
In contrast to other mountainous regions large parts of the Himalayas experienced a
more prominent increase in maximum than in minimum temperatures (Bhutiyani et
al., 2007; Kattel and Yao, 2013). However, the rather difficult accessibility of mountain
areas and therefore the lack of long-term in situ observations leads to uncertainties
and problems in quantifying the magnitude of climatic trends in complex topography
such as the Himalayas (Kattel and Yao, 2013). Xu and Grumbine (2014) determined
a warming rate that is more than twofold higher for the Himalayan region than for
worldwide data. A sharp rise was registered in the last few decades (Singh et al.,
2016).

Bhutiyani et al. (2007) analysed the long-term trends of annual maximum, minimum
and mean temperatures in the north-western Himalayas for a total of 10 stations lo-
cated in the Indian states of Jammu-Kashmir and Himachal Pradesh. They found a
warming of 1.6 K for the last century with particularly noteworthy temperature increase
during the winter season. Also Bolch et al. (2012) write in their report that warming
was more prominent in winter than in summer between 1959-2007 at Tingri weather
station located at 4300m north of Mount Everest. The rise in mean annual air tem-
perature was ~ 0.03K per year for this period. Kothawale and Rupa Kumar (2005)
estimated warming trends for different Indian regions. Their results show that the
western Indian Himalayan region has warmed stronger compared to the Indian average
(0.2K per decade) during 1971-2003. Moreover, they could determine an accelerated
rate of warming for the period 1971-2003 in comparison to 1901-2003. Bhutiyani et
al. (2007) observed a clearly distinguishable onset of modest warming in the decade
of 1961-1970 which continued until the end of the period analysed at all stations the
only exception being the decade of 1981-1990. The end period 1991-2002 showed the
highest rates of warming compared to the preceding decades.

Bhambri et al. (2011) describe an increasing trend in the annual maximum tem-
perature but a decreasing trend in the annual minimum temperature for the Indian
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Garhwal Himalaya and the study period 1968-2011. Their temperature data stem from
Mukhim, Tehri and Bhojbasa station (Bhojbasa station is located at ~ 3780m near the
terminus of Gangotri Glacier). (Bhambri et al., 2011) investigated also the correlation
of meteorological data between Mukhim and Bhojbasa station. But any correlation
could be found which is possibly due to the short data overlapping period of only 5
years. Anyway, it seems that transferring measured station data to another location is
problematic and climate in mountainous region is influenced more by local factors than
the general synoptic situation (Bhambri et al., 2011). Therefore, it remains uncertain
whether temperature trends measured far below the lower limit of glaciers are also valid
for higher altitude sites (Bolch et al., 2012).

Effect of temperature change on precipitation across the Himalayas

Temperature affects the amount and type of precipitation. Particularly the minimum
temperature is decisive whether rain or snow fall occurs (Snehmani et al., 2015). As an
increasing temperature trend is observed in all regions of the Indian Himalayas the rain-
snow-boundary is expected to shift to higher elevations. However, no spatiotemporal
trend could be determined for precipitation yet (Singh et al., 2016). The Garhwal
Himalaya which is located in the Indian state of Uttarakhand receives precipitation from
the Indian monsoon in summer as well as from the Westerlies in winter. Its climatic
regime corresponds to a transition regime between the climate found in the eastern and
the Karakoram Himalaya (Bhambri et al., 2011). Guhathakurta and Rajeevan (2008)
conducted a detailed study of precipitation pattern for entire India. Their results
suggest that precipitation has decreased significantly during the winter season for the
period 1901-2003. Annual precipitation in Uttarakhand shows a decreasing trend too
but it is not significant in this case (Guhathakurta and Rajeevan, 2008).

Key observations

In summary, it can be said that different datasets and periods analysed make it chal-
lenging to compare warming values of different studies. In general, it can be stated that
warming has accelerated during the last few decades and winter temperatures seem to
have risen more than summer temperatures. For the Karakoram this leads to additional
solid precipitation in winter (Shekhar et al., 2010; Fowler and Archer, 2006) as warmer
air can contain more moisture. In contrast, for glaciers depending on summer snowfall
increasing temperatures during the summer months lead to less accumulation.

2.2.2 Future projections

Climate change is not restricted to national boundaries and therefore transnational co-
operation is needed. The Intergovernmental Panel on Climate Change (IPCC) has the
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Figure 2.7: Global annual mean surface air temperature anomalies (relative to 1986-2005)
from CMIP5 concentration-driven experiments. Solid lines represent the multi-model mean
and the coloured area the 5 to 95% range across the distribution of individual models.
Numbers in the figure represent the number of models used for the different time periods.
Differing numbers of models between 2000-2100 and beyond 2100 are also the cause why
discontinuities can be found at 2100. Only two models are available for RCP6.0 projections
beyond 2100 therefore no ranges are figuring in the plot. Figure reproduced from the IPCC
report (IPCC, 2013).

scope of informing about the current state of knowledge and the potential environmental
and socio-economic impacts related to climate change (IPCC, 2017). To model future
climate evolution, historic data as well as assumptions on future emissions and concen-
trations of greenhouse gases, aerosols and other forcing agents are required. Especially
socioeconomic development and the related emissions are difficult to predict (IPCC,
2013). Therefore, the use of multiple scenarios has become a standard and allows to
compare a wide range of potential climate evolutions (IPCC, 2013). In consequence,
results do not represent probabilities but only a variety of possible outcomes.

Global temperature changes

The Representative Concentration Pathways (RCPs) were defined by scientists consid-
ering a large set of mitigation scenarios which distinguishes them from the previously
used SRES scenarios (Special report on Emission Scenarios) (IPCC, 2013). Four sce-
narios exist which are defined by their approximate radiative forcing at the end of the
21th century compared to 1750. RCP2.6 represents a scenario with a very low forcing
of only 2.6W/m? by 2100, RCP4.5 and RCP6.0 are two different stabilisation scenarios
and RCP8.5 is a scenario with a very high forcing of 8.5W/m?. RCP2.6 shows a peak
and a decline of radiative forcing before 2100, RCP4.5 stabilises by then and no peak
appears by 2100 for RCP6.0 and RCP8.5 (IPCC, 2013). Fig. 2.7 shows the resulting
air temperatures if RCP scenarios are used to model temperature evolution.
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Temperature changes are very similar for all RCP scenarios for the first two decades
after 2005. The longer the time period investigated the more do the results of the
RCP scenarios differ. Mean global warming is less than 2K until 2100 for RCP2.6
which demonstrates the capability of aggressive mitigation policies (IPCC, 2013). For
all other RCP scenarios temperature increase exceeds this value by 2100, RCP8.5 even
showing a mean temperature change higher than 4K. A stronger temperature increase
is modelled for land areas compared to ocean surfaces. For RCP8.5 air temperature is
expected to increase by 4.8 + 0.9K over land for the period 2081-2100 which is more
than 1K higher than the global mean of 3.7+ 0.7K (IPCC, 2013). In general, a higher
radiative forcing leads to higher temperatures as well as to a wider spread of possible
future values. In this way, a temperature rise of 0.3 — 1.7K was modelled for RCP2.6
by the end of the 21th century considering the 5 to 95% range of all CMIP5 models,
1.1-2.6K for RCP4.5, 1.4—3.1K for RCP6.0 and 2.6 —4.8 K for RCP8.5 (IPCC, 2013).

Temperature projections for India

Fig. 2.8 shows the temperature projections based on RCP4.5 and RCP8.5 for different
time scales on a world regional level for South Asia. It can be observed that for the
first period up to 2035 temperature increase appears similar for the two RCP scenarios.
Between 2046-2065 temperature changes for RCP4.5 are lower than for RCP8.5 and
an increase of 1 — 3K is expected. For RCP8.5 values range between 1.5 — 4K. The
projections for 2081-2100 appear similar as the for the previous period 2046-2065 for
RCP4.5 with slightly increased temperature change values. However, a remarkable dif-
ference exists for the two states 2046-2065 and 2081-2100 of RCP8.5 with temperature
changes ranging from 3 — 7K over land surface for the latter period.

In all images of fig. 2.8 a temperature gradient can be observed when proceeding in-
land. Therefore temperatures are likely to increase more for the Indian Himalayan
region than for mid- or south-India. Here, a warming of 2 — 3K or 5 — 7K might occur
until 2081-2100 considering RCP4.5, respectively RCP8.5.

If changes are analysed on a seasonal level shifts appear to be larger in winter than
in summer (IPCC, 2013). The study of Mathison et al. (2013) support these find-
ings. According to their model simulations for the Ganges and Brahmaputra catch-
ment temperatures will increase the most for winter (December-February) and autumn
(September-November) in future. Concerning future precipitation evolution, no clear
trend could be detected based on the simulation results of the IPCC report (IPCC,
2013) or on the study of Mathison et al. (2013).
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Figure 2.8: Temperature changes for RCP4.5 (left column) and RCP8.5 (right column) for
2016-2035, 2046-2065 and 2081-2100 (from top to bottom) relative to the reference period

1986-2005. Results are given for the median of all CMIP5 model runs. Figure reproduced
from the IPCC report (IPCC, 2013).
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2.3 Glacier changes

2.3.1 Past glacier evolution in the Indian Himalayas

Glacier changes are triggered by changes in accumulation and ablation and these in
turn are strongly influenced by climate (Singh et al., 2016). On one hand, air tem-
perature can be considered as a proxy for energy balance components and there-
fore as a driving factor for snow and ice melt (Ohmura, 2001). On the other hand
the amount and form of precipitation governs the accumulation of glaciers (Singh et
al., 2016). Across the Himalayan mountain range different glacier responses to cli-
mate change were recorded in the past. In the Karakoram even advances could be
registered which can be attributed to surging or associated with the increasing pre-
cipitation trend in accumulation areas in recent past (Hewitt, 2005; Hewitt, 2007;
Fowler and Archer, 2006). However, most glaciers in the Himalayas show a retreating
behaviour (Cuffey and Paterson, 2010). In general, periods of rapid glacier retreat
coincide with the episodes of rapidly rising global temperatures (Cuffey and Paterson,
2010). The observed variability for Himalayan glacier changes is founded on differing
factors between individual glaciers and regions, i.e. monsoonal intensity, characteristics
and thickness of supraglacial debris cover, altitudinal distribution of the glacier area as
well as glacier size or the underlying and surrounding topography (Kargel et al., 2005;
Bolch et al., 2008; Scherler et al., 2011; Kulkarni et al., 2007; Cuffey and Paterson,
2010).

Length changes

A very common way to evaluate glacier changes is to study length changes. Al-
though the significance of length records concerning glacier changes is limited, mea-
surements can be accomplished easily based on remote sensing data which explains the
wide use of this method. Different variables were already estimated based on length
change measurements, such as glacier mass balance, glacier contribution to sea-level
rise, historical equilibrium line altitudes or glacier response times (Hoelzle et al., 2003;
Luethi et al., 2010; Oerlemans, 2007; Leclercq et al., 2011; Klok and Oerlemans, 2003;
Oerlemans et al., 2007; Pelto and Hedlund, 2001).

Singh et al. (2016) suggest an average retreat rate of around 18m per year for glaciers
situated in the Indian Himalayan region and an observation period of four decades.
Bhambri et al. (2012) investigated the length changes for Gangotri Glacier in the
Garhwal Himalaya. They determined values based on changes along the central flow
line and for the whole front. For the period 1965-2006 they report a total length change
of —818.9 + 14m and an average retreat of —19.9 + 0.3m per year. This value is very
close to the suggested 18m per year of Singh et al. (2016). If only the length along the
central flow line is considered, values are higher; a total retreat of —1085 4+ 14m was
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determined by Bhambri et al. (2012). In general, averaging along the front should be
preferred as this method is more robust and estimations based on a single point are
more susceptible to outliers (Bhambri et al., 2012).

The Gangotri Glacier being the largest glacier in the Garhwal Himalaya is well stud-
ied. Other authors (Tangari et al., 2004; Bahuguna et al., 2007) suggest for a similar
period as studied by Bhambri et al. (2012) higher recession values of the glacier front of
about 1600m and 1510m. This leads to approximately a twofold higher retreat rate per
year (~ 40m per year). The reason for these discrepancies could be the mapping inac-
curacies of the glacier tongue position. Mapping is hampered by debris-cover, shadow
areas as well as seasonal snow on satellite images (Bhambri et al., 2011). Additionally,
remote sensing products used in studies have different times of acquisition and there-
fore levels of accuracy for glacier mappings vary (Bhambri et al., 2011). The increase
in debris-covered area, i.e. 11.8 + 3.0% for the Bhagirathi basin containing Gangotri
Glacier (Bhambri et al., 2011), can be considered leading to further delineation diffi-
culties. Studies have shown that inaccuracies are also inherent in topographical maps
produced by the Survey of India and consequently errors may propagate if these maps
are used for length change measurements (Vohra, 1980; Bhambri and Bolch, 2009). For
these reasons, the use of high resolution satellite data is recommended. Results based
on these data are considered to be more reliable than those based on coarser resolution
satellite data such as Landsat MSS and TM or topography maps (Bhambri et al., 2011;
Tangari et al., 2004; Bahuguna et al., 2007).

Area changes

Besides length change, area change is widely investigated for glaciers as well. Overall,
the glacierised area decreased for different parts of the Indian Himalayan region with
an increased rate after the 1990s (Singh et al., 2016). Bhambri et al. (2011) focused
on the glacier area loss in the Garhwal Himalaya and report a reduction by 4.6 +
2.8% for the period 1968-2006 with an increased rate between 1990 and 2006. The
annual recession rate in the Garhwal is comparable to the one determined for Khumbu
Himalayan glaciers in Nepal both being ~ 0.12% per year (Bhambri et al., 2011; Bolch
et al., 2008). The absolute area loss for the Gangotri Glacier front between 1968-2006
was 0.38 4 0.03km? and in the whole Bhagirathi basin the relative loss ranged from 2%
to ~ 28% (Bhambri et al., 2011).

Bhambri et al. (2011) investigated also the effect of different factors on glacier area
change in the Bhagirathi and the Saraswati/Alaknanda basin. Fig. 2.9 shows their
results. According to that, glaciers with a larger elevation range and area show smaller
relative area changes. However, if absolute area change is considered higher values can
be found for larger glaciers. Bhambri et al. (2011) conclude that small glaciers are
more sensitive to climate change than large glaciers probably due to their altitudinal
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Figure 2.9: Scatter plots of (a) median elevation vs. glacier area change (%), (b) elevation
range vs. glacier area change (%), (c) glacier area (km?) vs. glacier area change (%) and
(d) glacier area (km?) vs. absolute glacier area change (km?). Triangles correspond to
glaciers in the Saraswati/Alaknanda basin and circles to those located in the Bhagirathi
basin. Glacier area changes were derived from Corona (27 September 1968) and ASTER
(11 October 2006) images. Figure reproduced from Bhambri et al. (2011).

distribution and the restricted or lacking accumulation zone. In contrast, the large
glaciers studied receive ice contributions from tributary glaciers in accumulation zones
and they often show a thick debris cover in their ablation zones reducing the ice melt
below. Furthermore, Bhambri et al. (2011) found that north facing glaciers in the
Bhagirathi and Saraswati/Alaknanda basin react more slowly than south facing glaciers
by having lost only ~ 4.7% of their area compared to ~ 19.4% which is four times higher.

Mass balance changes

Neither glacier length nor area change capture the overall change in the amount of
ice volume occurring for a glacier as they show only horizontal variation in extent.
However, the process of downwasting! has been observed for many glaciers in the
Himalayas especially for those with a vast debris cover (Benn et al., 2012). In addi-
tion, length and area changes can be also influenced by factors controlling the flow
and dynamics of a glacier (i.e. bed topography, aspect, slope). Therefore, length

Lvertical surface elevation change
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Figure 2.10: Mass balances for glaciers situated in the Indian Himalayan region with more
than 5 years of observation. Numbers in the brackets correspond to glacier area. Figure
reproduced from Singh et al. (2016).

and area changes cannot be considered as conclusive indicators of climate change
(Singh et al., 2016). In contrast, glacier mass balance measurements are a more
reliable and direct way to determine the response of a glacier to changing climate
conditions (Singh et al., 2016). The term mass balance refers to the change in to-
tal mass of ice over a specified time period for a glacier (Cuffey and Paterson, 2010;
Benn and Evans, 2010). Factors influencing mass balance are of climatic as well as non-
climatic nature (Singh et al., 2016). Although mass balance reflects the unfiltered signal
of climate change, measurements are more complex than for area and length changes.
For the Indian Himalayan region a total of 15 glaciers with glaciological mass balance
measurements exists and only 11 of them were monitored during a period longer than
5 years (Singh et al., 2016), the results are summarised in fig. 2.10. Negative mass
balances can be observed for most of the glaciers with tendentially less negative values
(ranging between —1 and Om water equivalent (w.e.) per year) for glaciers monitored
before 2000. Year to year variances in mass balance are well visible and glaciers within
the same region show similar mass balance evolution behaviour (i.e. Gara, Gor garang
and Shaune garang or Chhota shigri and Hamtah). Close to the study area only two
glaciers exist with longer field based mass balance measurements, i.e. Dokriani and
Chorabari Glacier (Bhambri et al., 2011).

Dobhal et al. (2008) measured mass balances for the Dokriani Glacier between 1992
and 2000. They found an annual average mass balance of 0.45 to 0.55m w.e. per year
for the accumulation area during the study period. In the ablation area stakes were
installed and analysed for each 100m elevation band. A value of —3.0 to —4.0m w.e.
was determined for the lower ablation zone between 3900m —4300m and —2.0 to —3.0m
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w.e. for the higher ablation zone (Dobhal et al., 2008).

Mass balances were investigated for Chorabari Glacier between 2003 and 2010 (Dobhal
et al., 2013). Fig. 2.11 shows that mass balances ranged mostly between —2 and —3m
w.e. for altitudes 3900m — 4400m. Above they decreased to 5070m where the ELA is
situated. Mass gain ranged from 0.42 to 0.94m w.e. per year in the accumulation area
(Dobhal et al., 2013). The altitude of the equilibrium line increased by 15m between
2003 and 2010 (Dobhal et al., 2013).  Glaciers in the Garhwal Himalaya are fed by
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Figure 2.11: Specific mass balances derived by field measurements and the area distri-
bution of Chorabari Glacier for the period 2003-2010. The increasing ablation gradient
from 4200m to 4500m is most likely due to a decreasing debris cover thickness. Figure
reproduced from Dobhal et al. (2013).

summer and winter accumulation and therefore knowledge about their response to cli-
mate change at different time scales remains limited (Bhambri et al., 2011). However,
the studies of Fujita (2008) and Fujita and Ageta (2000) revealed that summer accu-
mulation type glaciers are more vulnerable to warming than winter accumulation type
glaciers. The reason is the combination of decreased accumulation together with the
severe increase in ablation due to surface-albedo lowering if rainfall instead of snowfall
occurs (Fujita and Ageta, 2000).
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2.3 Glacier changes

2.3.2 Modelling future glacier evolution

Cuffey and Paterson (2010) define three main reasons why temperature exerts a strong
control on the altitudinal gradients of annual surface balances and therefore on glacier
response to climate warming:

1. Precipitation changes from solid to liquid state when temperatures increase.
2. Melt rates increase strongly as soon as air temperatures exceed the melting point.

3. Ice surface remains at the melting point for longer time if the mean temperature
increases.

However, in case of very cold climates (mean annual temperatures below —15°C) where
almost no melt occurs and surface balance is mainly influenced by the amount of snow-
fall an inverse trend can be observed. Warmer air can have a higher moisture content
and therefore rising temperatures tend to increase the rate of snowfall in these locations
(Cuffey and Paterson, 2010).

Climate change affects glaciers by modifying the gain and loss of mass which take

place through snowfall, melt and other processes (Cuffey and Paterson, 2010). However,
glacier reaction to a changing climate is also closely related to the flow regime and
ice flow in turn is related to climate? (Cuffey and Paterson, 2010). Further factors
influencing glacier change are the distribution of surface area with altitude, glacier
size, bed topography, debris cover, glacier exposition and surrounding terrain.
A process which should not be neglected when considering glacier reaction to climate
change is the altitude-mass-balance feedback (Cuffey and Paterson, 2010). Thinning
leads to a decline in surface altitude which in turn leads to an increase in ablation
as the surface experiences warmer conditions. The opposite applies when a glacier is
thickening.

As can be seen, glacier response to climate change is complex and influenced by a
multitude of variables. Consequently, models of future glacier evolution include varying
degrees of simplifications. In this thesis, future glacier states are modelled based on
thickness evolution which requires initial ice thickness as input. Below, a brief overview
of different methods to model ice thicknesses and future glacier change is given.

Ice thickness calculation

Frey et al. (2014) describe three distinct methods for calculating ice thickness estimates.
The first is an area-related thickness estimation method which relies on empirically

2Mass loss or gain modifies the driving forces which are responsible for ice flow. Additionally, increased
input of water towards the glacier bed related to melt on warm summer days or intense rainfalls
can augment the water pressure at the bed reducing friction and changing the ice flow (Cuffey and
Paterson, 2010).
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Figure 2.12: Glacier elevation extent vs. basal shear stress 7. The original parametrisation
from Haeberli and Hoelzle (1995) is represented as a blue line, the modified parametrisations
(Tmax £ 30k Pa) are depicted in red and orange. Figure reproduced from Frey et al. (2014).

determined scaling parameters. Furthermore, ice thickness can be approximated using
digital elevation model (DEM) information. Glacier surface topography reflects the
underlying bed in a smoothed way (Oerlemans, 2001) and as slope is a driving factor
for ice flow it is used for determining ice thicknesses along the glacier (Allen et al.,
2016b). An acceleration in ice flow as is the case for steeper topography leads to
thinner ice thicknesses and a deceleration which can be found below ice falls and in
overdeepened sections results in compressive flow and larger ice thicknesses. This is
summarised in the widely used physical equation

T

hy = fpgsin(a)

(2.1)

which calculates the ice thickness hy based on the basal shear stress 7, the form
factor f, the ice density p, the gravitational acceleration g and the slope «. Basal shear
stress is parametrised by the elevation extent of a glacier, an illustration is shown in
fig. 2.12. Slope is therefore used in slope-dependent thickness estimations as well as in
ice-thickness distribution models (Frey et al., 2014). GlabTop (Glacier bed Topography
model) (Paul and Linsbauer, 2012) is an ice thickness distribution model which works
in a geographic information system (GIS) environment and calculates local ice thick-
nesses using the mean surface slope within 50m elevation bins (Linsbauer et al., 2012;
Paul and Linsbauer, 2012; Allen et al., 2016b) (more information on GlabTop can be
found in sec. 3.3 and in Paul and Linsbauer (2012)). Fig. 2.13 illustrates the model im-
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2.3 Glacier changes

Figure 2.13: Illustration of GlabTop2 implementation: glacier polygons (blue curved line)
are converted to a raster matching the DEM cells (red outline). Cells are classified as inner
glacier cells (light blue), glacier marginal cells (powder-blue), glacier adjacent cells (yellow),
and non-glacier cells (white). Auburn cells are randomly selected cells (r) for which local
ice thickness is determined; the blue square symbolizes the buffer of variable size, which
is enlarged (dashed blue square), until an elevation extent of hy,;, is reached within the
buffer. Figure reproduced from Frey et al. (2014).

plementation. Another ice-distribution model used within the study of Frey et al. (2014)
is the model proposed by Huss and Farinotti (2012). Here, local ice thickness is derived
from surface topography by determining ice balance fluxes through glacier cross profiles
based on Glens flow law (Glen, 1955).

Frey et al. (2014) found that the method selected affects ice thickness results signifi-
cantly. It appears that calculated ice thicknesses from slope-dependent thickness mod-
els and ice thickness distribution model correspond well to local field measurements
whereas the area-related scaling method yields too large values (note: for the area-
related thickness estimation model only mean ice thickness for the whole glacier can be
calculated). Major sources of uncertainty for all methods are uncertainties inherent in
the DEM and the glacier outlines (Frey et al., 2014).

Glacier overdeepenings and future lakes

The subtraction of modelled ice thicknesses from a current DEM enables to determine
overdeepenings in the glacier bed topography which will be exposed as glacier retreat
proceeds. Within the GlabTop model overdeepenings are detected by applying the fill
tool of the GIS and calculating the slope values for the filled DEM subsequently. Areas
with a slope < 1° situated within the glacier outlines are classified as overdeepenings.
The difference between the filled DEM and the DEM of the glacier bed topography al-
lows to quantify the area and volume of potential lakes forming in these overdeepenings
(Allen et al., 2016b). However, not every overdeepening transforms into a lake. It can
fill with water leading to lake formation (deep depression, rock beds) or with sediment
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Figure 2.14: Depression filled by sediment (marked by red outline) downstream of Dud-
hganga Glacier. Image taken in May 2015.

which results in floodplains (shallow depressions, sediment beds) in the glacier forefield
after glacier retreat (Linsbauer et al., 2012). Fig. 2.14 shows such a possibly filled
depression within the study area located downstream of Dudhganga Glacier.

Frey et al. (2010) describe an alternative approach to detect the possible location of
future lakes. They define a set of morphological criteria which can complement the
results of the modelled overdeepenings/lakes when a more detailed evaluation on the
most probable lake formation sites is required. Frey et al. (2010) state that lakes are
likely to develop in overdeepenings where a distinct slope increase, reduction of glacier
width or a crevasse-free part followed by a heavily crevassed part are found (fig. 2.15).

Glacier evolution models

A distinction should be made between regionally calibrated empirical models and
process-oriented models, which rely on physical laws (Hoelzle et al., 2005). Linsbauer et
al. (2013) compared three approaches to model future glacier evolution. The first was
an empirically based ELA-shift model (Paul et al., 2007) which uses a balanced budget
accumulation-area ratio of 60%. Rising temperatures are responsible for the shift of
the ELA to higher elevations. A value of 150m /K was used which was estimated by
Kuhn (1981). Once the ELA has shifted glacier area was recalculated based on the
AAR value of 60% and the lowest part of the glacier was removed to adjust to the new
glacier size (Paul et al., 2007; Linsbauer et al., 2013). This model delivers only the state
after the adjustment and no information about when changes will occur. Therefore it
was adjusted by assuming a mean response time of 50 years for all glaciers and then
final area change could be divided into single time-steps (Linsbauer et al., 2013).

A more sophisticated model presented in the study of Linsbauer et al. (2013) was
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2.3 Glacier changes

Figure 2.15: Sketch of morphological criteria which indicate the position of an overdeepen-
ing and a potential future lake after Frey et al. (2010). A prominent slope break is indicated
by the black arrows (criterion I), narrowing of the glacier width by red arrows (criterion
IT) and a flat and crevasse-free area followed by a heavily crevassed area by yellow areas.
The potential future lake level is illustrated by a dashed line. Figure reproduced from Frey
et al. (2010).

based on thickness change parametrisation. Haeberli and Hoelzle (1995) state that
small and steep mountain glaciers which have an average thickness of a few tens of
metres are prevalent in the alpine environment. These static ice bodies appear to
respond rather through vertical altitude changes than by horizontal advance or retreat
(Haeberli and Hoelzle, 1995). But also large debris-covered glaciers in the Himalayas
were observed to react mainly through downwasting instead of area change to warming
climate (Benn et al., 2012). Therefore, a model based on thickness changes seems to be
legitimate. Model implementation as described in Linsbauer et al. (2013) is based on
current ice thickness and an empirically derived elevation-dependent thinning function
which is related to a specific temperature change. Different time steps are assumed for
1K temperature increase which represent different warming scenarios. The surface is
lowered in every iteration and once the cumulative thickness loss exceeds the initial ice
thickness, the glacier disappears at this location (Linsbauer et al., 2013).

The third model type presented in the study of Linsbauer et al. (2013) constitutes
a glacier mass-balance model which computes mass balances using a simplified energy-
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balance model. Besides a DEM and glacier outlines, three meteorological parameters
(air temperature, shortwave incoming radiation and precipitation) which are derived
from a gridded regional climate model (RCM) are needed as input for the model. The
model runs on a daily basis and glacier geometry is updated annually according to
calculated elevation changes (Machguth et al., 2009). In this manner, it takes the
altitude-mass-balance feedback into account. Glacier grid cells are converted to ice-free
cells when their elevation is lower than the elevation of the glacier bed (Machguth et
al., 2009; Linsbauer et al., 2013).

It appears that models based on thickness change parametrisation and mass balance
distribution deliver better results in terms of glacier shrinkage patterns (inward shift
of glacier boundaries) which seem to be closer to reality than for the ELA-shift model
(Linsbauer et al., 2013). The ELA-shift and thickness change model are valid rather
at a regional scale (i.e. the use of a single elevation-dependent thinning function for
all glaciers results in area changes which might be strongly over- or underestimated for
individual glaciers) (Linsbauer et al., 2013). The largest spread in modelled area loss
was due to the choice of climate scenarios (40%) whereas uncertainty in ice thickness
estimates caused around half this spread (Linsbauer et al., 2013).

Any of the models described above consider ice flow. However, a multitude of models
exists which are based on mass balances including glacier low behaviour. The studies
of Rimac et al. (2017) or Zekollari et al. (2014) being only two examples.

In summary, a variety of glacier evolution models exist with different levels of com-
plexity. Strongly simplified models can give only rough estimates of future glacier
response. However, even for more sophisticated models large uncertainties persist due
to the choice of variable values and processes in- or excluded. Also the relation of
glacier shrinkage to future climate warming is not trivial and a source of uncertainty.
Nevertheless, modelling future glacier evolution is important as it can indicate time
frames when factors such as water availability or natural hazards may change.

2.4 Natural hazards

Many of the hazards which are expected to emerge in the glacial and periglacial envi-
ronment in relation with climate warming can be attributed to ice melt. On the one
hand, ice can act as stabiliser, i.e. in steep debris slopes or for hanging glaciers, and
therefore melt of interstitial ice or presence of water at the glacier bed leads to a desta-
bilisation at these sites. On the other hand, melt water can act as a lubricant in case
of glacier sliding and in steep glacier sections ice avalanches can be the consequence
due to reduced friction. Last but not least, if melt water gathers in depressions glacial
lakes may form which influence their surroundings by accelerating glacier melt and
exerting forces on the natural dam holding them. The following section aims to give
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a rough overview of the impact rising temperatures have on the glacial and periglacial
environment.

2.4.1 Impact of climate change

Warmer conditions affect without doubt the permafrost distribution (Huggel, 2004).
A deepening of the active layer zone may occur and rockfall activity may increase or
evolve at sites where no events were recorded previously (Harris et al., 2001). Matsuoka
and Sakai (1999) found that rock fall frequency increased as the seasonal thawing
front penetrated to greater depths for their study site in the Japanese Alps. Freeze-
thaw penetration seemed to govern the maximum dimensions of detachable rock mass
(Matsuoka and Sakai, 1999). Similarly, an unusually high number of rock falls occurred
during the hot summer 2003 in the European Alps related to extensive thawing of the
active layer of permafrost bodies (Gruber et al., 2004). But progressive deepening of
active layer zones is not the single cause for increased rock fall frequencies. Lateral rock
walls can be also destabilised by stress changes following glacier retreat (Haeberli et
al., 1997; Kaab, 2000; O’Connor and Costa, 1993). Huggel et al. (2012) could detect an
increase in rockfall activity in the European Alps over the past 100 years attributable
to glacier retreat and thawing of permafrost.

As mentioned in the beginning of section 2.4, climate change can affect the stability
of glaciers which is linked to topography and temperature (Haeberli et al., 1989). Cold
glaciers which are frozen to their bed become unstable at steeper slope angles (~ 45°)
than warm glaciers which are in large parts separated by a thin water film from the
bedrock (stable up to ~ 25°) (Allen et al., 2016b). Therefore, a change in frequency and
spatial distribution of ice avalanches can be expected with proceeding climate warming
and changing glacier geometry (Stoffel and Huggel, 2012). Although hazards related
to ice avalanches are significant they might be more of a transient nature as glaciers
continue to retreat (Schaub et al., 2015). In contrast, unstable rock slopes are likely
to represent a hazard for a much longer time because effects of warming on subsurface
bedrock are long-term (Harris et al., 2009; Noetzli and Gruber, 2009).

In relation to glacier retreat large and steep reservoirs of loose sediment can become
exposed and constitute a potential source for debris flows (Huggel, 2004). These debris
flows can be triggered by a high water input related to strong precipitation, intense
snow or ice melt or also by the outburst of a glacial lake upstream (Rickenmann and
Zimmermann, 1993; Huggel, 2004).

Glacial lakes are currently growing and emerging around the globe in alpine areas due
to enhanced glacier melt which stands in relation with warming climate. The increasing
number and larger size of lakes rises the opportunity for ice or rock avalanches to impact
a lake, especially, as many of the lakes are situated close to potentially unstable rock
slopes and glaciers (Allen et al., 2016b; Haeberli et al., 2010). Not only an increase in
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potential source area for rock or ice avalanches reaching a lake can be expected with
progressive growth of the water bodies but also the direction of impact may change as
a consequence of lake expansion. Future impacts could possibly enter the lake from an
angle where the full wave energy would be directed towards the lake outlet (Allen et
al., 2016b).

Carrivick and Tweed (2016) analysed the past evolution of outburst floods around
the world and they state that floods at some sites are occurring progressively earlier
in the year. Since the mid-1990s all major world regions appear to have experienced a
decrease in the number of floods. This is unlikely an issue of detection and one possible
explanation could be that floods from ice-dammed lakes are becoming less frequent
whereas no such trend exists for moraine-dammed lakes (Carrivick and Tweed, 2016).

In summary, climate warming can lead to the emergence of new hazards. Destabil-
isation of steep rock slopes, exposure and potential erosion of large debris reservoirs,
formation of new glacial lakes, or change in glacier geometry and the related change in
avalanche activity are possible outcomes (Huggel, 2004). Therefore a shift of hazard
sources may be expected in relation to present climate change. The following section
focuses on glacier lake outburst floods.

2.5 Glacier lake outburst floods

A glacier lake outburst flood (GLOF) is defined as the sudden discharge of a water
reservoir which has formed either underneath, at the side, in front, within, or at the
surface of a glacier (Richardson and Reynolds, 2000). It can be triggered by the collapse
of the holding dam, an overtopping wave related to a mass movement impact or a
combination of these two processes which is the most frequent case at presence.
Natural dams which assure the water retention can be composed of various materials
such as ice, moraine or bedrock. The dam stability plays a crucial role in the process
of GLOF generation, more information on dams is given in the following section 2.5.1.
GLOFs show all characteristics of dam break floods (Carrivick and Tweed, 2016), a fast
increase in discharge, a pronounced and high peak discharge and a rather fast decline in
discharge after the peak. As floods attenuate downstream, these characteristics become
less pronounced.
Once an outburst flood is triggered drag forces in the water flow can entrain sediment
along the flood path and the flood may transform into a debris flow. GLOFs are
known to be highly dynamic processes, erosion and sediment entrainment can provoke
an increase in volume and peak discharge by a factor of three or more relative to initial
values (Worni et al., 2014). Sediment to water ratio can even exceed 60% (Jakob and
Hungr, 2005). It has already been observed that debris flows can transport blocks of
several meters in diameter.
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Figure 2.16: Longitudinal cross section of a granular debris flow. Figure reproduced from
Jakob and Hungr (2005).

Takahashi (2014) describes three types of debris flows, the stony-type debris flow
called also granular debris flow, the turbulent-muddy-type debris flow and the viscous
debris flow. These types differ in terms of composition, sediment sorting and flow be-
haviour, i.e. the stony-type debris flow is characterised by the accumulation of large
boulders at the front which is not observed for the other two types. Fig. 2.16 shows
an illustration of a stony-type debris flow as it can often be observed in the alpine
environment.

The debris load, including the amount and the size of debris material, plays an im-
portant role for the destructive power of a debris flow (Takahashi, 2014; Bhambri et
al., 2016). Another aspect why debris flows and floods constitute a serious hazard is
their fast and high mobility. Debris flows belong generally to very rapid mass move-
ments where velocities exceed the speed of a person running (Jakob and Hungr, 2005).
Takahashi (2014) gives a velocity range of around 20m/s to 0.5m/s for debris flows.
Concerning high mobility, large travel distances could already be detected in the Hi-
malayas by Richardson and Reynolds (2000) who measured distances exceeding 200km.

A further reason why GLOFs are a serious threat for people living downstream is the
virtual impossibility to predict their time of occurrence. In some cases, where GLOF's
are triggered regularly on an annual or sub-annual basis, i.e. if lakes are dammed by
ice and empty regularly, the flood periodicity can be used as an indicator to predict
the approximate date of future floods (Carrivick and Tweed, 2016). However, in most
situations predicting the occurrence of a GLOF remains unfeasible.

33



2 Scientific Background

2.5.1 Natural dams

The stability of natural dams is decisive as it governs the outburst volume of a GLOF
which can be huge in case of dam failure (Huggel, 2004). Stability depends mainly
on dam geometry, the internal dam structure, material properties, and particle size
distribution (Korup and Tweed, 2007; Worni et al., 2014). It can be influenced by
glacier thinning and retreat, meltwater production, freeboard, and outburst triggers
such as earthquakes, avalanches, debris flows, landslides, glacier calving or heavy rain
(Watanabe et al., 2009; Benn et al., 2012; Schwanghart et al., 2016). If driving forces
related to the weight of the impounded lake or shear stresses from overtopping flow,
displacement waves or seepage exceed the material strength of the dam a collapse will
be the result (Korup and Tweed, 2007). In general, overtopping waves are reported to
be the most common trigger for moraine dam failures (Richardson and Reynolds, 2000;
Takahashi, 2014); in the Himalayas estimates exist that more than 50% of moraine dam
collapses are related to large impacts of ice or rock (Allen et al., 2016b).

As mentioned in the beginning of section 2.5, different types of natural dams exist
which can hold a glacial lake. Depending on their composition different factors can
cause an outburst. Ice-dammed lakes are prone to generate an outburst due to dam
floatation, enlargement of subglacial drainage channels or overspill (Clague and Math-
ews, 1973; Clarke, 1982; Tweed and Russell, 1999; Huggel, 2004). They can also fail
through a sudden break, particularly, if the ice is fractured as is the case in surging
glaciers or for ice avalanche deposits (Haeberli, 1983; Walder and Costa, 1996). Carriv-
ick and Tweed (2016) found that 70% of the glacier floods recorded around the globe
in the past are from ice-dammed lakes. Floods from moraine-dammed lakes account
only for 9% of the registered occurrences.

In mountainous regions, many lakes have emerged since the end of the Little Ice
Age which are impounded by lateral or terminal moraine dams that remained after the
glacier retreat (Haeberli and Whiteman, 2015). Takahashi (2014) describes three types
of moraine dam failures, one being related to the erosive destruction which follows an
overtopping, the second a sudden sliding collapse related to larger dam permeability
and consequently stronger seepage and the last being a retrogressive failure. The last
case may apply if permeability of the dam is very high and water oozes out the moraine
triggering retrogressive erosion. Fig. 2.17 shows the three types of collapse mechanisms.
Once dam failure is initiated, a self-reinforcing cycle of erosion and water discharge takes
place; high flow rates accelerating erosion and the enlargement of the break leading in
turn to a higher discharge. Dam incision proceeds vertically as well as laterally up
to the point when lake discharge decreases and no sediment is transported anymore
(Worni et al., 2014).
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Figure 2.17: Three types of natural dam collapse (from left to right): erosive destruction
due to overtopping; sudden sliding collapse; and retrogressive failure. Figure reproduced
from Takahashi (2014).

The last category of natural dams are the bedrock dams. These are generally con-
sidered as safe from failure. Yet, mass movement impacts into bedrock-dammed lakes
can still provoke impact waves which could overtop the dam and generate a GLOF
(Huggel, 2004). Considering future glacier retreat, it can be expected that many of
the new lakes will be dammed by bedrock rather than by large moraine dams as the
development of moraines requires the glacier to remain stationary over a certain period
of time (Frey et al., 2010; Allen et al., 2016b).

2.5.2 Flow transformations

GLOFs are unsteady flows that typically experience pronounced changes on their way
down valley. They can transform from a normal flood to a hyperconcentrated flow to
a debris flow and vice versa (Kershaw et al., 2005; Worni et al., 2012; Worni et al.,
2014). These transformations occur due to bulking processes and sediment deposition
which are influenced by different factors such as gradient of the flood path, channel
confinement, the stability of stream banks or the dilution of flow by water originating
from a tributary stream (Worni et al., 2014).

Jakob and Hungr (2005) describe three flow types which can be distinguished based
on their sediment concentration and flow behaviour. Water flows transport mostly fine
sediment in small proportions to their total flow volume (4%). Therefore, suspended
sediments have little effect on flow behaviour and the flood propagates downstream as a
Newtonian fluid®. In contrast, a debris flow can transport more sediment than water (of-
ten >60%) and sediment is strongly influencing the flow behaviour (Jakob and Hungr,
2005). Hyperconcentrated flows represent the intermediate stage between water and
debris flows. The transition from Newtonian to non-Newtonian fluid behaviour with the
related onset of measurable yield strengths? was used by several authors to define the
lower limit of hyperconcentrated flows (Pierson and Costa, 1987; Rickenmann, 1991;
Jakob and Hungr, 2005). The upper limit where hyperconcentrated flows transform to

3viscosity is not dependent on shear rate and shear stress.
4the potential to erode volume along the channel
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debris flows can also be defined in terms of yield strength as the point where particles
in the size of gravels are suspended in the flow (Pierson and Costa, 1987). Fig. 2.18
illustrates the three idealised flow types according to their sediment concentration and
yield strength.

An example where several flow transitions could be observed is the Casita volcano dis-
aster, Nicaragua, in 1998 (Wieczorek, 2000). A debris slide transformed into a debris
avalanche, then into a hyperconcentrated flow, a debris flow and into a hyperconcen-
trated flow again. Sediment entrainment and deposition alternated several times during
the downstream propagation of the event (Jakob and Hungr, 2005). During this dis-
aster, where approximately 2000 people lost their life, a debris flow deposition volume
nine times larger than the initial failure volume was recorded (Jakob and Hungr, 2005).
As demonstrated by this example, sediment entrainment can largely affect downstream
impacts. It appears that once the slope of a channel increases above ~ 10° the bed
itself might become unstable due to gravity and drag forces exerted by an over-riding
water flow (Jakob and Hungr, 2005). If the fluid contains debris even greater drag
forces are acting and can result in massive mobilisation and entrainment of debris into
the flow. Material is entrained not only at the bed but also from collapsing stream
banks that are undercut by bed erosion (Jakob and Hungr, 2005). Here, vegetation can
help to stabilise the terrain to a certain degree. Once terrain slopes become shallow
and potential flow diversion occurs sediments are deposited (Iverson et al., 2010).
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Figure 2.18: Definitions of three flow types for poorly sorted sediment-water mixtures
based on an idealised yield strength curve. Figure reproduced from Jakob and Hungr (2005).

2.5.3 Modelling approaches

As mentioned in the beginning of section 2.5 GLOFs represent a serious hazard for
down living population. To assess the exposure of inhabitants, current and planned
infrastructure GLOF flood paths can be simulated with different models. This section
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gives an overview of the common steps in the process of GLOF modelling. Please note
that the described procedures constitute a part of the hazard assessment process which
is described in section 2.6.

Remote sensing and GIS

Glacial hazards may emerge in remote areas without being noticed. The insufficient
knowledge of their presence and distribution is a major problem for the delineation
of potentially endangered areas. Therefore, remote sensing and GIS (geographic in-
formation system) based methodologies were developed which are capable of detecting
glacial hazards over large and remote areas (Huggel, 2004; Wessels et al., 2002). The
possibility to perform multi-hazard analyses within a GIS environment, i.e. detection
of different hazard sources based on remote sensing data in combination with subse-
quent event path modelling is a large advantage (Huggel et al., 2004a). As lakes form
mostly over several years, change detection studies based on remote sensing data are
considered to be appropriate to monitor hazardous developments (K&éb et al., 2005).

To model GLOF paths lakes need to be mapped first. In addition, source zones of
potential mass movements which could impact a lake are detected and related flow
paths modelled. The normalised difference water index (NDWI) is commonly applied
to map lakes semi-automatically (Allen et al., 2016b; Huggel, 2004). It uses the blue
and near infrared channel of remote sensing instruments to distinguish between lake
and no-lake areas based on a threshold. Despite the wide application of this technique,
lake inventories from different studies should be compared with caution (Allen et al.,
2016b). The reason is that the NDWI method is sensitive to scene specific properties
and the selected lake/no-lake threshold. If lakes are covered by snow or frozen they
are not detected by the NDWI and, moreover, the method struggles to differentiate
between lake and blue glacial ice (Allen et al., 2016b). In case of availability of a digital
elevation model (DEM) for the study area mapped lakes can be verified by determining
the slope of lake areas. It should be 0° or very close to it. Once the lake area is
delineated, empirical equations exist which estimate the lake volume based on the lake
area (Huggel, 2004). Volume can then be empirically related to peak discharge and
peak discharge to the angle of reach® of a potential outburst flood. These parameters
are needed for certain models simulating a GLOF (more information on flow path
modelling follows below).

Potential mass movement impacts into glacial lakes can be for example related to ice
avalanches, rock falls or debris flows. In all three cases the procedure to detect starting
zones include the determination of steep areas based on a DEM and a certain slope
threshold defined. Source zones for ice avalanches can be mapped by different methods,

5The angle of reach is a concept introduced by Heim (1932). It represents the slope of the line
connecting the source and the deposition zone.
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i.e. the normalised difference snow index (NDSI) or band ratios (Allen et al., 2009;
Bhambri et al., 2011; Huggel, 2004). Debris-covered glaciers are not detected, however,
as steep glacier parts, where ice avalanches are potentially triggered, are debris-free
source zones should still be recognised. The classification of unstable steep ice is based
on a slope threshold. Generally, cold-based glaciers are stable at higher slope gradients
than temperate glaciers (Allen et al., 2009). Therefore, an empirical value of 45°,
respectively 25° can be applied to distinguish avalanche-prone glacier areas (Huggel,
2004). Alternatively, the mean annual air temperature can be taken into account to
determine the critical stability slope based on an empirical relation (Huggel, 2004).

Areas in the glacial and periglacial environment which are neither classified as water,
ice, snow or vegetation® are attributed to rock and debris slopes. Steep debris accu-
mulations which can represent an initiation zone of a debris flow are more challenging
to detect automatically. However, if high-resolution field, aerial or satellite images are
available it is possible to identify and discern them from bedrock by using an image tex-
ture algorithm (Allen et al., 2008; Huggel, 2004). Compared to the rough and angular
appearance of bedrock debris surfaces are rather uniform (Allen et al., 2009).

What can be detected from remote sensing images depends to a high degree on
their spectral, spatial and radiometric resolution. If change detection studies shall be
carried out temporal resolution of a sensor becomes important as well (Huggel, 2004).
In complex mountain terrain, the use of a DEM may largely facilitate the detection
and classification of objects (Huggel, 2004).

Flow path modelling

Different models exist which can be used for GLOF and debris flow simulations. Here,
only two are briefly described, the first being the modified single flow model (MSF)
(Huggel et al., 2003) and the second the rapid mass movement simulation (RAMMS)
(Christen et al., 2010).

MSF is a hydrological flow routing algorithm that works in a GIS environment. For
GLOF path modelling lake locations and a raster-based DEM is needed. Starting from
lake pixels, flow direction is determined according to the steepest descent between each
DEM pixel and its eight neighbours (O’Callaghan and Mark, 1984) and flow spreading
is allowed up to 45°from the main flow direction (Huggel et al., 2003). Furthermore,
for every pixel the qualitative probability is calculated whether it can be affected by
a potential flood. This probability is based on the distance to the source area and
the lateral deviation from the central flow path (Allen et al., 2016b). The flow path
is modelled until a stop condition is fulfilled which in this case is the angle of reach”

5Vegetation is commonly detected by the normalised difference vegetation index (NDVI).
"The angle of reach can be estimated using empirical equations (see previous section Remote sensing
and GIS). Alternatively, a predefined worst-case value can be applied.
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(Noetzli et al., 2006). The MSF model has no strictly physical basis and relies strongly
on digital terrain information (Huggel, 2004). Geological conditions such as presence
and the amount of debris in the flow channel or friction parameters of surface materials
along the channel are not considered. Therefore, it is impossible to estimate directly the
expected debris flow volume, maximum discharge or the volume of sediment eroded and
deposited (Huggel, 2004). However, areas where flow diversion is modelled likely belong
to deposition zones and in contrast where flow conversion occurs sediment erosion is
expected to dominate (Huggel, 2004). Further information on the MSF model is given
in Huggel et al. (2003).

In contrast to MSF, RAMMS is a physically based model which calculates time-
dependent flow heights, velocities, kinetic energy, momentum, frictional work rates,
flow pressures and final deposition heights of mass movements (Christen et al., 2010;
Schaub et al., 2015). The model is based on the Voellmy-Salm approach (Salm et al.,
1990) and was extended by a random kinetic energy part which accounts for random
movements of particles within a mass flow. Two frictional parameters are included, the
velocity independent dry-Coulomb term g which is proportional to the normal stress
at the flow bottom, and the velocity dependent viscous or turbulent friction term &
(Christen et al., 2010). The first term influences the runout distance of a modelled
mass movement and the second viscous term the flow velocity (Schaub et al., 2015).
For GLOF simulations a DEM, an assumed hydrograph and friction parameter values
are required as input. Friction parameters can be varied along the channel depending
on surface material. Originally developed by the Institute for Snow and Avalanche
Research SLF for snow avalanches adapted model versions exist now for rock falls and
debris flows.

The physical basis of RAMMS enables to simulate run-up, overtopping and deflection
of mass movements which is a large advantage for local scale modelling (Allen et al.,
2009). In addition, sediment entrainment and deposition are modelled and variations in
flow rheology can be introduced by varying the friction parameters along the flow path
(Christen et al., 2010; Schneider et al., 2014). Another convenience of using RAMMS for
mass movement simulations is that flow heights and velocities are direct outputs and can
be transformed into intensities which are needed for hazard mapping. However, there
are also some disadvantages for RAMMS. The computational costs are considerably
higher than for MSF and the estimation of input parameters such as friction values and
hydrographs are difficult and require expert knowledge. In comparison, MSF requires
little input data, is simple to apply and due to the low computational costs its use is
especially suited for larger spatial scales (Allen et al., 2016b).

Results from both models, MSF and RAMMS highly depend on the quality and the
resolution of the input DEM. If possible, high resolution DEMs should be preferred to
achieve accurate results.
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Process chains

It has been already mentioned that many GLOFs are triggered by mass movement
impacts. A typical process chain of these flood events includes the impulse-wave gen-
eration by mass flow impact into the lake, dam overtopping and breaching, and lake
drainage and flood propagation (Worni et al., 2014). Fig. 2.19 illustrates the individual
stages of this process.

It is a subject of current scientific research to simulate these cascading processes and
assess related hazards (Schneider et al., 2014; Worni et al., 2014; Schaub et al., 2015).
In 2010, an ice-rock avalanche triggered at the Mount Hualcan impacted Lake 513 and
the following outburst flood affected downstream communities and the city of Carhuaz,
Peru (Schneider et al., 2014). Schneider et al. (2014) tried to reconstruct this event by
coupling two numerical models. They used RAMMS to simulate the ice-rock avalanche,
the outburst flood and debris flow, and IBER to model the impact wave, wave prop-
agation in the lake and dam overtopping. RAMMS and IBER were related by their
outputs and inputs. The output of RAMMS, which was a hydrograph estimated from
the volume and density of the modelled avalanche, constituted the input for IBER and
the output of IBER, which was a spillover hydrograph and water volume could then be
passed to RAMMS as input.

Schaub et al. (2015) investigated the effect of variable values on the process chain sim-
ulation results for Lake 513 and the related propagation of uncertainties. Therefore,
different ice avalanche scenarios were established where different release volumes were
considered. Schneider et al. (2015) found that the assumed initial avalanche volume
and the RAMMS friction calibration affected results to a considerably higher degree
than the manual transformation of the RAMMS results to the IBER input hydrograph.
Furthermore, the velocity of a mass movement, which is related to the friction parame-
ters, seems to influence the generated overtopping wave more than the initial volume of
the avalanche. Faster avalanches appear to have steeper impact fronts and with rising
velocity higher wave heights and longer wave periods were observed in the simulation

Impulsg wave Wave propagation Wave run-up and )
generation overtopping Dam erosion and

\ @ @ lake emptying

Flood propagation

Flood impact

Figure 2.19: Sketch of a typical GLOF process chain. (1) A mass movement enters a
lake, producing (2) an impulse wave that (3) overtops and (4) incises the dam, resulting
in (5) a flood that propagates downstream and (6) eventually impacts inhabitad areas or
infrastructure. Figure reproduced from Worni et al. (2014).
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2.5 Glacier lake outburst floods

runs (Schaub et al., 2015).

The coupling of RAMMS and IBER is just one example how to simulate process
chains for GLOFs. Instead of relating different models by their in- and output, an
alternative would be to adapt an existing model to simulate process chains within a
single model run (Worni et al., 2014). However, a single model might not be able to
represent all processes optimally. A selection of models which can be used to simulate
cascading processes of GLOFs is given in Worni et al. (2014).

2.5.4 Flood disaster 2013: Mandakini Valley

In June 2013, heavy rainfalls were recorded across the whole state of Uttarakhand and
numerous mass movements were triggered including two large debris flows on June 16
and 17 in the Mandakini Valley (Allen et al., 2016a) (see fig. 2.3 for locations). The
village of Kedarnath, and the settlements Rambara and Gaurikund were devastated
by these events (Dobhal et al., 2013; Bhambri et al., 2016). Kedarnath is a significant
Hindu pilgrimage site, its holy shrine being visited by thousands of people per day
during the pilgrim season (Bhambri et al., 2016; Allen et al., 2016a). At the moment
of the disaster, a high concentration of people in the valley, many of them pilgrims, led
to an extremely high value of fatalities. Estimates indicate more than 6000 deaths due
to the flash floods and landslides in the region, the Kedarnath disaster contributing to
a large extent to this number (Guha-Sapir et al., 2016). This disaster belongs to the
most severe ones which were ever recorded (Carrivick and Tweed, 2016; Bhambri et
al., 2016).

Meteorological records indicate unusually high precipitation amounts preceding the
disaster, i.e. 325mm rainfall within 24 h between 15 June (5:00 p.m.) and 16 June
(5:00 p.m.) at Chorabari Glacier base camp (Dobhal et al., 2013). Already a week
before the disaster occurred, heavy rainfalls were registered in the region which were
related to the early onset of the monsoon in 2013. The total amount of June rainfall is
estimated to correspond to at least a 100-year event (Singh et al., 2014). Meanwhile,
snow cover depletion proceeded at higher rates than in other years between mid-May
and mid-June (Allen et al., 2016a). Therefore, rivers were already running high before
the heavy rainfalls occurred and the ground was saturated.

On June 16 at 7 p.m., a first debris flow struck Kedarnath and Rambara probably after
transforming from a shallow landslide high above the terminus of Companion Glacier
(Martha et al., 2015; Allen et al., 2016a). Then, on June 17 at 06:45 a.m. the most
catastrophic debris flow followed which was triggered by an outburst of the Chorabari
Lake. The Chorabari Lake was dammed by the western lateral moraine of Chorabari
Glacier and experienced fast rising water levels due to high water input from rainfall
and snow melt (Bhambri et al., 2016). Moreover, large debris amounts were deposited
in the lake originating from erosion processes at the lateral moraine and rising the lake
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level further (Allen et al., 2016a). Estimates exist that the level of the ~ 400m long and
~ 200m wide lake increased by 15 — 19m (Bhambri et al., 2016; Dobhal et al., 2013).
Field evidences suggest that water surface reached the moraine crest and in consequence
overflow and progressive erosion was initiated until the moraine dam failed completely
(Allen et al., 2016a). The water entrained moraine material and sediment load increased
as the debris flow passed through rather steep terrain upstream of Kedarnath (Allen et
al., 2016a). The flat terrain around the pilgrimage site favoured in contrast sediment
deposition. The area in and around Kedarnath was filled by debris to more than 5m
thickness (Bhambri et al., 2016).

The damage caused by the flash flood events between June 16 and 17 is huge. Around
120 buildings in Kedarnath and all buildings in Rambara were washed away as this
settlement was situated only 10m above the normal flow of Mandakini River (Bhambri
et al., 2016). Devastation occurred also in the other settlements of Mandakini Valley.
Moreover, large parts of roads and pedestrian treks were destroyed, obstructing rescue
operations to evacuate pilgrims, tourists and local people after the disaster (Bhambri
et al., 2016).

2.6 Hazard assessment

The definition of hazard includes the physical process involved as well as the magnitude
and probability of occurrence of an event (Ragozin, 1994; Leroi, 1996; Heinimann et
al., 1998). From a mathematical point of view, hazard can be defined as the product of
magnitude and probability of occurrence (Fell, 1994). This section introduces the topic
of frequency-magnitude relationships first before focussing on a possible parametrisa-
tion of these two quantities as implemented in this thesis. A link to risk assessment is
given at the end.

Magnitude and frequency generally show a negative nonlinear relationship (Hungr,
1997; Liu and Lei, 2003); large magnitude events occurring less frequent than small
magnitude events. This applies for hydrologically-driven hazards and certain glacial
hazards such as ice avalanches from cliff-type glacier (Rothlisberger, 1987), regular
filling and draining of ice-dammed lakes (Tweed and Russell, 1999), rainfall-triggered
debris flows (Fan et al., 2003) and rock fall from permanently unstable rock faces
(Huggel, 2004). However, most hazards in the glacial and periglacial environment
cannot be described by magnitude-frequency relationships. The reason is that events,
i.e. outburst floods from moraine-dammed lakes involving full dam failure (Haeberli et
al., 1989) or large ice and rock avalanches, occur only once. For events that are recorded
for the first time either due to missing data or because they indeed never happened
before magnitude-frequency relationships fail as well (Huggel, 2004). The emergence
of new hazards is often related to a system change induced by climate change (Huggel,
2004). A problem with glacial hazards is that the glacial system changes too rapidly
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Overall
trajectory slope

Figure 2.20: Schematic illustration of the concept of topographic potential. (1) A glacial
lake is situated within the runout distance (2) of a potential mass movement triggered in the
steep terrain (3). Figure reproduced from Allen et al. (2016b); modified from Schaub (2015).

to derive frequency characteristics. Low to very low frequencies and high magnitudes
are common and therefore a negative relationship between magnitude and frequency
cannot be established (Huggel, 2004).

Different options exist to assess the magnitude of an event, in the case of a GLOF the

probable maximum discharge, volume and runout distance can be evaluated (Huggel,
2004). Allen et al. (2016b) analysed the future evolution of GLOF hazards for districts
in Himachal Pradesh. They defined the magnitude as the potentially affected land area
by a GLOF path. In this thesis lake volume is used as indicator for the magnitude
of a potential future outburst flood. If no bathymetric field data exist which would
allow to determine the lake volume, it can be approximated based on the lake area.
Different scientists have established empirical equations which relate area to volume,
the following was derived by Huggel et al. (2002): V = 0.1044%%2 where V is the
volume in m? and A the area in m?. It should be kept in mind that this formula may
underestimate volumes for larger lakes by up to 80% due to large natural variability of
lake depths in relation to area (Huggel et al., 2004b; Allen et al., 2016b).
The assumption of total lake drainage is a worst-case scenario but partial emptying
is possible. For moraine-dammed lakes, Fujita et al. (2013) developed an approach to
estimate the potential flood volume based on the concept of steep lakefront area (SLA).
According to them, moraine-dams with a surface slope below 10° on their downstream
side will not collapse regardless of the triggering mechanism of the outburst flood. This
value corresponds with the observed slope value where debris material starts to be
eroded by overflowing water (see section 2.5.2). As the SLA determines the potential
surface lowering of the dammed lake the potential flood volume can be estimated by
assuming a cylindrical bathymetry. For more information see Fujita et al. (2013).

It is a difficult task to determine the probability of occurrence for outburst floods.
Still, a probability estimation is necessary for the planning, design and construction
of mitigation measures and therefore it is better to assign even an approximate and
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subjective value than not to assign one at all (Fell, 1994). Considering GLOF's triggered
by mass movement impacts a possible concept which enables to estimate the potential
frequency is that of topographic potential. It determines the intersectional area where
the slope is enough steep for rock and ice to detach and from where resulting mass
movements could reach the glacial lake (Allen et al., 2016b). This area constitutes
the lake impact predisposition area (Allen et al., 2016b). Fig. 2.20 illustrates the
concept of topographic potential. If no information on further triggering processes and
dam characteristics is available lake impact predisposition area can serve as a proxy
to detect regions where GLOF's are expected to occur more frequently (Allen et al.,
2016b).

A standardised method to assess the hazard posed by a glacial lake does not ex-
ist and therefore different strategies are revealed in studies. However, in the field of
remote hazard assessment efforts are made to develop a holistic approach that would
be objective and repeatable. Rounce et al. (2016) propose such an approach. They
consider both failure types of natural dams, i.e. dynamic and self-destructive, and in-
clude multiple factors in their method such as snow/ice avalanche, rockfall, flood from
an upstream lake, lake expansion, hydrostatic pressure and an ice-cored moraine dam.
Simplistic models and globally available datasets are used to estimate these parameters.
A detailed description is given in Rounce et al. (2016). Fig. 2.21 shows the flow chart
used by Rounce et al. (2016) for the hazard classification of lakes.

A hazard map often constitutes an integral part of a hazard assessment. It depicts
areas which are potentially exposed to a certain hazard. The calculated intensity for
a site and the probability of being affected by an event determine the hazard level
for a location. Debris flow intensities can be derived from flow heights and velocities
(Schneider et al., 2014). According to Raetzo et al. (2002) no low intensities exist for
debris flows. Although it is possible to generate hazard maps automatically based solely
on numerical modelling it is strongly discouraged (Schneider et al., 2014). They should
always be adapted in the field because smaller terrain structures, i.e. houses, are not
present in the DEM but they still influence the flow of a mass movement (Schneider et
al., 2014).

A hazard assessment is usually integrated within a risk assessment. The definition
of risk includes the physical hazard intersecting with vulnerable and exposed people,
infrastructure, or services (IPCC, 2012). Two components of risk assessment can be
distinguished, risk analysis and risk evaluation (Huggel, 2004). Hazard assessment is a
part of the first component whereas risk evaluation involves numerous political, social
and economic aspects (Huggel, 2004). As human activities are constantly changing
in time and space also the risk is changing (Carrivick and Tweed, 2016) what makes
predictions of future risk evolution even more difficult. The aim of risk assessment is to
enable risk management which involves prevention, i.e. active and passive mitigation
measures, intervention and recovery from an event (Huggel, 2004).
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Figure 2.21: Hazard classification flow chart as proposed by Rounce et al. (2016) to
determine the hazard posed by a glacial lake. Figure reproduced from Rounce et al. (2016).
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3 Practical part

In order to analyse the temporal evolution of future GLOF hazards in the Bhilangna
Valley and the exposure of hydropower stations to potential flow events a sequential
approach was developed consisting of four parts: (1) past glacier thinning, (2) future
glacier and lake evolution, (3) future GLOF hazard evolution, and (4) related down-
stream hazards. Fig. 3.1 visualises the individual steps and related outputs which serve
as input for a following part. More details on the workflow are illustrated in fig. 5.2
and 5.1 in the appendix. This chapter gives first a brief overview of the data used and
describes afterwards the methods and results of each of the four parts.

past glacier change

past temperature change

thinning gradient

temperature trend

future glacier/lake

hazard classification

flow path modelling

evolution

- future glacier extent
- emerging lakes >
- future DEM

GLOF hazard > downstream hazard

current glacier state future temperatures

- ice thickness

IS CMIP5 temperatures

Figure 3.1: Workflow: A past temperature trend and an elevation-dependent thinning
gradient are established for input to the future glacier evolution model. In addition, current
ice thicknesses and future temperature projections are needed. The output of the future
glacier evolution model, i.e. emerging lakes, glacier extents, and DEMs are used for the
classification of GLOF hazards. The evolution of downstream hazard is analysed with flow
path modelling.

3.1 Data

An aim of this master thesis was to establish methods that use open-source datasets
with global coverage and which would therefore be applicable even for data-scarce
mountain regions. Relatively few data were used including a digital elevation model,
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mapped glacier outlines, modelled temperature data and the locations of hydropower
stations.

ASTER GDEM

The following descriptions are based on information provided by Microlmages (2009),
Earth Remote Sensing Data Analysis Center (2011), and Huggel (2004). ASTER
GDEM is a global digital elevation model derived from the Advanced Spaceborne
Thermal Emission and Reflection Radiometer and provided by METI (Ministry of
Economics, Trade and Industry), Japan and NASA. It has a resolution of 1 arc-second
(~ 30m) although the effective spatial detail that is resolvable is on the order of 75m.
Therefore, small terrain features such as incised flow channels cannot be sufficiently
represented whereas large scale spatial structures, i.e. main valley floors, are well
recognisable. ASTER GDEM has a worldwide coverage between 83°N and 83°S and
is referenced to the WGS84 coordinate system and the EGM96 geoid. Vertical units
are meters and the overall accuracy is around 17m. However, in rugged mountain-
ous terrain larger elevation errors might be expected. The DEM is produced from
stereo images taken in the near-infrared band by the nadir- and backward-pointing
telescopes. After filtering cloud-areas, all DEMs from multiple years are stacked, resid-
ual bad values and outliers are removed and the average of the stacked pixel values is
calculated. Where residual bad values persist they are replaced with elevations from
reference DEMs. Artefacts in the ASTER GDEM may originate from poor coverage,
cloud-contamination, water masking issues and the stacking process. In general, most
problematic areas are steep northern slopes which are turned away from the sensor and
mountain peaks where failed image matching may deliver wrong elevations. In com-
parison to the SRTM DEM where radar shadowing and foreshortening effects occur for
steep terrain, the coverage of these areas is more complete for ASTER GDEM although
accuracy is degraded.

Although high resolution DEMs are preferable for modelling glacial hazards data
are not always available. Therefore, ASTER GDEM is of fundamental importance
especially in remote high mountain terrain where data is lacking.

Glacier outlines

Glacier outlines were mapped manually by S. Mal for different years. In this thesis the
first and the last glacier state were considered which belonged to 1968, respectively to
2015. The outline for 1968 was delineated using Corona imagery.

For Corona imagery, a best ground resolution of ~ 2.8m can be attained in flat terrain
(USGS, 2015). In mountain regions the resolution is worse but still very good (below
10m) favouring detailed mapping. The main challenge of Corona data is the com-
plex image geometry together with the absence of satellite camera specifications which
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complicates image rectification (Bhambri et al., 2012). In consequence, distortions in
several directions can lead to wrongly mapped glacier outlines at certain positions (see
also section 3.2.2).

CMIP5 Temperatures

The Coupled Model Intercomparison Project Phase 5 (CMIP5) involves 20 climate
modelling groups from around the world (McCoy, 2017). A gridded worldwide temper-
ature dataset is provided, this thesis uses data simulated for the spatial extent 30-31°N
and 78-79°E and the two warming scenarios RCP4.5 and RCP8.5 (see section 2.2.2 for
more information on the two scenarios).

Hydropower stations

The hydropower stations are a point dataset with current (H1-H4) and planned stations
(H5) (see fig. 3.24 for locations). They were digitised manually based on Google Earth
imagery.

3.2 Past glacier retreat

In order to model future glacier evolution it is necessary to investigate past glacier
behaviour first. For this reason an elevation-dependent ice thinning gradient was estab-
lished for glaciers in the Bhilangna valley for the time period 1968-2015. Additionally,
a linear temperature trend was determined based on northern India regional and local
temperature data from the past. The calculated warming was thereafter compared to
temperature warming data from the RCP scenarios of the IPCC report (IPCC, 2013)
for this region. The aim of this first part is to empirically relate temperature changes
to glacier ice elevation changes by establishing a temperature trend and an ice thinning
gradient for a common historical time period.

3.2.1 Methods
Elevation change

The creation of a digital elevation model (DEM) is time consuming and financially
expensive. Therefore, this master thesis examined whether elevation changes can be
derived from a current DEM and digitised past glacier outlines. To estimate elevation
changes in the field or using Google Earth is quite common, however, it was an objective
to develop a replicable and automated approach. Elevation changes were calculated for
the whole catchment and therefore resulting values represent a mean of all glaciers. Past
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outlines were mapped manually based on a Corona scene acquired on 27. September
1968. Two approaches to estimate past rates of thinning were tested:

20

1. Plane approach:

The idea of this approach was to approximate the old glacier surface by a plane
connecting the old glacier outlines. The subtraction of this artificially created
DEM and the current DEM would result in information about the minimal ver-
tical surface elevation change.

The area of analysis was restricted to the glacier tongue where glacier outlines
differed in position. Obviously, no change in extent was mapped for the accu-
mulation area and therefore this part was excluded from analysis. Moreover, the
approximation of the old glacier surface by a plane is plausible for narrow glacier
tongues but not for vast accumulation zones. Calculated elevation errors tend to
increase if the plane spans a wider area. Furthermore, accumulation areas show
rather a concave surface topography (Nielsen, 1955) and the approximation of the
old glacier surface by a plane connecting the outlines would overestimate the past
surface elevation. In contrast, glacier surface in ablation zones is characterised
by a convex transverse profile (Nielsen, 1955). This means, that the elevation
changes derived from the plane approach must be understood as a minimum
change in surface elevation.

A mask was created for areas where no change in extent was observed and over-
layed with the current DEM. The output was a DEM with holes within the glacier
tongue outlines of 1968. These holes were subsequently closed by various mathe-
matical methods. In version 1 (v1), the elevation of a no data cell was calculated
as the mean elevation of the preceding DEM cells. In this manner, the holes in
the DEM were closed from top to bottom and from left to right. Consequently,
the resulting cell values were strongly influenced by the topography of the two
orientations. Version 2 (v2) used another technique to calculate the DEM values
within holes. Here, once a no data cell was encountered, it was counted how
many no data cells succeed in horizontal and vertical direction. The direction
where less no data cells were found was used and the elevations at the margin
were recorded. Afterwards, an imaginary straight line was put which connected
the two marginal cells. The values along this line corresponded to the elevation
values assigned to the no data cells. Version 3 (v3) is very similar to v1 with the
difference that holes were closed continuously from the outside to the inside. In
other words, after each iteration a new ring of calculated DEM cells was added
until a hole disappeared completely. Figure 3.2 illustrates the three methods with
test data.
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Figure 3.2: Filling of no data areas (NaN) in a test dataset using different methods of the
plane approach. Two window sizes were tested for vl and v3: a 3 x 3 and 5 x 5 window.
The numbers represent the cell values.

2. Point approach:

The second approach tries to derive elevation changes from an old glacier outline
and a central flowline. A version with three flowlines was also tested. Points
were generated in regular spacing along the old glacier outline which received the
elevation of the underlying DEM as attribute. At the same time, the nearest
point on the flowline was calculated for each point on the outline which again
received the DEM elevation as attribute. In this manner, the elevation difference
between the point on the outline and the corresponding point on the flowline
could be derived.

In a next step, the elevation changes derived from the plane or point approach were
summarised into a single value per elevation band. Only the area which was covered
by ice in 2015 was analysed, otherwise values could underestimate the actual elevation
change. The attribution to an elevation band was based on the elevation of a cell in
the current DEM for the plane approach, respectively on the current DEM elevation
of the points along the central flowline for the point approach. In this way, a cell
with a DEM value of for example 3840m was attributed to the next upper 100m ele-
vation band being in this case 3900m. 100 meters were chosen as band width in order
to have enough values within a single elevation band so that the resulting elevation
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change per band is not dependent on too few values and less influenced by outliers.
However, the resolution is still considered as high enough to show variations along the
vertical direction. Another reason was that temperature differs enough between the
single bands. Immerzeel et al. (2014) found that lapse rates range between —0.46 and
—0.64 K/100m for the LangTang valley in Nepal depending on season. Unfortunately
lapse rate measurements for this region are lacking.

The elevation change per band can be calculated as the maximum elevation change,
the mean or the mean without considering negative values. The idea behind the max-
imum value was to derive the worst case thinning. The disadvantage of this method is
that it is strongly influenced by outliers. The reason for calculating a mean excluding
negative values is that glaciers flow over irregular topography and therefore negative
values indicating elevation increase from past to present are only due to the simpli-
fications made in the realisation of the plane or point approach. That is why values
of elevation decrease are considered to be of further use whereas values of elevation
increase resulting from the approaches, do not represent the real state and can be
ommitted.

Thinning gradient

The aim of the plane and point approach was to derive a thinning gradient dependent
on elevation. A linear and a quadratic regression was calculated for the summarised
elevation change values per band. Additionally, the goodness of fit was determined
which indicates how well the regression represents the values given. In order to have
the elevation change expressed as an average annual rate, the thinning gradient was
divided by the number of years between the two glacier states given. This is based on
the assumption that thinning rates were constant during the period analysed.

Validation

Two different types of validation were made to assess the functionality of the methods
and the accuracy of their results. On the one hand, transverse profiles were digi-
tised manually within the old glacier outlines of 1968. Here, one profile was generated
within each 100m elevation band of each glacier in the catchment. Afterwards, the
two marginal points were connected by a straight line which represented the simpli-
fied glacier surface that should be modelled by the mathematical methods of the plane
approach.

The elevation difference between the current DEM and the expected simplified glacier
surface was calculated at the middle of the profile as ice thickness tends to be the largest
along the central flowline. Moreover, the point approach was based on a central flowline
and therefore also the results of this approach could be evaluated.
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3.2 Past glacier retreat

On the other hand, to study the error resulting from the assumption of a plane glacier
surface instead of a convex surface DEM differencing data is required. As historical
DEMs were not available for our Indian study region, the methodology was replicated
and tested using DEM data from Findelen Glacier, Switzerland. The elevation change
per band was calculated for the DEM differencing data as well as for the modelled
data delivered by the plane or point approach. To quantify the difference between the
datasets the root mean square error (RMSE) was used.

Temperature trend

A linear temperature trend was calculated for various station and model data after
applying a filter to reduce variations from one year to another. A Savitzky Golay
filter was applied for smoothing the data as it does not change the inclination of the
regression line and delivers smoothed results which still represent well the original data.
As the longterm temperature trend was of interest mean annual temperature data were
used for analysis.

3.2.2 Results
Elevation change

Fig.3.3 shows the calculated elevation changes derived by the plane approach for glaciers
in the Bhilangna valley between the years 1968 and 2015. All methods (v1, v2, v3)
deliver a similar pattern of elevation change with overall lower values for Phating Glacier
than for Khatling Glacier and two local maxima on Khatling Glacier, one situated on
the lower part of the glacier tongue and the other south of Jogin Glacier around the
confluence with another unnamed glacier. It can be observed that vl delivers the
heighest elevation changes of all three methods suggesting up to 337m elevation change
for a steep contributary glacier of Khatling, the Ratangrian Glacier. Extraordinarly
high elevation changes are also depicted at the former border of Jogin Glacier. Both
values are unlikely and must be attributed to the calculation method. As elevations
increase from north to south and from west to east for a southern contributary glacier of
Khatling and for the Satling Glacier, the negative values which occur in these two cases
are due to underlying calculations as well. Otherwise, glacier thinning derived from v1
is between 100m and 130m for the lower part of Khatling Glacier tongue, 110m to 170m
around the confluence with the unnamed glacier, 20m to 30m for the upper section and
0Om to 50m for the lower section of Phating Glacier tongue. The elevation changes
for v2 range between —97m and 102m. The two larger areas of negative values which
can be observed on Khatling and Jogin Glacier for the v2 method coincide with areas
where these glaciers flow over convex topography, i.e. bumps. Therefore these results
were an expected artefact of the methodology. The elevation changes for the steep part
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Figure 3.3: Elevation change calculated for the plane approach, left in 2D, right in 3D
draped over the calculated DEM for 1968. Results are based on the current ASTER GDEM.
a) vl, b) v2 and ¢) v3. The colours indicate the order of magnitude of elevation change.
Note, that the colour bars differ between v1, v2 and v3.
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3.2 Past glacier retreat

of the Ratangrian Glacier range mostly between 10m and 30m with low values in the
steepest part and higher values in the lower situated flatter part. Elevation changes at
the lowest part of the Khatling Glacier tongue from 1968 are between 30m and 60m,
those calculated for the Phating Glacier tongue range frequently between 20m and
30m. Apart from the two larger negative areas mentioned, v2 delivers positive values
for most of the glacier area in 1968. Results for v3 suggest —171m to 169m elevation
change. The distribution of negative values for v3 differs from those for v2, negative
areas can be found on Jogin Glacier, the unnamed contributory glacier of Khatling, the
lower part of Khatling Glacier tongue and on Satling Glacier. An interesting feature are
the positive and negative elevation change values on the lower Khatling Glacier tongue
situated close to each other. There are two reasons which lead to this result, one being
the calculation method, the other being founded in the wrong mapping of the glacier
tongue due to Corona optics. The western outline of the tongue in 1968 is situated at
the bottom of the valley which is false as the central part of the tongue should occupy
this position. Consequences of this can be found for vl and v2 as well even though
they are not as obvious as for v3. But 3D visualisations show that glacier surface seems
to be tilted on the western side of Rudugaira (5364m) for all three methods (fig.3.3).
However, since this part of the glacier tongue is not considered for the calculation of
the thinning gradient no correction was done because this would lead to further large
uncertainties. Elevation changes calculated by v3 are large for the Ratangrian glacier
with a maximum value of 169m, 110m to 140m around the confluence of Khatling
Glacier and the unnamed glacier and 20m to 60m for Phating Glacier.

Thinning gradient

The elevation changes used for the calculation of the thinning gradient were estab-
lished only for the common area situated within the outlines of both 1968 and 2015.
Fig.3.4 gives an overview of the glacier thinning values per 100m elevation band for
the plane and for the point approach respectively. All results have in common that
most elevation change occurred between 4200m and 4600m with a maximum around
4500m. At lower and higher elevations less glacier thinning was calculated. This
form of the thinning gradient ressembles strongly to mass balance gradients of de-
bris covered glaciers which were measured in different studies (Dobhal et al., 2013;
Banerjee and Shankar, 2013). Fig.3.5 shows the mass balance profile for a bare ice
glacier and a debris covered glacier. Khatling and Phating Glacier which are the main
contributors to the computed elevation change values indeed show a considerable debris
cover up to an elevation of 4300m for Khatling Glacier, for Phating Glacier only eleva-
tion changes below 4075m were calculated as no differing outlines were mapped above.
However, the whole tongue of Phating Glacier is heavily debris covered. At higher ele-
vations above 4300m where also other glaciers contribute to the summarised thinning
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Figure 3.4: Change in elevation per 100m elevation band (black circles) over the time
period 1968-2015 for methods of the plane approach (v1-v3) and of the point approach
with one (1fl) and three flowlines (3fl). Linear, respectively quadratic regression lines are
depicted in red respectively orange. The first column shows the maximum, the second the
mean and the third the mean excluding negative values. The linear regression equation and

elevation change [m]

altitude [m]

the goodness of fit (R?) are given. For visualisation purposes numbers are rounded.
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Figure 3.5: Mass balance profile for the clean ice glacier of Nigardsbreen, Norway (a) and
the debris covered glacier Chota Shigri, Indian Himalaya. Figure reproduced from Banerjee
and Shankar (2013).

values only little or no debris cover is found. According to satellite imagery (Google
Earth and Landsat 8 scene from 08. Sept. 2015) Satling Glacier, Ratangrian Glacier,
Jogin Glacier and the unnamed contributory glacier to Khatling are clean ice glaciers.
Only Satling Glacier is debris covered at its lowest altitude between 4220m and 4310m.
Given the form of the thinning gradient, a quadratic regression line would be more ap-
propriate to approximate the elevation change depending on elevation. However, as the
aim was to establish a simplified glacier evolution model operating at a regional scale
(see section 3.3) a linear approximation was selected to represent altitude-dependent
elevation changes.

The linear regression slope of vl max, vl mean, v3 max and for the mean excluding
negative values of the point approach (1fl and 3fl) is positive meaning an increase in
thinning with increasing altitude. The calculation of positive gradients occurs because
values are distributed non-linearly and low thinning values are found at the lowest
elevations. Additionally, few values are used for line fitting. Since a gradient predicting
less surface lowering with increasing altitude is needed for the future glacier evolution
model (see section 3.3) the gradients mentioned were excluded in consequence. For the
remaining thinning gradients of the plane approach surface lowering decreases by 0.1m
to 4.2m for 100m elevation increase with the majority of values ranging between 1.2m
and 2.6m. For the point approach elevation change decreases by 3.3m or 8.5m per
100m altitude increase if the maximum, respectively the mean per band is calculated.
The absolute minimum and maximum elevation change per band value of each method
is summarised in table 3.1. Table 3.1 shows the same maximum value of 37m for v2
mean and v2 mean noNeg. Additionally, fig.3.4 illustrates that elevation changes per
band of v2 mean are very close to those calculated for v2 mean noNeg. Therefore
thinning values of v2 have to be less influenced by negative values. This is not the case
for v1 and v3 where summarised elevation change values differ between mean and mean
noNeg for the same band. In terms of the value range it can be stated that elevation
change calculated by the point approach lies in between the values of v2 and v3 of the
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plane approach. Overall the goodness of fit R? is the heighest for v2 (max, mean and
mean noNeg).

Table 3.1: Global minimum and maximum elevation change (columns 1 and 2) with cor-
responding altitude band (columns 3 and 4). The elevation band 5000m contained only
negative values for the point approach. This is the reason why these values were excluded
by the mean without negative values and therefore higher minimum thinning values figure
in 'mean noNeg’ than in 'max’.

method ‘ min [m)] ‘ max [m] ‘ min alt. [m)] ‘ max alt. [m]

vl 30 256 3900,/4900 4500
y v2 11 102 5000 4600
2 v3 20 170 4900 4600
11 -39 124 5000 4300
3f 43 123 5000 4300
vl 8 112 4900 4500
- v2 43 37 5000 4400
g v3 -21 66 5000 4400
& 11 -181 49 5000 4500
3fl -186 50 5000 4500
0 vl 11 154 3900 4500
Z v2 5 37 5000 4400
= v3 13 110 4900 4400
3 11 3 63 5100 4500
£ 3l 3 57 5100 4500

As v2 mean noNeg seems to give the most reliable results for glacier thinning (see
section 3.2.2), its linear regression equation was used for the future modelling part.
To confirm these findings a validation with Findelen Glacier (Switzerland) data was
carried out, see below.

Validation

The first part of the validation consisted of a comparison between an expected glacier
surface for 1968 along manually digitised cross profiles and the calculated glacier surface
from the plane approach at the same position. Fig.3.6 shows the position of all profiles
and the results for two cross sections on Khatling, one on Phatling and one on Satling
Glacier. It can be observed that all methods of the plane approach deliver results
which differ from the expected glacier surface symbolised in the figure by a straight
blue line. However, v2 seems to be closest to the target surface differing in most cases
by less than 20m according to the four validation profiles in fig.3.6 and according to
all additional profiles not visually presented in this thesis. Methods vl and v3 show
considerably larger discrepancies when compared to the target surface and are therefore
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Figure 3.6: Position of manually drawn transects and the assumed and modelled glacier
surface for different methods of the plane approach (vl1, v2, v3) for the outline of 1968.
Elevations of the ground and of the expected glacier surface are given for the centre of the
cross sections. The sloped surface reflects the artefact errors in the mapped glacier outlines.
Note the different scale used on the y-axis.

less appropriate for further use. In addition to cross-sectional profiles also elevation
changes per 100m band derived from the different methods and the validation profiles
were examined. The results for the mean and the mean excluding negative values can
be consulted in fig.3.7. Validation elevation changes were calculated from the elevation
differences between the expected glacier surface and the ground at the centre of the
profiles. In this manner, the results could be compared to thinning values calculated by
the point approach as well. While all methods show similar thinning like the validation
data at the three lowest elevation bands (3900m—4100m) v1 and v3 clearly overestimate
the changes for bands 4200m — 4600m. Validation data at the heighest bands 5000m
and 5100m' consist exclusively of negative values therefore only the mean could be
calculated in this case. In general, v2 and the point approach (regardless of the use of
one or three flowlines) show overall the closest values to the validation data. Similarly
as for the previous profile analysis, values differ by around 20m for v2 and the point
approach except for the heighest elevation bands. However, as validation data for the
bands 5000m and 5100m are based on a single value the larger discrepancy to modelled
data can be explained.

In order to assess more quantitatively the accuracy of the methods in deriving ele-
vation changes, thinning was calculated by the plane and the point approach for the
Findelen Glacier in Switzerland and compared to DEM differencing results for the years

Ino validation data is available for the band 4900m
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Figure 3.7: Elevation change per 100m band for various methods of the plane and point
approach and for validation data based on cross section profiles. The thinning was calcu-
lated as the mean (a) and the mean excluding negative values (b) from values within each
elevation band. Note the different x-axis range.

1965 and 2005. DEM differencing values were calculated by Rastner et al. (2016). For
1965 they used a national map of Switzerland from which they created a DEM based on
the contour lines, for 2005 the dataset used was a laserscan DEM with 1m resolution.
As glacier surface is not planar but rather convex in the ablation zone and concave in
the accumulation zone differences between the plane or point approach and the DEM
differencing results are expected. Fig.3.8 shows the thinning between 1965 and 2005,
for a period of 40 years. It can be observed that thinning patterns of the various
methods applied ressemble each other with a strong underestimation of thinning for
the lowest bands (2600m — 2800m). Here values can differ up to 50% compared to ele-
vation changes derived from DEM differencing data which suggest up to 80m elevation
decrease. Between 2800m and 3000m results of v2 (plane approach) and 1fl and 3fl
(point approach) match the DEM differencing results more or less. Above 3000m all
methods rather overestimate actual thinning which should be around 10m according
to DEM differencing data.

The similar pattern of the curves is striking therefore the question arised whether it is
due to underlying topography. To test this assumption a version was calculated where a
plane was put also in between the glacier outlines of 2005. The results can be seen in the
central plot of fig.3.8 and the corresponding RMSE values in the right section of table
3.2. Apparently, thinning values derived from a plane approach using two planes are
closer to elevation changes derived from DEM differencing data underpinned also by the
smaller RMSE values. However, the form of the curve still persists (fig.3.8. Therefore
topography has some influence but cannot explain the form of the thinning pattern.
Another role could possibly play the mentioned convex respectively concave surface
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Figure 3.8: Change in elevation per 100m elevation band for DEM differencing data
(black circles) and modelled data (colour lines) for Findelen glacier between 1965 and 2005.
The data given represent the mean excluding negative values. Values are derived by the
methods of the plane approach (left and centre) and point approach (right) (section 3.2.1).
The central plot represents the results when also a plane in between the new glacier outlines
was put and therefore the elevation change was calculated for two artificially created DEMs.

of the glacier. According to Bauder et al. (2014) the ELA was situated at 3275m in
2007/08 and at 3215m in 2008/09. Recent aerial imagery (SWISSIMAGE, (Swisstopo,
2015)) supports these findings that the ELA ranges somewhere around 3200m. The
left image in fig.3.9 shows the state of the Findelen Glacier in 1964. The ELA is not
detectable in this case but it is likely that it is situated somewhere close above the two
zones characterised by many crevasses which would correspond to an altitude between
3000m and 3100m. Interestingly it is at 3000m where we find the break in the thinning
curves of all methods (fig.3.8). Is it possible that the methods underestimate thinning
in the lower ablation zone where glacier surface topography is convex, calculate it more
or less correctly in the upper ablation zone close below the ELA and overestimate
thinning at and above the ELA where glacier surface topography tends to be concave?
This is a daring hypothesis which further studies outside the scope of this thesis could
explore where multiple DEMs are available.

RMSE values (table 3.2) range for all methods around 20m with v2 showing the
lowest values for the plane approach and 3fl even lower values for the point approach.
20m correspond to the contour line aequidistance of the national map and is valid for a
time period of 40 years. Therefore this value is considered to be acceptable. However,
as the DEM accuracy of 2005 is very high and therefore small mapping inaccuracies
should not have a large impact a lower RMSE value could be expected and would be
preferable.

The findings of this validation section support the choice of the thinning gradient
derived by the v2 of the plane approach for the future modelling part. Therefore all
future glacier evolution calculated will be based on its linear regression equation.
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Table 3.2: Findelen RMSE values for elevation change data per 100m elevation band de-
rived from DEM differencing and modelled by the methods of the plane and point approach
(v1-v3 are methods of the plane approach; 1fl is the point approach with 1 flowline, 3fl the
point approach with 3 flowlines). The analysis was done for a mean excluding all negative
values as it is considered as the most sensible option (see section 3.2.1). The RMSE was
determined for modelled data, modelled linear regression data (Ir), modelled data when
two planes were put (2p) - one in between the old, the other in between the new glacier
outlines - and modelled linear regression data for two planes (2p Ir).

method RMSE [m] RMSE Ir [m] RMSE 2p [m] RMSE 2p Ir [m]
vl 22,72 23.25 20.20 20.68

v2 20.39 19.24 16.34 15.81

v3 23.18 23.61 15.96 16.93

11 21.43 19.63

3fl 19.94 17.32

Figure 3.9: Photo of Findelen Glacier in September 1964 (Swissair Photo AG, 1964) and
Google Earth view of the same scene for the year 2009.
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Temperature trend

In order to model future glacier evolution temperature change was determined for three
time frames in the past. Table 3.3 gives a review of calculated changes for different
model based temperature datasets for the grid cell over the study region. Apparently,
the time frame chosen has a strong influence on the results, all datasets show a consid-
erably lower temperature increase for the period 1950-2000 than for 1965-2015 although
both periods span 50 years. Only the 20th Century Reanalysis V2 dataset has a tem-
perature change differing by less than 0.5K between the two periods. The reason for
such large differences can be explained to some degree by analysing fig.3.10 which de-
picts the temperature course for RCP4.5 and RCP8.5. Around the year 1950 mean
annual temperatures are higher than in the following years where a decrease occured
until the minimum in 1967. Secondly, a distinct continuous temperature increase can
be observed for years after 1993. Therefore it is clear that a linear regression line fitted
to data between 1950 and 2000 delivers a rather small temperature change compared
to the change resulting from a regression line fitted to data between 1965 and 2015.
Another observation is that for the period of 1965-2005 the mean warming occured
after 1990. This can be deduced by comparing temperature changes for 1965-2015 and
1961-1990 (table 3.3). Although 1990 marks with 25 years difference to 1965 and 2015
the half of this 50-year period, warming from 1961-1990 is considerably less than half
of the warming determined for 1965-2015 for many of the datasets. The only excep-
tions are NCEP/DOE AMIP-II Reanalysis and GISS 30°-31°N, 78°-79 which shows a
cooling for 1961-1990. However, a considerable degree of uncertainty persists for the
temperature changes determined from the latter dataset as data reach back to 1979 and
therefore linear regression lines were fitted to less data and temperature changes had
to be extrapolated. For the period 1965-2015 all calculated temperature changes (table
3.3) are positive. 20th Century Reanalysis V2 and the two RCPs lead to very similar
results with ~ 1.45K warming for this period. It is expected that the RCPs will show
near identical results for the historical period, because the model runs are tuned to the
same historical observations. It is only towards the mid-21st century that the modelled
temperatures start to diverge as a result of different emission scenarios (see fig. 3.10).
Other studies presented similar past temperature change values for the Himalayan re-
gion as those derived for the two RCPs. Bolch et al. (2012) determined a warming of
0.03K per year for the Mount Everest region for the period 1959-2007 meaning an over-
all temperature increase of 1.44K for this 48-year long period. Bhutiyani et al. (2007)
stated a warming of 1.6K for the northwestern part of the Indian Himalayas during
the last century with minimum temperature rising at a lower rate than the maximum
temperature. Furthermore they found that real warming has started at a modest rate
in the decade of 1961-1970 and continued till the end of the investigated period with
an exception of the decade of 1981-1990. Warming rates appeared to be higher for
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Table 3.3: Change in mean annual temperatures for different time frames. The tempera-
ture differences are given in [K] and were derived from linear regression lines fitted to the
different datasets for the time frames given.

Data source 1950-2000 1965-2015 1961-1990 Data time span
20th Century Reanalysis V2 1.01 1.45! 0.65 1871-2010
GISS 30°-31°N, 78°-79°E —0.27 0.39 —0.46 1881-2016
GISS station data New Delhi —0.24 0.93 0.37 1931-2016
NCEP/DOE AMIP-II Reanalysis 0.52'2 1.60" 1.04"2 1979-2016
NCEP/NCAR Reanalysis —0.58 0.72 0.06 1948-2016
RCP4.5 0.57 1.44 0.55 1861-2100
RCP8.5 0.55 1.45 0.56 1861-2100

the period 1991-2002 (Bhutiyani et al., 2007) compared to previous decades. These
observations made by Bhutiyani et al. coincide well with the observations made in this
thesis.

Table 3.4 shows the temperature changes calculated for ground based station data.
The results are wide spread and especially data for Mukhem do not seem to be trust-
worthy as negative temperature trends were computed for all periods. The very high
temperature change of 1.8 K at Dehradun for the period 1965-2015 appears to be re-
markable when compared to the low temperature changes for the other two periods
(0.01K for 1950-2000 and 0.06 K for 1961-1990). However, as Dehradun experiences
a phase of strong growth after becoming the capital of the newly established state
of Uttarakhand in 2000 with a resident population growth of about 114% from 1991-
2011 (Singh et al., 2013), this could be an explanation for the calculated temperature
changes. Nevertheless, Singh et al. (2013) derived a temperature increase of 0.43K
for the period 1967-2007 for Dehradun which questions the reliability of the station
data available in this thesis. Mukteshwar which is located in Uttarakhand in the lower
Himalayas at an elevation of 2284m shows a negative temperature change of —0.4K for
1950-2000 and an increase of 1.4K for 1965-2015 which is very close to the temperature
changes determined for the RCPs and the 20th Century Reanalysis V2 dataset for this
period.

The future glacier evolution model (described in section 3.3) uses projected temper-
atures for the two RCP scenarios. Therefore, RCP temperature trends determined for
the period 1965-2015 were used as past temperature change input. In addition, derived
RCP temperature trends were similar to those determined by other studies as men-
tioned above. Fig.3.10 illustrates the temperature datasets for the two RCP scenarios.
Until 2030, RCP4.5 and RCP8.5 show very similar temperatures. Afterwards, RCP8.5

!Temperature change is extrapolated beyond the data span based on the linear regression line.
2Less than half of the years in this period are covered by data.
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3.3 Future glacier evolution

Table 3.4: Evolution of mean annual temperatures for different time frames for ground
based weather stations. The temperature differences are given in [K] and were derived from
linear regression lines fitted to the different datasets. Data were analysed in India.

Station Coord. Alt. [m] 1950-2000 1965-2015 1961-1990 Data time span
Dehradun 30.32°N/78.02°E 643 0.01 1.83 0.06 1929-2013
Mukhem - - —-1.73 —1.30 —0.23 1957-2007
Mukteshwar  29.47°N/79.65°E 2284 —0.40 1.42 0.11 1901-2013

is characterised by a faster warming which lasts until the end of this century. RCP4.5
in contrast presents the same rate of warming between 2000-2065 with a subsequent
flattening of the curve and a temperature increase of only ~ 0.3K afterwards until
2100. The overall temperature increase until 2100 compared to the reference period of
1986-2005 is ~ 3.3K for RCP4.5 and ~ 6.7K for RCP8&.5 respectively.

temperature anomaly [K]
w

4 . . . .
1850 1900 1950 2000 2050 2100
year

Figure 3.10: Temperature anomalies (reference period: 1986-2005) for 30°-31°N and 78°-
79°E as modelled for the RCP4.5 and RCP8.5 (IPCC, 2013). The data were smoothed
with a Savitzky-Golay filter.

3.3 Future glacier evolution

The modelling of future glacier thinning gives indication about the time frame when
glaciers will have retreated to the position of future glacier lakes. The position and
extent of the lakes can be modelled with GlabTop (Paul and Linsbauer, 2012) but not
their time of occurence. It is the scope of this master thesis to develop on this research
gap. The knowledge of the time frame of occurence is valuable for the planning of
mitigation measures and the allocation of ressources.

Different warming scenarios were taken into account. On the one hand RCP4.5 from
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the IPCC report (IPCC, 2013) was considered as a middle warming scenario, on the
other hand RCP8.5 was used as the worst case warming scenario. As many uncertainties
persist in future glacier evolution modelling, only the decadal time frame was of interest
for the determination of future lake development.

3.3.1 Methods

This thesis follows the approach of Linsbauer et al. (2013). First, ice thickness has
to be modelled for each glacier cell. This is done by applying the GlabTop model
which assumes ideal plasticity of ice neglecting basal sliding. It uses local surface slope,
total vertical extent and basal shear stress to calculate local ice thickness (Paul and
Linsbauer, 2012; Cuffey and Paterson, 2010). The basal shear stress 7 is derived from
the elevation range Ah of a glacier as follows:

7 = 0.005 + 1.598Ah — 0.435AR> (3.1)

If the elevation range exceeds 1.6km 7 is set to a constant value of 150kPa. The
calculated shear stress 7 can then be used to determine the ice thickness d using the
following formula:

T

where p is the density of ice (900 kg/m?), g the gravity acceleration (9.81m/s?) and
f the shape factor (a value of 0.8 is used for the GlabTop model (Paul and Linsbauer,
2012)). Two versions of the GlabTop model exist. For this thesis the original version
was used which uses a DEM, current glacier outlines and additionally digitised branch
lines as input. The result can be seen in Fig. 3.11.

In a next step, the future lowering of surface elevation was calculated for each cell de-
pending on its DEM value using the thinning gradient derived in section 3.2.2. Thereby,
the elevation change was subtracted from the current ice thickness. At the same time,
the new elevation of the cell in the DEM was calculated. This leads to a feedback
where glacier melt results in lower elevations of glacier ice at the same position and in
consequence this leads again to intensified glacier melt. As soon as the ice thickness of
a cell was below zero after the subtraction, the ice thickness was set to zero and the
glacier has disappeared at this position.

The thinning gradient was determined only for glacier tongues (see section 3.2.1).
Therefore, it was applied up to the elevation where elevation change equaled zero. For
higher altitudes no information about elevation change was available and therefore no
elevation changes were modelled for these parts. Considering, that we have positive
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Figure 3.11: Ice thickness in 2015 and the position of future lakes modelled by the GlabTop
model using ASTER GDEM (left) and SRTM (right) as input. Results for ASTER show
lower ice thickness values with a maximum thickness of 268m. Ice thickness calculated for
the SRTM dataset ranges up to 327m. For Dudhganga Glacier remarkably higher values
were calculated using the SRTM DEM. The number of lake is higher for ASTER but their
size tends to be smaller than for SRTM.

mass balances in the accumulation zone but also subsidence and melt of snow, the
assumption that elevations of higher positioned ice cells remain the same, seems to be
justified. There is no justification for using a quadratic function of elevation decrease
above a certain elevation as done by Linsbauer et al. (2013) because data are simply
missing and also the climatic and environmental setting of the Himalayas is different
compared to the Alps.

A linear thinning gradient was selected which shows decreasing elevation change
with increasing altitude. As v2 of the plane approach delivers the most reasonable
results (see section 3.2.1), its thinning gradient was used for modelling future glacier
evolution. The reason for the choice of a linear gradient was the way of coupling the
thinning gradient to climate warming. A parallel shift of the gradient with climate
warming was implemented. This is in accordance with the observation that spatial
distribution and therefore also the elevation gradient of specific mass balances remains
highly similar over several years and shifts only depend on the weather circumstances
of a specific year (Singh et al., 2011).

For this reason, the approach was adapted by two points: First, the same elevation
change was attributed to different time steps depending on the warming scenario used
as implemented by Linsbauer et al. (2013). This was realised by adapting the number
of iterations of elevation change being subtracted from the DEM and the ice thickness.
The number of iterations was adjusted by multiplying the number of modelled years
with a factor consisting of the division of T'gyt/tryt and Tpast/tpast- Secondly, it was
accounted for the fact that warming climate leads to intensified ice and snow melt and
as the form of the thinning gradient was assumed to not change strongly (Singh et
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Figure 3.12: Elevation change gradient as implemented in the future modelling part (left).
The gradient shifts by 150m for a temperature increase of 1K. The right plot shows the
area-altitude distribution and the specific mass balance for the Nigardsbreen Glacier in
Norway, 1963-1964 (reproduced from Cuffey and Paterson (2010)). The profile of the
specific mass balance is close to linear justifying the use of a linear thinning gradient for
modelling future glacier evolution. However, it should be noted that Nigardsbreen is a clean
ice glacier and glaciers in Bhilangna valley show debris cover. Therefore differing forms of
the thinning gradient may be expected (see section 2.1.2 and 3.2.1 for further information).

al., 2011), a parallel shift of the thinning gradient was implemented. The shift of the
thinning gradient was defined so that a 1K temperature increase induced a rise of the
ELA by 150m meaning that after 1K warming the same amount of elevation change
can be found at an elevation 150m higher than initially. The value of 150m/K is based
on the ELA increase triggered by temperature increase as determined by Kuhn (1981).

Transferred into an equation the thinning Ae at iteration ¢ is defined as follows:

T toeri .
m - ei—1 + ¢+ Giner + (Prise - % : %md) i (—=m)

with m being the regression slope, e the elevation, ¢ and giner constants (giner changes
during the modelling therefore it is separated from q), hyse the elevation increase of
the ELA per 1K warming, % future temperature increase per time frame, tperioq the
modelled time step, n the n&mber of iterations during this time step, i the iteration
number and ¢ the time frame of the past thinning gradient which is in this case 47 years
(1968-2015). The variables used were for ASTER m = —0.0166 and ¢ = 95.322m and
for SRTM m = —0.006 and g = 45.521m.
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3.3 Future glacier evolution

Figure 3.13: Future glacier ice thickness and extent in the Bhilangna Valley for the warm-
ing scenario RCP4.5, in year 2045 (left) and 2095 (right). Glacier evolution was calculated
with an adapted version of the model proposed by Linsbauer et al. (2013).

3.3.2 Results

Fig. 3.13 shows the future glacier evolution for the RCP scenario 4.5. As half of
the warming has already occured after 30 years the situation after this time step and
the final state for 80 years is illustrated. It can be observed that little change in
glacier extent occures compared to the state in 2015 (fig. 3.11), glacier retreat being
most visible for smaller unnamed glaciers with low ice thicknesses. Between 30 and
80 years the tongue of Satling Glacier shrinks. Furthermore, ice thickness decreases
on all glaciers. This is well visible for example on Dudhganga Glacier or around the
confluence on Khatling and Phating Glacier. The thickness loss, which in this thesis is
always in reference to the ice thickness in 2015, ranges after 30 years between Om for
sites above 6000m situated just below the heighest peaks in the catchment such as for
example below Thaley Sagar, Bhartekhunta or on the northeastern flank of Jaonli and
up to 29m at the lowest elevations on Phating Glacier tongue. Up to the confluence
with Bhartekhunta Glacier, Phating Glacier shows thinning values of 29m to 22m. At
the tongue of Khatling Glacier a thinning of 27m was modelled. For the state after
80 years, elevation decrease is up to 54m on Phating Glacier tongue with a value of
43m around the confluence with Bhartekhunta Glacier. The tongue of Khatling Glacier
thinned up to 49m and 32m can be found around the confluence between 4700m and
4800m. Even the heighest elevations experienced thinning in 80 years although the
value of 1m is negligible. The whole future evolution of glaciers for RCP4.5 can be
consulted in fig. 5.4 in the appendix.

Larger changes of glacier extent and ice thicknesses can be observed for the RCP
scenario 8.5 (fig. 3.14). Already after 40 years Phating Glacier tongue appears to be
disconnected from its current accumulation zone as the ice thickness was low in this
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70 Figure 3.14: Same as fig. 3.13 but for RCP8.5 and the years 2025-2095.



3.4 Lake exposition to gravitational impact and overall GLOF hazard

steep section of the glacier. The connection between Bhartekhunta Glacier and Phating
Glacier tongue still exists, however, Bhartekhunta has shrunk remarkably. After 50
years the lower part of the Khatling Glacier tongue becomes isolated from the rest of
the glacier. The tongue of Satling Glacier has disappeared completely. By the time of
60 years most of the small unnamed glaciers do not exist anymore and the tongue of
Khatling Glacier has retreated below the confluence (above the bump) at an elevation
of around 4600m. For Phating Glacier only the upper part of the glacier tongue remains
as well as some disconnected glacierised areas at the heighest elevations. Bhartekhunta
Glacier has mostly vanished; only ice patches are left. Jogin Glacier is splitted into two
and Ratangrian Glacier into numerous parts. In 70 years even the tongue of Phating
Glacier has disintegrated. Dudhganga Glacier appears separated from its former tongue
and also Khatling Glacier shows zones of separation where steeper terrain is present.
In 80 years time a large part of the present glacierised area has disappeared, larger
ice accumulations being found only for Khatling and Dudhganga Glacier. However,
some ice patches from Jogin, Ratangrian and Phating Glacier persist. Concerning
ice thickness loss, up to 30 years values are comparable to those of RCP4.5 as the
evolution of RCP temperatures until this point is similar. In this way the minimum
thinning is Om and the maximum 38m though only 9m difference to the values of
RCP4.5 (30 years). After 50 years maximal thinning is already 81m measured for
Phating Glacier tongue. The tongue of Khatling Glacier has experienced an elevation
decrease of around 75m. At the heighest altitudes Khatling Glacier has lost between
2m and more often around 20 — 25m; close to the confluence the values range around
50m. Glacier surface of Jogin and Ratangrian Glacier has been lowered between ~ 20m
and ~ 45m, those of Dudhganga Glacier between ~ 30m and ~ 55m. The greatest
differences in ice thickness loss shows as usually Phating Glacier with its large elevation
extent. Here, elevation decrease was 1m to ~ 35m in the upper part and ~ 60m to 81m
for the glacier tongue. Elevation change values for 80 years depict more or less the ice
thickness in a smoothed way with the heighest values around the confluence of Phating
and Bhartekhunta Glacier. Here, ice loss amounts to 139m. On Khatling Glacier
thinning around the confluence ranges between ~ 100m and ~ 110m and between
~ 60m and ~ 80m for upper parts of the glacier which are still present in 80 years.

3.4 Lake exposition to gravitational impact and overall GLOF
hazard

The presence of glacial lakes produces a hazard for downvalley living population and
infrastructure. Besides factors which determine the dam stability (such as dam ge-
ometry and composition), also the probability of mass movements impacts into a lake
plays an important role whether a lake is more or less prone to generate a GLOF. In
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this thesis this aspect was examined by calculating the topographic potential for lakes
emerging at a certain point in time. In this way, the overall evolution of the changing
hazard for the Bhilangna valley could be studied.

3.4.1 Methods

The concept of topographic potential includes two components: on the one hand, the
potential of rock or ice to detach, on the other, the potential for these generated rock
and ice avalanches to reach a glacial lake (Allen et al., 2016b). The first component
can be approximated by the calculation of slope, the latter by the angle of reach. A
threshold of 30°was applied to select areas where ice and rock potentially detach. For
the angle of reach a value of 25% (~ 14°) for rock and 31% (ca. 17°) for ice avalanches
was chosen (Huggel et al., 2004b).

The hazard at a certain point in time was evaluated for each lake individually. In
order to achieve this, the lakes modelled by the GlabTop model (see section 2.3.2 for
more information on modelling potential future lake positions) were overlayed with the
ice extent of a specific decade and where no overlap was present, these lakes were re-
garded as having emerged. These lakes served as pour points in the following watershed
calculation. The trajectory slope was calculated as the fraction of the elevation differ-
ence between pour point and the DEM value of a cell and the flowpath length. The
trajectory slope values were calculated only for areas where the slope exceeded 30°. The
selection of cells based on their trajectory slope value (rock: cells with a value > 0.25;
ice: cells with a value > 0.31) delivered a subset of cells where mass could potentially
detach and reach the lake. Therefore, the simplest approach to classify the exposition
of a lake to gravitational impact was to build the sum of all trajectory slope cell values
within a lake watershed. This results in high values if a large area is considered to
potentially generate mass movements or if steep ice or rock walls surround the lake at
close distance which automatically leads to high trajectory slope values.

In order to quantify the GLOF hazard posed by a lake it is also necessary to incorpo-
rate the lake volume. As the GlabTop model delivers a depth value for each lake cell the
lake volume was computed by summing up all lake depth values and multiplying them
with the cell area. Where no depth values were available which was the case for current
lakes (not modelled by GlabTop) the lake volume was approximated by applying an
area-volume-relation equation (Huggel et al., 2002):

V =0.104A%42 (3.4)

with V' being the volume and A the area of the lake. The probability of mass
movement entering the lake and the magnitude of a potential GLOF were then classified
in five classes ranging from ’very low’ to 'very high’ expressed as numbers from 1 (=
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very low) to 5 (= very high). The probability was parametrised by the sum of the
trajectory slopes of potential starting zones for ice and rock avalanches; the magnitude
by the lake volume. It has to be noted, that a lake does not have to drain completely in
the case of a GLOF and therefore the parametrisation of the GLOF magnitude by lake
volume is a rough approximation and represents the worst case. The classification is
based on natural breaks classes calculated for RCP8.5 for the latest stage of the analysis
period (80 years). Natural breaks is a statistical procedure that groups the values in
a way that internal differences of classes are minimised and differences to other classes
maximised (Wikipedia, 2016).

The hazard posed by a lake was evalu-

5 4 5 = very high ated by adapting the risk concept devel-
24 2 | 4 4 = high ope.d by Raetzo et. al. (2002). There, 'tyvo
2 3 313 bala 3 = medi variables are considered: the probability
% = medium and the magnitude. In contrast to Raetzo
£ 2 3|3 P& 2=low et al. not the probability of an event is

1 3|3 1 =verylow used but the probability of mass move-

1 2 3 4 5 ment impacts into the lake. The imple-

probability mentation can be seen in fig. 3.15. The
Figure 3.15: Hazard concept: Magnitude is final GLOF hazard is calc‘ulated as the
parametrised by the lake volume and probabil- rounded mean of the magnitude and the
ity by the sum of all trajectory slope values probability level. It is important to con-
within a lake watershed, indicating the prob- sider that the classification made is only
ability of mass movement impacts into the lake. yalid for the study area of the Bhilangna
The concept lwas adapted based (in the hazard Valley and the hazard values here cannot
concept developed by Raetzo et al. (2002). be transferred and compared to rankings

from other studies.

3.4.2 Results

At present, several lakes exist in the Bhilangna Valley most of them are located either
around Shastru or around Masuri Tal (see fig. 2.5). All of these lakes are situated
at positions where the probability of mass movements entering these lakes is low (2
lakes) or very low (10 lakes). A different value range can be observed for the volume
classes. Here, all levels are present (very low: 5 lakes; low: 3 lakes; medium: 1 lake;
high: 2 lakes; very high: 1 lake). This leads to overall GLOF hazard levels which range
between very low and medium. Two lakes could be inspected during field work and
to give an overview what the classification means transferred into reality, pictures are
shown in fig. 3.16.

The lake situation after 30 years assuming a medium climate warming scenario is
given in the left image of fig. 3.17. In comparison to the initial state five new lakes

73



3 Practical part

Figure 3.16: Modelled trajectory slopes for two lakes visited in May 2016 (top left), the
cross indicating the approximate position from which pictures at the right were taken.
Areas with high trajectory slope values are marked with an ellipse (top left) and the cor-
responding position of these areas is marked in the pictures (top right and bottom right).
The smaller lake (top left and bottom left) belongs to the volume class 2 (= low) and the
impact probability class 1 (= very low), arrows mark the position of tents indicating the
proportions. The larger lake belongs to volume class 3 (= medium) and impact probability
class 2 (= low).

have emerged (the initial state is identical with the state after 10 years which can be
consulted in fig. 5.5 in the appendix). All new lakes are located at glacier termini
of 2015 which means that an elevated level of uncertainty is inherent concerning their
development. This is due to possible GlabTop modelling artefacts and because GlabTop
averages slope in 50m elevation bins even if glacier boundaries are exceeded at the
glacier termini (Allen et al., 2016b). All new lakes have low volumes most of them only
several thousands m?. The largest lake can be found south of Dudhganga Glacier with
a volume of 100800m? which belongs to the volume class 2, all other lakes are in class
1. In contrast, the impact probability for the lake at Khatling and Phating Glacier
tongue is high leading to a final medium GLOF hazard value for these lakes. After 80
years four new lakes will have emerged compared to the situation after 30 years: one
lake below Maiali (5097m), one below Kairi (5435m), and two next to Masuri Tal (see
fig. 2.5 for place names). However, it is probable that the current lake at Masuri Tal
will be connected with the future lower lake. Lakes which were present after 30 years
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Figure 3.17: Future GLOF hazards posed by emerging glacial lakes in the Bhilangna Valley
for the warming scenario RCP4.5, in year 2045 (left) and 2095 (right). Points indicate
lake positions and the colour the related GLOF hazard. Hazard levels are based on the
probability of mass movement impacts into the lake and the lake volume. Watersheds (gray
outline) show the upstream area where flow is directed towards the lake. The trajectory
slope values indicate the angle derived from the flow path length and the elevation difference

between lake and potential starting zone of a mass movement. For more information on
trajectory slope values and the calculation of the GLOF hazard see section 3.4.1.

have grown and their volume ranges now between 83700m? and 158400m>. For newly
developed lakes between 30 and 80 years volumes span a larger range from several
thousands m? up to 155700m? for the lake below Maiali. Due to lake growth also
watersheds have changed for some of the lakes and water bodies get closer to potential
source areas of mass movements. This is the case for example for the lake north of
the confluence of Phating and Bhartekhunta Glacier, lake 130 (see fig. 5.7 for lake
numbers) which changes its impact probability class from very low to high between 30
and 80 years in future. Similarly, the probability of mass movements impacting the
lake south of Phating Glacier tongue, lake 252 (fig. 5.7), rises between 30 and 80 years
from a very low to a medium level. Together with the higher volume this leads to an
overall increase in the GLOF hazard level for these two lakes from very low to medium.

For RCP8.5 lake development proceeds at considerably higher rates than for RCP4.5
(fig. 3.18). Already after 40 years the state of the lakes is the same as for RCP4.5
after 80 years. During the first decade no change occurs. After 20 years three new
lakes have developed, one at Phating Glacier tongue, one at the glacier terminus of an
unnamed glacier south of Phating Glacier (lake 252) and the last at an unnamed glacier
tongue south of Dudhganga Glacier (lake 317). Medium GLOF hazard is the highest
hazard level which can be found for this period, new lakes covering all hazard levels
from very low to medium. Their volume is still very low so the low and medium GLOF
hazard has to be attributed to medium and high impact probability. After 30 years
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lake 317 changes its GLOF hazard class from very low to low due to volume increase.
Furthermore three new lakes have emerged: the lake below Maiali, lake 130 and a lake
at the front of Khatling Glacier. The two latter lakes and the lake at Phating Glacier
tongue have all a very low volume but are highly susceptible that mass movements
enter them. Especially in the watershed of lake 130 the probability of descending ice
avalanches seems to be high as steep glacier ice is situated in the mountain flank above
the lake. The situation after 40 years changes slightly compared to 30 years. A new
lake is situated below Kairi, two new lakes are located close to Masuri Tal and the
lake below Maiali and lake 252 have changed their GLOF hazard class due to volume
growth. In terms of lake existence and the GLOF hazard classes the situation for
RCP8.5 after 40 years is identical to the situation for RCP4.5 after 80 years. However,
lake volumes are definitely larger for RCP8.5 (up to 63000m? more). Two additional
lakes are present after 50 years, one situated northeast of the confluence of Khatling
and Sangli Glacier, the other east of lake 253 at an unnamed Glacier. For the first time
a lake with a high GLOF hazard level can be found in the catchment which is lake 130.
Its hazard increased due to the simultaneous increase of volume and impact probability.
The impact probability is now very high and the volume at a medium level. As can
be observed the watershed area has grown due to the lake area increase. This in turn
leads to the heightened opportunity of mass movements reaching the lake. Although
the glacier above lake 130 has retreated remarkably its upper parts are still present
posing a serious ice avalanche hazard. In 60 years, lake 130 has grown so far that it is
attributed to the volume class high and therefore the overall GLOF hazard level for this
lake changes to very high. Its volume is 592200m3. New lakes in 60 years have emerged
at the tongue of Jogin Glacier, a second lake at the former position of the Khatling
Glacier tongue and another lake upstream of lake 252. The change between 60 and
70 years is remarkable: in total 8 new lakes have developed during this decade. Two
of them are situated where the former unnamed glacier south of Khatling Glacier was
located, one emerged above and one below the bump in the bed of the former Khatling
Glacier tongue. Three of these four lakes belong to the low GLOF hazard class, the
lake situated below the bump shows a medium hazard level. Further new lakes can be
found at the ancient position of Ratangrian Glacier (lake 128), another one west of lake
130 (lake 135), one below the confluence of Phating and Bhartekhunta Glacier and the
last at the place liberated by Bhartekhunta Glacier (lake 215). All these lakes have
very low volumes but their surroundings are rather steep and though the probability of
mass movement impacts is high leading to an overall medium GLOF hazard. Another
observation is that the glacier above lake 130 has disappeared completely in 70 years
though no ice avalanches only rock fall and rock avalanches can enter lake 130 at this
point in time. Between 70 and 80 years again numerous lakes develop. Many of them
are situated in the area vacated by the Dudhganga Glacier, Jogin Glacier, Satling and
Sangli Glacier. Overall 11 new lakes have emerged but most of them show low or even
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Figure 3.18: Same as fig. 3.17 but for RCP8.5 and the years 2025-2095 77
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very low GLOF hazard levels. The probably most interesting development during this
last decade is the change of the hazard class of the lakes 128, 135 and 215 which now
show a high hazard level. Lake 215 (former Bhartekhunta Glacier) has grown rapidly
skipping a volume class and belonging to the the medium sized lakes now. But also
its impact probability level has increased due to lake growth. As the watershed of the
lake remained the same higher trajectory values must be the cause for this class change.
Even more rapidly than lake 215 has grown lake 128 (former Ratangrian Glacier) which
changed from volume class 1 to class 4 between 70 and 80 years. The impact probability
class remained the same being high at both stages in time, however, as can be seen in
fig. 3.18, surrounding potential source areas are more red than for 70 years indicating
higher trajectory slope values. Increasing trajectory slope values due to lake growth
can be well observed also for lake 135 where a steep mountain flank is located above
the lake which shows a color shift to red between 70 and 80 years. But just as lake 128,
lake 135 did not change its GLOF hazard class because of its impact probability class
but because of its volume growth. Now this lake belongs to the medium volume class.

In summary, the lake development for RCP8.5 seems to accelerate after 60 years.
Particular attention should be paid to lake 130 which represents a high GLOF hazard
in 50 years and a very high hazard in 60 years. The state in 80 years shows many lakes
with a medium to very low GLOF hazard, however, three lakes with a high level and
one with a very high level are present. Increasing GLOF hazard levels are the result of
rising impact probabilities as well as volume growth.

3.5 Downstream hazard

A high magnitude GLOF can be a low risk if it occurs in a remote region without
infrastructure and population. In contrast, a low to medium magnitude GLOF can
already cause substantial damage if infrastructure, cultivated land or populated areas
are crossed by its path. Therefore, it is necessary to evaluate the potential flow path
of a GLOF in order to estimate the exposition of a site to such a debris flow event. In
the case of the Bhilangna Valley, this was done for the locations of current and future
hydropower stations. Again, the temporal evolution was examined to inform about the
point in time when these infrastructures could be exposed to a future GLOF.

3.5.1 Methods

The scope of this thesis was to give a broad overview and a first order assesment of
the future GLOF hazard evolution. This is the reason, why the Modified Single Flow
(MSF) model was used to determine potential flow paths. The MSF model (Huggel
et al., 2003) is based on the D8 single-flow-direction model (O’Callaghan and Mark,
1984) which routes the flow along the steepest descent. As debris flows, rock and ice
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avalanches deviate from the direction of the steepest descent a spreading function was
implemented in the MSF model which allows horizontal diversion of flow up to 45°from
the central flowline which follows the steepest descent (Noetzli et al., 2006).

To account for the different GLOF hazards posed by the various lakes, the modelled
MSF paths were weighted by the lake hazard value. Hence, a modelled GLOF origi-
nating from a lake with an overall hazard value of 3 (= medium) received this value
as an attribute and it was assigned to all cells affected by the modelled debris flow. In
this way, the lake volume figured at least indirectly in the results as it was included in
the lake hazard value. However, it should be considered that actual flow dynamics of a
mass movement are dependent on volume and that this aspect was not included in the
MSF modelling part. Instead, a single angle of reach of 11°was used as a maximum
runout criterion for all GLOFs modelled as debris flows and 3°for GLOFs modelled
as floods. These numbers were derived by Haeberli (1983) and are commonly used to
model worst case runout distances.

In order to account for the increasing probability of a site being affected by a GLOF
if a higher number of lakes are located upstream in the catchment, the MSF paths of all
lakes were overlaid. The sum of these weighted paths was computed and provides an
indication about the exposition of a site to a future GLOF. In particular hydropower
stations can be affected by a GLOF due to their proximity to river channels. Therefore,
a timeline of the changing hazard was established for current and planned stations
located in the Bhilangna Valley. Further points along the river channel were added
upstream to increase the level of detail of the downstream hazard evolution with the
first point being placed at a comparable position as Kedarnath in the neighbouring
valley (Kedarnath and Pgy,, are both 1km downstream to the closest current glacier
tongue, Kedarnath at an altitude of ~ 3540m and Pgy,, at 3631m). The location of
points and hydropower stations is represented in fig. 3.24.

3.5.2 Results

Fig. 3.19 shows the MSF model results for the current state. The numbers are dimen-
sionless and represent only a relative susceptibility of sites being affected by a GLOF.
East of Shastru (5150m) three lakes could generate a debris flow descending to Bhi-
langna River. In 2km distance from their source at an approximate altitude of 3800m
all paths overlay each other and are channelised. After reaching the Bhilangna River
all debris flows travel for another 5km downstream where the mass movement of the
lake with the medium GLOF hazard stops, the debris flow from the low hazard lake
continues 300m further downstream and the GLOF propagation of the very low hazard
level lake ceases after a total distance of around 6km. These model results appear to
coincide well with reality as past debris flows seem to have stopped approximately at
these locations not far upstream of Gangi (fig. 2.3). GLOF's triggered at lakes north
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Figure 3.19: Potential of cells being affected by a current GLOF (modelled as debris
flow) in the Bhilangna Valley. Values represent the sum of all weighted MSF paths which
were overlaid. Therefore they are unitless and give only a comparative measure of the site
exposure to potential GLOFs. The box marks the area where changes in MSF paths are
expected to occur in future and shows the enlargement for fig. 3.21 and 3.22.

of Shastru will travel to another valley where rivers finally drain to Bhagirathi River.
The disrupted debris flow paths which can be observed in this region are due to the
fact that the trajectory slope rises from below 11°above this threshold again. It is an
artefact of the model implementation, however, it can be argued that erosion occurs
for the modelled areas and where a disruption is present the GLOF will still continue
as a flood downstream. This is reasonable as transformations of debris flows to floods
and vice versa can be observed in nature. Fig. 3.23 and 3.24 show that there is indeed
a continuous propagation of GLOFs if the model is run for a flood and a debris flow.
The most susceptible areas to debris flows at current stage are located downstream of
Masuri Tal and at and below the confluence with Bhilangna River. Fig. 3.20 shows the
lower section of these potential GLOF path areas in May 2016 for a vast sediment filled
plain. It is possible that many debris flows will already stop in this plain due to the
low gradient. Downstream hazard values range up to 9 at these locations as flow paths
of four lakes overlay each other. The exposure to potential GLOFs originating from
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Figure 3.20: An upstream and a downstream view of the area below Dudhganga Glacier
and Masuri Tal affected by potential debris flows. The approximate position where pictures
were taken and the view angle is given in the small image at the top right corner.

lakes situated around Masuri Tal starts to diminish close to Tambakund and no GLOFs
should propagate to Bhumka, located approximately 1km downstream of Tambakund
(see fig. 2.5 for place names). Another current lake (lake 508, see fig. 5.7 for lake
numbers) is situated west of Maiali but its hazard is very low and therefore also sites
within the modelled path have a very low likelihood of being affected by a GLOF.
Fig. 3.21 illustrates the evolution of downstream affected areas by GLOF paths in
30 and 80 years for a medium warming scenario RCP4.5. Sites downstream of Masuri
Tal are negligibly more exposed (value increase of two due to the appearance of a new
lake). A new MSF path emerges for the lake south of Phating Glacier tongue (lake
252) and for lake 130 north of the Phating and Bhartekhunta Glacier confluence. The
former shows a continuous propagation in direction of Phating Glacier where its path
is deviated to the southwest due to the present lateral moraine. At the valley bottom
it joins the Bhilangna river rising slightly in this way the exposure of these sites and
travels further downstream until Bhumka where it rejoins the path of lake 508 for
another 200m and stops. For lake 130 a GLOF would not propagate very far due to
the flat surrounding. Although lakes have also emerged at the front of Khatling and
Phating Glacier debris flows do not propagate as the progracial area is flat. After 80
years new MSF paths emerge together with the new lakes. At Masuri Tal two very
low hazard lakes could generate debris flows which would most likely stop in the vast
plain shown in fig. 3.20. However, their flow path would have to travel through rather
flat terain first. Further new affected areas appear downstream of a lake below Maiali
(5097m) its path running to the same position as the MSF path of the current lake
508 (west of Maiali). The new lake below Kairi (5435m) shows a low hazard and a
debris flow triggered here could travel down until Bhumka. Due to the lowering of
Phating Glacier also the travel distance of the MSF path of lake 130 increases slightly
(fig. 3.21). The overall heighest increase in downstream hazard values between 30
and 80 years can be registered for the area along the Bhilangna River channel between
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Figure 3.21: Potential of cells being affected by a future GLOF (modelled as a debris
flow) in the Bhilangna Valley for the warming scenario RCP4.5, in year 2045 (left) and
2095 (right). The paths were modelled with MSF. Downstream hazard values represent the
sum of all weighted MSF paths which were overlaid. Therefore they are unitless and give
only a comparative measure of the site exposure to potential GLOFs.

Khatling and Bhelbagi (see fig. 2.5 for place names). Here, values range between 5 and
16 and increased by 4 to 7 during this 50 year period.

For the worst case warming scenario RCP8.5 downstream hazard increases more
rapidly (fig. 3.22). Similarly as for the lake development the downstream hazard
situation after 40 years considering RCP8.5 appears quasi identical as for RCP4.5 after
80 years. The main change between 10 and 40 years includes the new MSF paths
originating at lake 252, at the lake below Maiali and at the lake below Kairi which
appear after 20, 30 and 40 years respectively. Additionally, lake 130 emerges after 30
years together with the ongoing downstream hazard. In 50 years the appearance of
the lake north of the confluence of Sangli and Khatling Glacier leads to new affected
areas along the Khatling Glacier and in the liberated bed in front of its snout. This
debris flow could potentially travel up to 6.5km downstream of its source, however,
the lake has a very low GLOF hazard. Another lake positioned south of the Phating
Glacier tongue and east of lake 252 could generate a GLOF with a modelled MSF
path continuing downstream for 5.9km up to the MSF paths coming from the valley
of Masuri Tal where it stops. A slight increase can be observed in the runout distance
of a debris flow triggered at lake 130 between 40 and 50 years. After 50 years a new
lake emerges upstream of lake 252 and therefore the exposure along the path of lake
252 increases by a small amount. Furthermore, a debris flow initiated at the new lake
could travel up to 570m more downstream than one starting at the lower lake 252. A
new modelled GLOF path appears also for a lake situated at the front of Jogin Glacier.
As terrain shows rather an evenly sloped or convex topography between the lake and
the liberated bed of Khatling Glacier a wide spread of possible debris flow trajectories
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Same as fig. 3.21 but for RCP8.5 and the years 2025-2095. 83
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is modelled. From the former Khatling Glacier bed downwards the flow is channelised.
The maximum travel distance of this mass movement would be down to the place
named Khatling (fig. 2.5) respectively close to the point where debris flow paths from
Masuri Tal join the Bhilangna River. A new lake has emerged 0.5km upstream of the
Khatling Glacier terminus in 2015. Although the potential of mass movement impacts
in this lake is high a debris flow would not propagate due to the surrounding flat
terrain. For the case of a GLOF originating from lake 130 the exposure of affected
areas downstream increased due to the hazard level change of the lake which is now
very high. After 70 years many sites register a higher susceptibility being affected by
GLOFs. Increased hazard levels of lakes are the cause, i.e. for lakes 260 and 249 which
now belong both to the medium hazard class, as well as the appearance of numerous
new lakes. West and upstream of lake 130 a new medium hazard lake is located which
could generate a GLOF with a 4.8km long trajectory path, exceeding the path of lake
130 by 2.2km further downstream. In the overlapping area the downstream hazard
increased. The lake situated within the former boundaries of Bhartekhunta Glacier
shows a medium hazard and its MSF path extends 2.9km downstream as the terrain
is rather flat. Interestingly no GLOF propagates from the lake which emerged after
the retreat of Ratangrian Glacier although downstream terrain is steep. The greatest
change in downstream hazard between 60 and 70 years occured in the former bed of
Khatling Glacier tongue. The GLOF paths of four new developed lakes overlap adding
a value up to 9 to the downstream hazard leading to an overall value of 11 at this
place. This value is comparable to downstream hazards measured in the valley below
Masuri Tal, around Khatling and between Tambakund and Bhumka. Higher values
are present only for the Bhilangna River section between Khatling and Tambakund.
Comparing the values here which range up to 19 with the value of 9 for the state in
2015 a doubling of the exposure of these sites will take place within the next 70 years.
During the eighth decade new lakes develop in the area vacated by Dudhganga, Satling,
Phating, Jogin and Sangli Glacier. Related to this the hazard increases or emerges
for corresponding downstream areas, i.e. within former boundaries of Satling Glacier
new terrain could be affected by a GLOF. A debris flow developing from a GLOF
event at lake 239 (former Satling Glacier area) could travel relatively far downstream
because of its high altitude position at 5000m. Its maximum runout can be found
close to Tambakund though at a distance of 8.8km from the source. The two new
lakes placed at the former position of Jogin Glacier show a very similar trajectory path
as their neighbouring lake which has emerged after 60 years. Therefore downstream
hazard increases uniformly for affected areas. A GLOF does not propagate from the
lakes located around Sangli Glacier. Overall, many of the exposed sites in 70 years
experience a rise in the downstream hazard by a value between 1 and 3 in 80 years.
The only exception is the section between Khatling and Tambakund. Here, a value
increase of 6 can be found due to new overlapping debris flow paths originating from
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lakes found at the former Dudhganga Glacier tongue, lake 239 (former Satling Glacier
area) and lake 258 (see fig. 5.7 for lake numbers). The section between Khatling and
Tambakund is also the area with the overall heighest downstream hazard after 80 years.
But also the downstream area of Masuri Tal shows higher hazard values.
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Figure 3.23: Same as fig. 3.21 but for RCP8.5 in year 2095 and the GLOFs are modelled
as floods. Results for two DEMs are shown: ASTER (top); SRTM (bottom).

Fig. 3.23 illustrates the downstream hazard for flood events using ASTER and
SRTM as the underlying DEM dataset. Glacier thinning, lake development and GLOF
hazard was also determined separately for ASTER and SRTM (SRTM results can be
consulted in fig. 5.3 in the appendix). Therefore the number of lakes differs between
the two datasets as can be seen in fig. 3.23. First of all, it can be observed that floods
can travel considerably further downstream than debris flows. For ASTER the flood
stops not far upstream of Ghansali, for SRTM it continues further down even entering
the water reservoir of Tehri dam (see fig. 2.3 for locations). Compared to debris flow
simulations the flood propagates also in flatter areas as can be seen for example for
the two lakes around Sangli Glacier in the zoomed section of fig. 3.23. Concerning
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the pattern, downstream affected areas are similar for ASTER and for SRTM. An
exception is the modelled flood from the lake located within the former Ratangrian
Glacier area. A MSF path appears for SRTM but not for ASTER. Another difference
between these two datasets is that MSF results for SRTM appear more smooth. In
general, downstream hazard values are higher for ASTER but this is primarily due to
the higher number of lakes.
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Figure 3.24: Locations of hydropower stations and points for the downstream hazard
evolution in the Bhilangna Valley. Hydropower station 5 is planned, stations 1-4 are con-
structed.

The temporal evolution of the downstream hazard for several points along the Bhi-
langna River (see fig. 3.24 for point locations) can be studied in fig. 3.25. Apparently,
downstream hazard increases with time for points upstream of Pis5yy,. The hazard val-
ues for Pisim and Py, stay constant during the next 80 years. This is due to the fact
that no debris flows generated at future lakes will travel far beyond Py and therefore
hazard remains the same for downstream areas. Pogimy is located beyond the reach of
modelled debris flow paths. It can be observed that downstream hazard values increase
more rapidly for RCP8.5 than for RCP4.5 for the first four points. During the first
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Figure 3.25: Future evolution of the downstream hazard from debris flows for different
points along the Bhilangna River for the years 2025-2095 (see fig. 3.24 for point locations).
Numbers are dimensionless, calculated as the sum of the overlapping weighted MSF paths.
Therefore they give only a relative estimate on the exposure of a site to a potential GLOF
compared to other sites.

20 years the evolution is identical for RCP4.5 and RCP8.5 where no changes occur for
Pokxm and Pqgkm and an increase is registered at Ps 5 and Pgiy. Then, after 30 years
downstream hazard values start to differ for the two warming scenarios. The decrease
in hazard which can be observed in the RCP4.5 curve for P 5y and Pgy, between
20 and 30 years can be ascribed to the downgrade of the GLOF hazard posed by the
lake 252. This in turn is caused by the watershed calculation which determines a much
smaller watershed extent in 30 years than in 20 or 40 years. As the DEM changes for
every decade watersheds may change as well. Considering RCP8.5, a remarkable in-
crease in downstream hazard seems to occur between 30 and 40 years for the first three
points. This is due to the emergence of a new lake (lake 229), the increased GLOF
hazard of two lakes (lake 252 and 342) and the longer runout distance of a debris flow
originating at lake 317 now reaching Pg 5. After 40 years the downstream hazard for
RCPS8.5 continues to rise for Pgrm, Poskm and Psiy, although for the latter two at a
slower rate. Between 70 and 80 years the RCP8.5 curves of the first two points steepen
the primary cause being the emergence of many new lakes. For Psy,, the hazard stays
constant after 70 years and for Pygiy, the value is already constant since four decades.
If temperatures of RCP4.5 are considered downstream hazard values are lower for the
same point in time than for RCP8.5. A remarkable change in the slope of the RCP4.5
curves for the first three points is situated at 50 years. The reason is the appear-
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Figure 3.26: Downstream hazard along the Bhilangna River for the scenario RCP8.5 in 80
years (year 2095). Results are shown for different DEMs (ASTER and SRTM) and different
mass movement types (flood and debris flow). Numbers are dimensionless, calculated as the
sum of the overlapping weighted MSF paths. Therefore they give only a relative estimate
on the exposure of a site to a potential GLOF compared to other sites.

ance of a low hazard lake between 50 and 60 years (lake 229). For Py, the hazard
stays constant afterwards, for Py s and Pgiy it continues to increase until 70 years.
Between 70 and 80 years downstream hazard values for RCP4.5 stay constant for all
points. Fig. 3.25 shows further that hazard may vary considerably along the channel of
Bhilangna River. Pg i, is the most exposed site to potential debris flows originating
from GLOFSs. Pgxm and Psyy, have a similar value range although downstream hazard
emerges later at Pgy, and if RCP4.5 is considered lower values are found for Pgypy,.
Piokm appears to be less exposed to debris flows emerging from GLOFs, even less than
Piskm and Pogi, located further downstream.

A similar pattern can be seen in fig. 3.26. Here, downstream hazard values of
all points and hydropower stations in 80 years are compared for different flood types
and different datasets. In the case of a debris flow the results based on the ASTER
and on the SRTM DEM show a very similar behaviour with differing values only for
P2 5km, Pskm and Pigwm. However, the general pattern of ASTER and SRTM results
ressembles each other strongly. The site with the heighest downstream hazard for
debris flows is Py 5i,. In contrast the lowest hazard in the upper section can be found
at Pign for ASTER as well as for SRTM and for points located at and downstream
of Posim no hazard persists that debris flows reach these sites. If a flood is considered
instead of a debris flow the situation of downstream hazard changes. Values increase in
downstream direction before the flood stops. Even if downstream hazard values differ
between ASTER and SRTM which is caused by the higher number of lakes present in
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the ASTER dataset the overall pattern still remains very similar. A rapid increase can
be observed between Py, and P 51, than a section follows where values increase less
rapidly and at and downstream of Pysy, downstream hazard remains constant along
the Bhilangna River channel. The modelled flood stops earlier for the ASTER dataset
somewhere between Hs and Hy. For SRTM the flood propagates even beyond Hj.
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4 Discussion

This thesis applies a remote-sensing and GIS-based approach to evaluate emerging
GLOF hazards in the remote Bhilangna Valley, Indian Himalaya. In a first step,
past glacier retreat was evaluated in terms of surface elevation change by establish-
ing an automated technique to derive lowering. Over a period of 47 years glaciers in
the Bhilangna catchment seem to have thinned between 5m and 37m depending on
elevation with highest rates around 4400m. The form of the thinning gradient resem-
bles mass balance gradients observed for debris-covered glaciers (Dobhal et al., 2013;
Benn and Lehmkuhl, 2000) with an inverted form for the lowest parts. Glaciers in
Bhilangna Valley show indeed a debris cover up to 4300 — 4400m. The mean surface
lowering for the whole glacier area over the time period 1968-2015 was estimated to
be 0.2m/yr. Kaab et al. (2012) calculated elevation changes from 2003 to 2008 using
two elevation data sets, SRTM and sparse laser measurements from the Ice, Cloud and
land Elevation Satellite (ICESat). For Uttarakhand, they obtained a thinning trend
of around 0.6m/yr which is three times higher than the longer-term mean elevation
change rate determined in this thesis. However, in West Nepal which is rather close
to the Garhwal Himalaya a mean rate of around 0.3m/yr was calculated (Kaab et al.,
2012). It has to be considered that the sample size available for this thesis and for the
study of Kaab et al. (2012) differs as well as the period analysed. Dobhal et al. (2013)
measured thickness changes at different altitude bands for the Chorabari Glacier in the
neighbouring Mandakini Valley between 2003-2010 (fig. 4.1). The pattern of elevation
decrease seems to be similar to those observed in this thesis (fig. 3.4) with a maximum
around 4300m to 4400m and the lowest values around 5000m. The thickness loss within
an elevation band between 3900m and 4000m ranged between 18 — 19m for the 7-year
period (fig. 4.1). When extrapolated to a 10-year period a value of 26 — 27m is ob-
tained which is approximately three times higher than the decadal elevation change of
9m obtained for these elevation bands in this thesis. However, it should be considered
that glacier retreat has significantly increased over the last two decades (see section
2.3 and Kulkarni and Karyakarte (2014)). Therefore, it is not surprising that thinning
rates derived in this thesis for a longer time period are considerably lower than those
calculated by Dobhal et al. (2013) for 2003-2010.

Based on a careful comparison with other published results it appears that the
method developed underestimates actual elevation changes for glaciers. The main rea-
son might be the assumption of a flat glacier surface in areas where elevation changes
are derived. In fact, glacier surface in the ablation zone shows a convex topography.
Moreover, glaciers flow over irregular terrain and their surface reflects the underlying
bed in a smoothed manner (Oerlemans, 2001). Hence, the modelling of a flat surface
is problematic for areas where bumps are present at the glacier bed because current
glacier surface might then be located above the modelled past flat surface. Although
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Figure 4.1: Total thickness changes for Chorabari Glacier at different altitude bands.
Figure reproduced from Dobhal et al. (2013).

areas where this case occurred were excluded it can be expected that derived elevation
changes represent a minimum value. Another source of uncertainty is related to the
mapped glacier outlines. The rectification of Corona imagery is a complex procedure
and remaining distortions can lead to errors in glacier outline mappings (see section
3.1). In combination with the ASTER GDEM where elevation differences between
neighbouring pixels can be considerable large in areas of steep terrain a false position
of an outline can have substantial implications on derived elevation changes.

The underestimation of past glacier thinning has consequences for future projections.
Less glacier retreat is modelled for future time steps than can be expected and therefore
also lakes emerge at a later point in time. This in turn means that future GLOF and
downstream hazards are increasing at a slower rate in the model than can be assumed
in nature. Resulting implications for hazard management and planning are that the
temporal emergence of hazards might be faster than derived by the presented approach
requiring a rather early application of potential mitigation measures.

For this reason, DEM differencing data would be preferred if available, as demon-
strated in the validation section (section 3.2.2). Additionally, the method to calculate
elevation changes can only be applied in the case of valley glaciers and not for ice caps.

The linear thinning gradient derived is rather flat showing a decrease from 0.65m for
the elevation band 3800 — 3900m to Om thinning at 5729m and above. The altitude
where no elevation change was calculated seems to be reasonable as the ELA position
is located at around 5100m in the catchment. Fig. 4.2 (Huss and Farinotti, 2012)
illustrates that even above the ELA, where mass balances are positive, surface elevations
are expected to decrease due to processes such as snow subsidence and glacier flow.
The flat gradient calculated could be related to the debris cover on the glaciers which
diminishes melting in the lower altitudes and increases it at higher altitudes.

Future glacier evolution was modelled on a decadal scale. An empirical model was
established which relates past thinning to past temperature changes and calculates
future surface lowering. The approach was based on the model proposed by Linsbauer
et al. (2013). In contrast to their model, temperature changes calculated by the CMIP5

92



| |— b

L[ == p SIS ]
- b - p Shidt .
L b i

Elevation (m a.s.l.)

Mass balance / Elevation change (m w.e.a")

Figure 4.2: Schematic illustration of the altitudinal distribution of surface mass balance,
surface elevation change and apparent mass balance (considers ice emergence in the ablation
zone). Figure reproduced from Huss and Farinotti (2012).

models for the warming scenarios RCP4.5 and RCP8.5 (IPCC, 2013) could be included
directly in the simulation of future glacier states. The model implementation is simple
requiring few input data (i.e. past thinning gradient, past temperature change, current
ice thicknesses and a DEM). The altitude-mass-balance feedback is considered as well as
an increase in thinning with rising temperatures, the latter point being a complement
to the model of Linsbauer et al. (2013) where no modification of thinning rates is
included. The results suggest a similar glacier thinning for the next 30 years for both
warming scenarios and an acceleration for RCP8.5 thereafter. Glacier disintegration
starts in 40 years for RCP8.5 for Phating Glacier and in the following decades an
increasing number of glaciers appears to produce dead ice bodies which are expected
to melt considerably faster than modelled. In 80 years, larger ice bodies are likely to
exist only at higher situated areas for Khatling, Sangli and Dudhganga Glacier if a
worst case warming scenario is considered. In contrast, if RCP4.5 is applied, where
a stabilisation of temperatures is assumed, glacier extent change is comparably small
and almost the same as in 30 years.

The modelling of glacier retreat permits to estimate the time of occurrence of future
glacier lakes. Potential lake positions are modelled for glaciers around the world but few
studies investigate their time of development (Frey et al., 2010; Linsbauer et al., 2016;
Nussbaumer et al., 2014). Moreover, a quantitative classification technique of future
lakes which are prone to generate a GLOF was not found in other studies. However,
modelling the occurrence and the GLOF hazard posed by future lakes offers the pos-
sibility to identify locations which might be more important to survey than others.
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This is important if limited resources shall be used efficiently (ICIMOD, 2011). Ives
et al. (2010) recommend to rank current lakes based on their apparent level of insta-
bility to determine sites where field studies are needed. In case of future lakes, the
dam stability cannot be evaluated, although it can be assumed that a large number of
lakes will form in bedrock depressions and therefore they can be considered to be stable
(Frey et al., 2010). Nevertheless, it is widely recognised that mass movements of ice
and rock are the most common trigger for GLOFs in the Himalayas (Richardson and
Reynolds, 2000). This is the reason why a classification of lakes was completed based
on their impact predisposition area (Allen et al., 2016b) and their volume. The results
show a considerably different GLOF hazard evolution for RCP4.5 and RCP8.5. The
state after 80 years for RCP4.5 is equivalent to the situation after 40 years for RCP8.5.
An acceleration in lake development seems to appear beyond 60 years if RCP8&.5 is
considered. GLOF hazards increase due to volume growth as well as increasing proba-
bilities of mass movements reaching the lakes due to their expansion. Most of the new
lakes are classified to pose a low to medium GLOF hazard, although three show a high
and one a very high hazard within 80 years for RCP8.5. These results highlight that
future human emissions of greenhouse gases, and any mitigation measures, will have a
significant influence on the rate of future glacier retreat, and thereby, an influence on
related GLOF hazard potential.

Planning of mitigation measures and the allocation of limited resources is dependent
on the recognition of a hazard as well as the time frame available within which to plan
and apply counter measures. The occurrence of a lake in itself does not necessarily
lead to an increased exposure of downstream infrastructure and population. Therefore,
modelling of lake development should always be accompanied by flood path simulations
if hazard evolution for these sites shall be estimated. Ives et al. (2010) state that both
aspects have to be evaluated separately, the hazard of lakes posed from a geophysical
point of view and the potential of downstream damage and loss of life in the event
of a GLOF. This latter aspect was investigated by running the MSF model (Huggel
et al., 2003) for all current and potential future lakes in the Bhilangna catchment. It
could be observed that debris flows originating from future lakes will most likely not
run further downstream than ~ 12km from the current position of Phating Glacier
tongue. The most exposed sites are located between Khatling and Tambakund (see
fig. 2.5 for place names). During the first 20 years the downstream hazard evolution
is the same for RCP4.5 and RCP8.5, afterwards a faster increase can be observed for
RCP8.5. Current or planned hydropower stations are not exposed to debris flows from
actual or future lakes, however, in case of floods several could be damaged (between 3
or 5 depending on the DEM that is used for downstream modelling). The impact was
not evaluated for villages as these are situated relatively far downstream or at higher
positions than the Bhilangna River.

According to these results, inhabited areas and infrastructure in Bhilangna Valley
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should not be affected by debris flows originating from potential future glacier lakes.
An exception is the pedestrian trek path towards Khatling Glacier which follows the
river course at some places. In contrast to debris flows, floods show much larger runout
distances and could therefore affect human settlements and roads. A more detailed
investigation is needed in this case.

While infrastructure is not affected by debris flows in the Bhilangna Valley, the
situation is potentially very different in the neighbouring Mandakini Valley. Here,
Kedarnath is located exactly within a zone where modelling results for the Bhilangna
Valley suggest a substantial increase in future hazard from debris flows. The pedestrian
path towards Khatling Glacier used to see much more visitors but is now rarely used.
In contrast, in the neighbouring valley, tourism has considerably increased.
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5 Conclusion

Alpine environments are constantly changing and climate warming plays an impor-
tant role in the evolution of hazards in mountainous regions. The number and extent
of glacial lakes is increasing due to current global deglaciation (Gardelle et al., 2013;
Wang et al., 2011; Carrivick and Quincey, 2014) and this trend will continue in future.
Moreover, rising temperatures are responsible for the observed increase in rockfall ac-
tivity in the European Alps (Huggel et al., 2012) and a change in frequency of ice
avalanches is expected as well(Allen et al., 2016b). These facts indicate that the prob-
ability of mass movements entering a glacier lake will increase. On this background,
this master thesis evaluated the temporal evolution of changing GLOF hazards for Bhi-
langna Valley, Indian Himalaya. A sequential approach was applied which determined
the time of occurrence of new glacier lakes based on future glacier retreat. The concept
of topographic potential could then be used to determine lakes which have a higher
susceptibility to mass movement impacts. Finally, downstream impact was evaluated
in the event of a GLOF. While uncertainties remain large, this study has provided a
useful basis for decision makers to anticipate and prepare for future hazards. In Bhi-
langna Valley, these findings are of primary concern for the hydro-power industry, while
lessons can also be transferred to neighbouring valleys where communities are directly
threatened.

In a future study, more factors could be considered such as ice flow, which influences
surface elevation change of a glacier, or interactions between water and ice as the
contact of a glacier to a lake leads to intensified melt due to convection and calving.
Moreover, in terms of scenario definition flood volumes could be included as well because
lakes do not necessarily drain completely in case of an outburst flood. At the current
stage of model implementation, glacier surface elevation changes were related to past
temperature change over a common time period. However, it is known that ice flow,
which contributes to surface elevation change, shows a delayed response to climate
forcing (Cuffey and Paterson, 2010). Therefore, an investigation of the response time
is advised to optimise the coupling of thinning gradients and temperature trends.

The complex interrelation of natural processes requires a multi-level analysis, how-
ever, it is de facto impossible to include all variables. Different studies have already
made first attempts in simulating related processes such as mass movements entering
a lake, subsequent impact wave propagation, dam overtopping and flood propagation
(Schneider et al., 2014; Worni et al., 2014). The approach established in this thesis
tried to relate future lake formation to glacier retreat. It might be used for a first
order assessment of the temporal evolution of future GLOF hazards and is applicable
on a regional scale. In case of local or individual event modelling a physically based
approach would be preferred.

A multitude of models exist for most of the natural processes but few have been
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5 Conclusion

integrated in a larger ensemble yet. Scientific collaboration and model combinations
could open new possibilities and improve our understanding of process interactions,
particularly within sensitive high mountain systems.
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Figure 5.1: Sketch of the plane and point approach to derive the elevation-dependent
thinning gradient. External input data (yellow), outputs which are reused in a following
part (green), objects (boxes) and processes (diamonds).
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Figure 5.3: Thinning gradient (top left) based on the SRTM which was used for future
glacier modelling (top right). Hazard classification (bottom left) and MSF path modelling
(bottom right). All future projections were modelled with SRTM as the underlying DEM
and illustrate the situation in 80 years (year 2095) using RCP8.5.
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118 Figure 5.4: Same as fig. 3.13 but for the years 2025-2095.



NN GLOF hazard [ | Watershed NI
10y e ™ | 20y
A s Trajectory slope 5753 Y

>
=

‘ ,A%J{}Z%’J}
)

o

N

7 o e 8 = q & q
= @ /& L
N N N 7
3&,‘* ‘ &}M}.jﬁ/ .
Q02 ] T p\jj\'}f

e\

oVy

(ﬁ

A

20y |

~

5 W2
b b e
W Min o)
e oo )

AT VarAT-

) [
o

D)

Iy
a0

A >

Figure 5.5: Same as fig. 3.17 but for the years 2025-2095. 119
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Figure 5.7: Lakes modelled in the study area with their corresponding numbers and the
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