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Note

This assessment of glacial lakes and glacial lake outburst flood (GLOF) risk in Nepal was conducted with the

aim of developing recommendations for adaptation to, and mitigation of, GLOF hazards (potentially dangerous
glacial lakes) in Nepal, and contributing to developing an overall strategy to address risks from GLOFs in the
future. The assessment is also intended to provide information about GLOF risk assessment methodology for use in
GLOF risk management in Nepal. The methodology that was developed and applied in the assessment can also
be broadly applied throughout the Hindu Kush-Himalayan region. The assessment has been completed through
activities carried out in collaboration with national partners, which include government and non-government
institutions as well as academic institutions and universities.
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Foreword

The Hindu Kush-Himalayan region contains the world's largest volume of glacier ice and perennial snow outside the polar
regions. lts meltwater contributes to the major rivers that supply freshwater to almost a quarter of humanity residing in the
downstream areas. Glaciers are sensitive indicators of increased air temperature. They have been studied extensively in
many parts of the world as part of an international effort to improve understanding of the current pattern of global warming.
Following the culmination of glacier advance during the Little Ice Age more than a hundred years ago, with short periods

of reversal, glaciers have been thinning and refreating in many parts of the world. This process, in large part due to
anthropogenic changes in the Earth's atmosphere, appears to have accelerated during the last few decades. The Hindu Kush-
Himalayan region is no exception to the frend.

The Himalayan range extends for approximately 2,400 km within the 3,500 km length of the Hindu Kush-Himalayan ranges,
and has about 33,000 sq.km of the estimated 110,000 sq.km of glaciated area. The Nepal Himalayas occupy 800 km of
the central section of the Himalayan range.

Glacier thinning and retreat in the Himalayas has resulted in the formation of new glacial lakes and the enlargement of
existing ones due fo the accumulation of meltwater behind loosely consolidated end moraine dams that had formed when the
glaciers affained their Litlle Ice Age maxima. Because such lakes are inherently unstable and subject to catastrophic drainage
they are potential sources of danger to people and property in the valleys below them. The torrent of water and associated
debris that sudden lake discharges produce is known as a glacial lake outburst flood (GLOF). Recent surveys have shown that
many glacial lakes in Nepal are expanding at a considerable rate so that the danger they pose appears to be increasing.
Nepoal has experienced 24 GLOF eventfs in the recent past, several of which have caused considerable damage and loss of
life, for example, the Bhote Koshi Sun Koshi GLOFs of 1964 and 1981 and the Dig Tsho GLOF of 1985. The 1981 event
damaged the only road link to China and disrupted transportation for several months, while the Dig Tsho GLOF destroyed the
nearly completed Namche Small Hydroelectric Project, in addition to causing other damage farther downstream. The source
of the former event was inside the Tibet Autonomous Region of China, indicating the necessity for international regional
cooperation fo address the dimension of the problem.

Clacial lakes, however, are not only sources of potential danger, they are also an important potential natural resource,

which has yet to be effectively investigated. Monitoring glacier and water hazards, promoting community resilience and
preparedness for disasfer risk reduction, and ensuring the sharing of upstream-downstream benefits are priority areas in
ICIMOD's programme. As glaciers and glacial lakes are related to both water resources and o waterrelated natural
hazards, they need to be mapped and monitored fo assess both their potential hazard and their resource value. ICIMOD has
been involved in this type of endeavour since 1986.

The work reported here has received financial support from the World Bank. It is a systematic and comprehensive study of
the status of glacial lakes in Nepal and an assessment of the hazard they pose and of the vulnerability of downstream people
and property. It begins with the actual mapping of glacial lakes. This is followed by a hazard assessment. Next the problem
of determining the most dangerous of the lakes is addressed, accompanied by analysis of the degree of downsfream
vulnerability. The report concludes by proposing some preliminary steps for development of a national strategy for response to
the hazard, and emphasising the need for applying the experience obtained towards inifiation of a region-wide international
response. In this regard, on behalf of ICIMOD, | would like to thank the World Bank for its vital financial confribution. | would
also like to thank the Swedish International Development Cooperation Agency (Sida) and the Norwegian Ministry of Foreign
Affairs for additional financial support.

Andreas Schild
Director General, ICIMOD
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Executive Summary

The world's climate has been warming for more than a hundred years: there have been fluctuations, notably cooling
phases in the 1960s and 1970s, although long-term records indicate an accelerating warming frend from about 1980.
Although this has influenced ecosystems worldwide, ifs effects on glaciers and the duration of winter snow cover have been
particularly notficeable, especially in the European Alps and Greenland, and on the reduction of sea ice cover in the Arctic
Ocean. The Hindu Kush-Himalayan region has been no exception.

One of the more spectacular effects of recent atmospheric warming in the Himalayas has been the creation of melwater
lakes on the lower sections of many glaciers. In an increasing number of instances, especially welldocumented in Nepal,
several of these lakes have burst their natural retaining dams (usually old end moraines that were formed when the glaciers
were thicker and more extensive than today). This has produced catfastrophic flood surges (glacial lake outburst floods or
GLOFs| that have destroyed infrastructure and taken human lives in the valleys below.

Fourteen GLOF events have been recorded in Nepal in recent decades; several others in Tibet Autonomous Region in China
have crossed the infernational border fo cause extensive damage in Nepal. Other GLOFs have been recorded across the
Hindu Kush-Himalayan region.

Systematic application of remote sensing and air photo interpretation has shown that many hundreds of glacial lakes

have formed in recent years, while others have enlarged, on occasion fo lengths exceeding two kilometres with depths
approaching a hundred metres. In this way, immense volumes of meltwater have accumulated behind potentially unstable
moraine dams. There is no doubt that people and property for considerable distances downstream from the unstable lakes
are facing a serious threat fo their existence: the problem, however, is how to determine the degree of probability of such an
event.

This situation, together with the realisation that the risk of damage and loss of life may continue to increase in the near future,

has prompted the preparation of the present report. lis intent is to assess the current degree of risk, to defermine the extent of

vulnerability of people and property fo the potential outburst of glacial lakes, and to provide a basis for strategy development
fo help ensure a timely response.

The report is based upon information and experience accumulated during collaboration with several partner institutions in
Nepal. It outlines a stepwise approach to assessment of risk beginning with an extensive desk study of aerial photographs
and safellite images that provided the first reconnaissance mapping of more than a thousand glacial lakes. There followed
a provisional identification of six lakes that were considered to be potentially dangerous and that warranted special study.
Three lakes, namely, Tsho Rolpa, Thulagi Lake, and Imja Tsho, were selected for detailed field investigation, application
of computer dam-break modelling, and assessment of the vulnerability of human life and property for up to 100 kilometres
downstream.

Analysis of the rapidly growing worldwide literature on the outburst of glacial lakes, and the project’s field and theoretical
experience, have led to the conclusion that it is not feasible to make a reliable prediction of a specific occurrence on the
basis of our existing knowledge. The difficulty involved in any attempt to forecast danger is emphasised. Concomitantly, it
is proposed that news media and other sources in recent years have perpetrated highly exaggerated claims of imminent
large-scale catastrophe, and that this is in itself counter-productive and should be contested. Nevertheless, while the danger
has been heavily distorted, GLOFs may occur in future, or even tomorrow (although spurious accuracy in assessment of
probability is considered unhelpful). As direct predictions cannot be made, there is an urgent need to monitor a careful
selection of prioritised lakes on a regular basis. This should be carried out in collaboration with other institutions, both
nationally and internationally.

vii



In view of the uncertainties facing the refinement of a ‘probability index’, Tsho Rolpa and Imja Tsho have been identified for
continued and more infensive study. This will require both geophysical field investigation and more exacting downstream
vulnerability assessments. The latter should involve generation of local awareness and incorporation of downstream
populations and managers of large-scale infrastructure (such as hydroelectricity projects) into the observation of targeted
lakes, and evaluation of early waming systems, and their possible installation: further refinement of dam-break modelling, as

an essential part of vulnerability assessment, should be undertaken.

It is also recommended that ICIMOD develop an exhaustive archive for all relevant data: field data; satellite imagery; ground
photographs; and all available scientific and technical reports and publications. A final and overriding recommendation

is that the data and experience acquired during the formulation of this report be used as a basis for the development of a
nafional strategy aimed at risk reduction. A draft oufline of the elements for such a sirategy is provided as part of this report.

Region-wide cooperation throughout the Hindu Kush-Himalayas should follow, and it is recommended that steps be taken

fo organise a region-wide planning session for experts and leaders of relevant national institutions to develop a more
coordinated approach and begin laying the foundations for a glacial lake outburst risk reduction policy.

viii
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1 Introduction

Background

For as long as historic records have been available, evidence has been documented that glaciers and glacial lakes have
been a hazard fo people and property located downsiream. During the so-called 'litile Ice Age' (about AD 1500 — 1900,
glaciers thickened and advanced and, in many instances, blocked side valleys causing river and meltwater to accumulate
against an ice barrier. In some instances, as these glacial lakes grew, increasing hydrosfatic pressure eventually caused

the ice dam to lift or burst. In other instances, the lake level simply rose to overtop the ice dam. In either case, when the
lake drained, either partially or entirely, the water which was released suddenly was destructive to anything in its path. This

phenomenon was repeated at intervals as the glacier dam reformed following the outbreak.

In regions such as the European Alps, Scandinavia, and Iceland such catastrophic events have been recorded for several
hundred years, often in great defail. Comparable disasters have doubtlessly occurred in other mountain areas where they
were either not recorded, or took place in areas that were uninhabited. Such hitherto unrecorded major events are now
being detected by modem geo-scientific research.

The sudden drainage of ice-dammed lakes atiracted scientfific interest from the mid-19th century as the natural sciences
developed rapidly. Some of the earliest atfempis to relate such events fo atmospheric warming and seaevel rise (post-Little
lce Age) were undertaken by Swedish and Icelandic scientists and this gave rise to the colloquial Icelandic term ‘jdkulhloup’
(glacier leap) entering the scientific literature (Thorarinsson 1939; Ahlmann 1948). Another, even more dramatic, form of
glacier outburst which results from sub-glacial volcanic activity is also common in Iceland (Thorarinsson 1953; Bjérnsson
2009a, 2009b). Individual hisforic events (for example, the 1727 eruption of Oraefajokull), in conjunction with peak glacial
activity during the Litfle Ice Age, were sufficiently catastrophic to threaten the very existence of Iceland.

After the mid-19th century, the world climate began to change. The maximum advance of glaciers occurred at different
times in different parts of the world, ranging from the early 19th century to as recently as 1905. After this time, mountain
glaciers globally began to experience overall thinning and retreat, with several decadal reversals and regional contrasts.
This behaviour of glaciers so intrigued scientists that in the first half of the 20th century individual glaciers were selected

for continuous annual mass balance and climatological study: included were several glaciers in Europe such as the Kérsa
glacier in Arctic Sweden (Wallén 1949); somewhat later, the Peyto glacier in the Canadian Rockies (@strem 1966, 2006;
Dstrem and Brugman 1991); and others in the Canadian High Arctic (Axel Heiberg Island, Fritz Miller). Fritz Miller's world
glaciological vision led to the establishment of the International Inventory of Glaciers (Mller et al. 1977).

Many studies which systematically record glacier ferminal positions have been carried out annually without a break until

the present day. This large and growing bank of data provides vital information for critical defermination of the impacts of
current climate change. It is universally recognised by glaciologists and climatologists, however, that the number of ‘indicator’
glaciers is very small and that many mountain ranges have no adequate representative data sefs. Furthermore, observations
that are resfricted to an annual recording of the position of glacier termini provide a very limited tool.

As a result of the fact that the world's glaciers are at present thinning and retreating, associated meltwater lakes are
increasing in size and new lakes continue to be created. These lakes differ from the ice-dammed lakes which attracted
scientific aftention earlier, because they are predominantly supra-glacial and moraine-dammed rather than dammed by
advancing glaciers. This type of lake is characteristic of many of the glacial lakes found in the Himalayas and they constitute
the maijor fopic of this report.



Glacial Lakes and Glacial Lake Outburst Floods in Nepal

Despite the lack of systematic glaciological and climatological research, since the 1970s it has become increasingly
apparent that, although there are conspicuous exceptions, the majority of glaciers throughout the Hindu Kush-Himalayan
region have been thinning and refreating. Today it is generally accepted that this is a consequence of the atmospheric
warming that is affecting glaciers worldwide. It is important to note, however, that overly close comparisons between the
response of Himalayan glaciers and those in the European Alps, where longterm data sets are available, are not always
productive. The major differences between the two types of glaciers are (1) the extremely high altitude of the glacial region
of the Hindu Kush-Himalayas; (2) many of the longer glacier tongues are mantled by a heavy cover of rock debris for several
kilometres upstream of their fermini and have very low gradients — these characteristics are very significant in terms of glacial
mass balance and the manner of wasting; (3) knowledge about the meso-scale and local (microscale) climatology of glacial
environments is inadequate due fo the scarcity of data from high-altitude meteorological and hydrological observations; and
(4) despite a large amount of selective glaciological research, there are virtually no systematic, longterm records of mass
balance in the Hindu Kush-Himalayan region.

Supra-glacial lakes often appear to merge with moraine-dammed lakes, or may develop confemporaneously as composite
forms. In addition, their end moraines may be underlain by masses of dead ice which are remnants of earlier glacial
expansion. Permafrost may also be present. Buried dead ice and permafrost strengthen the end moraines and reduce the
risk of glacial lake outbursts to a great extent. Nevertheless, the current atmospheric warming also affects buried ice and
permafrost. In any event, as these lakes increase in size and deepen, the presence of open water in contact with the glacier
ferminus further accelerates glacial retreat and thinning and may give rise fo increasing instability.

Meltwater lakes are potentially unstable; the sudden catastrophic release of water from such a lake is known as a glacial
lake outburst flood (GLOF). In Nepal, litlle attention was paid fo this phenomenon unfil the sudden outburst of the Dig Tsho
(Tsho = lake], a glacial lake in the western section of the Sagarmatha [Mt Everest) National Park, Khumbu Himal, on the 4th
August, 1985.

When the end moraine dam of the Dig Tsho collapsed, the water from the lake drained into the valley downstream over a
fourhour period, wreaking destruction as it went. This sudden outburst destroyed the nearly completed Namche Small Hydel
facility, some 11 km downstream and caused other losses as far as 50 to 60 km downstream. Somewhat ironically, Dig Tsho
was not typical of the large glacial lakes that have formed supra-glacially, but was one of the smaller ‘clean-ice” glacial lakes.
The outburst event was friggered by a large ice and rock avalanche that cascaded into the lake from a steep glacial surface:
when it splashed into the lake it produced a surge wave. The surge overtopped the end moraine and caused if fo collopse,
discharging an estimated 6 - 10 million cubic metres of water info the valley below. The outbreak of Dig Tsho caused more
than three million dollars worth of damage and disrupted the downstream community of Khumbu for several months. The

alarm bells sounded by this outburst event put in motfion a plethora of scientific investigations, including, surveys, research,

and preliminary estimates of downstream vulnerability among others. The Water and Energy Commission Secrefariat (VWECS)
of the Nepal Government, the International Centre for Infegrated Mountain Development (ICIMOD), and the United Nations
University ([UNU) collaborated in the work that eventually produced the first defailed assessment of a GLOF event in Nepal
(WECS internal report 1987; Ives 1986; Vuichard and Zimmermann 1986, 1987).

The Dig Tsho event showed that it is not necessarily the largest lakes that are the most dangerous, and that even small lakes
may cause serious damage, especially if there are populated areas and infrastructure located near the hazard source. In the
decade after 2000, several outburst floods from small lakes were reported in the western part of the Teskey Ala-Too range,
Tien Shan, Kyrgyzstan. In this region most glacial lakes are small. For example, Zyndan Lake in the Tong District of Ysyk-

Kol Oblast, Kyrgyzstan, formed rapidly over two and half months (from early May to late July 2008), and with an area of
only 0.0422 sq.km, burst on 24 July. The GLOF from this small lake killed three people and numerous livestock, destroyed
infrastructure, and devastated potato and barley crops as well as pastures ([Narama et al. 2010). Such disasters highlight the
fact that the downstream vulnerability might be as important, or more important, than the actual volume of water released.

After the initial flurry of scientific activity that immediately followed the Dig Tsho event, there was a partial hiatus in GLOF-
related investigations in Nepal unfil the late 1990s, when it was noticed that Tsho Rolpa, a large glacial lake at the terminus
of the Trakarding glacier in Rolwaling Himal could be close to overtopping and destabilising its end moraine. This led fo
mitigation efforts that included the construction of an arfificially reinforced channel which was cut through the end moraine
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fo allow the level of the lake to be lowered by three metres (Rana et al. 2000, Richardson and Reynolds 2000). This also
marked the beginning of a determined response fo the threat of GLOF activity in Nepal.

Other, non-structural measures, such as remote sensing, were started and led to region-wide identification and mapping of the
glaciers and glacial lakes that seemed fo be forming in large numbers (Mool et al. 2001a; 2001b). At the outset, this work
focused on Nepal and Bhutan. Subsequent work in collaboration with various instfitutions within ICIMOD's member countries
led to completion of a preliminary inspection of the entire Hindu Kush-Himalayan region (Mool and Bajracharya 2003;

Bhagat ef al. 2004; Sah et al. 2005; Roohi et al. 2005; Wu lizong ef al. 2005).

In @ next sfep, supported by The World Bank Global Facility for Disaster Reduction and Recovery (GFDRR|, and with
additional support from the Swedish International Development Cooperation Agency (Sida) and the Norwegian Ministry of
Foreign Affairs, a detailed multistep risk assessment methodology for glacial lakes was developed and used in collaboration
with national partners to assess the hazard posed by glacial lakes in Nepal. This publication provides a detailed account of
the results of the study; additional material, including the GIS database, is provided on a DVD included in the back pocket.
Some preliminary results were also provided in Ives et al. (2010).

Objectives of the Study

The present study had two main obijectives:

1. to develop recommendations for adaptation to, and mitigation of, GLOF hazards in Nepal, concentrating on a small
number of lakes perceived as especially critical, and

2. to assist the Government of Nepal in developing an overall strategy to address possible risks from GLOFs in the future.

This two-fold objective requires both an assessment of the extent to which specific glacial lakes are unstable, and an analysis
of the degree to which people and property downstream are vulnerable. The overall approach requires strengthening

of partnerships among key stakeholders including local people, major private and community corporations, government
agencies, non-government organisations (NGOs|, and tourist-oriented businesses, among others. This work will contribute

fo the development of an overall strategy for GLOF risk management which will include a more precise identification of the
hazard as well as early warning and mitigation measures. As the physical atfributes of glacial lakes are similar throughout the
Hindu Kush-Himalayas, it is hoped that the results of this work can also be applied to other parts of the region.

GLOF Risk Assessment Methodology

A step by step approach has been developed and applied for GLOF risk assessment. A schematic representation of the
methodology of this approach is shown in Figure1.1. It begins with the mapping of glacial lakes and the study of the existing
inventory.

Once the glacial lokes are mapped, they are then identified as either potentially dangerous or not, based on a set of defined
criferia. The labelling of the lakes at this step does not include categorising the vulnerability of the downstream areas.

The next step involves ranking of the potentially dangerous lakes and setting of priorities for further detailed investigation. For
this, the physical condition of a lake related fo its stability is assessed by taking info consideration its area, the characteristics
of the associated glacier, any changes in boundary conditions, and the stability of the surrounding terrain. Downsfream
socioeconomic parameters must also be obtained (Figure 1.1).

Socioeconomic parameters include sefflements, the number and type of bridges and roads, number and capacity of
hydropower projects and the distances to these, the area of agricultural land, location of other important infrastructure, and
any other activities of economic value. Repeated observation from lowlying aircraft is a rapid reconnaissance fool which
provides an overview of changes and assists in the identification of vulnerable setflements and infrastructure to help assign
priority to areas at the hydrological basin level. Thus, aerial observation is an important step in the ranking of potentially
dangerous lakes.

After ranking, typically only a few lakes will be given high priority for detailed follow-up investigation through either desk-
based or field studies.
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Criteria for identification of
potential dangerous lake

Ranking criteria (area, distance to
glacier, moraine condition, surrounding
environment, socio-economic parameters
(economic activities in downstream river
valley, settlements, infrastructure)

List of category | (high priority) lakes

Partner’s priority

Satellite images, maps, reports

Existing inventory of glacial lakes

(Desk-based study)

Mapping of glacial lakes
(Desk-based study, GIS/RS tools)

Glacial lake database

Identification of potentially dangerous lakes
(Use of GIS/RS tools)

List of potentially dangerous lakes

Ranking of potential dangerous lakes

Categories (1, 2, 3) of
potentially dangerous lakes

Selection of high priority lakes for further
detailed investigation

List of priority lakes requiring

Flight observation
Thematic areas of study
Assessment of the stability of the
natural moraine dams
Estimation of the lake storage volume

Potential external GLOF triggering
factors

Hydro-meteorological data analysis

Dam-break modelling and downstream
vulnerability assessment

detailed field investigation

Detailed desk based thematic studies of selected
lakes for field investigations

Detailed field investigation of selected lakes in
the defined thematic areas

Thematic information and database of
studied lakes

Data analysis, interpretation and
report preparation

Final findings and results: Report

Figure 1.1: Flow diagram of the step-by-step approach for GLOF risk assessment
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The next step in the risk assessment is the desk-based study of the high-priority lakes selected in order to identify the data gaps
and any specific characteristics to be emphasised during the following field study.

The defailed field investigation should focus mainly on the following aspects: estimation of the stability of natural moraine
dams; defermination of a lake's storage capacity; potential external triggering factors; hydrometeorological data analysis;
modelling a potential dam outburst; and carrying out a downstream vulnerability assessment. For overall GLOF risk
management, the magnitude of the hazard is directly related to the downstream vulnerability appraisal (Figure 1.1).

Analysis and interprefation of the results obtained from these studies should lead to improved understanding of the overall
physical and socioeconomic risks from a GLOF. This will enable recommendations to be formulated for GLOF hazard

management and risk mitigation measures.

Design of the Nepal Study

In order to fulfil the objectives outlined above, the step-by-step methodology was applied systematically in collaboration with
partners including instfitutes of the Government of Nepal, academic institutions, international organisations, and other key
stakeholders. A Steering Committee was formed on 5 November 2008 to provide overall guidance and support for the
project with representatives from Nepal's Department of Hydrology and Meteorology (DHM), Department of Water Induced
Disaster Prevention [DWIDP), the Ministry of Home Affairs (MoHA), the Water and Energy Commission Secrefariat (WECS),
and ICIMOD. An inception workshop was held on 12 November 2008 to formulate the defailed project activity plan. The
workshop was attended by representatives of government organisations, academic insfitutions, international NGOs (INGOs),
and private institufes.

As an integral part of the investigation, several workshops and consultative meetfings were organised at ICIMOD in
Kathmandu. This ensured guidance for project implementation, field planning, and acquisition of equipment, as well as

for dissemination of the findings from the field investigations. It also provided guidance for development of a strategy for
GLOF risk management. Three workshops were held in the corresponding districts of the three lakes selected for infensive
study in order to share information derived from the field investigations. This proved an effective arrangement for obtaining
feedback from local communities and stakeholders. Similarly, two national workshops were organised at ICIMOD in order
fo facilitate dissemination of information on the project progress. The open discussions that ensued served to enhance project
performance. Feedback was also obtained from various experts.

Specialised members from partner institutions participated in the field investigations and contributed to the preparation of the
fechnical reports. This helped to reinforce the capacities of the Nepalese institutions. Dissemination of the experience and
information gathered during the field investigations to stakeholders, partner institutions, and local communities through a series
of workshops and seminars helped fo create awareness not only at the grass roots level but also among local government
organisations and other stakeholders. Interaction with local communities and local government organisations, such as the
district development committees, also helped to create an awareness of the project’s findings and draw attention fo the fact
that glacial lakes also constitute a potential natural resource that should be incorporated into local land-use planning.

The present report was prepared as the final step, summarising different aspects of the findings of the project and the

wider implications for dissemination to a broad audience. The report contains a summary of the information on mapping of
glacial lokes, databases, fieldbased investigation information, and issues related to GLOF monitoring, early warning, and
mitigation. It also includes general guidelines for the formulation of a strategy with regards to GLOF risk management. With
the involvement of the appropriate regional partners, it is hoped that the methodology developed and applied in this project
can be extended to similar GLOF-prone areas in other parts of the Hindu Kush-Himalayan region.



fdh Koshi below Imja lake showing remains of damage from the Nare GLOF
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2 Glacial Lake Outburst Floods
in Nepal

Characteristics

There are two distinctly different forms of glacial lake outbursts: those that result from the collapse or overtopping of ice dams
formed by the glacier itself, and those that occur when water drains rapidly from lakes formed either on the lower surface of
glaciers (supra-glacial) or between the end moraine and the terminus of a retreating glacier [moraine-dammed). At present,
supra-glacial and moraine-dammed lakes are far more common in the Hindu Kush-Himalayan region than glacierdammed
lakes as their development is favoured by the overall atmospheric warming and glacier wastage. Nevertheless, ice-dammed
lakes are also present in the region and warrant close attention. Investigations show that the phenomenon of ice-dammed
lakes is largely confined to parts of the Karakoram Mountains in northern Pakistan where their existence is related to (perhaps
anomalously) advancing glaciers. In Nepal, these forms of ice-dammed lakes are either only present in very small numbers

if at all, or their existence has escaped notice. The present study includes both the larger supra-glacial lakes and those that
have formed between the end moraines and fermini of glaciers.

GLOF Events Affecting Nepal

According fo the information available, Nepal has experienced at least 24 GLOF events in the past. Of these, 14 are
believed to have occurred in Nepal itself, and 10 were the result of flood surge overspills across the China (Tibet ARNepal
border (Figure 2.1, Table 2.1). Geomorphological field data suggest that the earliest of these occurred some 450 years
ago and that it swept down the Seti Khola (river) valley from the upper basin on the north side of Mt Machhapuchchhre

(Fort 1987; Fort and Freytet 1983; Carson 1985). This GLOF would have been of very high magnitude to account for the
deposition of debris to depths of between 50 and 60 metres across wide areas of the Pokhara Valley. While this event is not
particularly relevant to the present report, it is mentioned, both for the record, and to emphasise the fact that various forms

of high magnitude-low frequency events are an integral part of the high-altitude mountain environment. As Kenneth Hewitt
(1997) remarked: “Mountainous ferrain is a dangerous environment for human occupation.”

Among the 14 GLOF events known to have occurred in Nepal, one took place in the distant past; five of recent date are
quite well recorded; and eight of indeterminate dafe and two of recent date were recorded as occurrences, but without

defails of the losses incurred.

Specific GLOF Events

Short descriptions of the known past GLOF events are given below in chronological order: first those that occurred entirely
within Nepal; followed by those that originated in the Tibet AR, and then flowed downstream into Nepal (Mool et al.
20010; Bajracharya et al. 2008; Ives et al. 2010).

Originated in Nepal

Seti Khola (date unknown — approximately 450 years ago)

Geomorphological investigations indicate that the origin of an enormous debris deposit across the Pokhara Valley was a
very high magnitude event, probably a GLOF from the north side of Mt Machhapuchchhre. No details of the actual domage
sustained are available but it is assumed that it was very great.
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Figure 2.1: Location of GLOF events recorded in Nepal, and in Tibet AR, Ching, that caused damage in Nepal

2 e - (@ GLOF origin in Nepal
) g“‘\'\,\ GLOF origin in Tibet AR Ching,
= with effects in Nepal
Numbers refer to list in
Table 2.1 below
¢
Table 2.1: GLOF events recorded in Nepal

(after Mool et al. 1995, 2001a; Yamada 1998a; Bajracharya et al. 2008; Ives et al. 2010)

‘ Date ‘ River basin ‘ Lake ‘ Cause ‘ Losses
Entirely within Nepal
450 years . . .
TN ago Seti Khola Machhapuchchhre Moraine collapse | Pokhara valley covered by 50-60m deep debris
2N |3 Sep 77 Dudh Koshi | Nare Moraine collapse | Human lives, bridges, others
3N |23 Jun 80 Tamor Nagma Pokhari Moraine collapse | Villages destroyed 71 km from source
AN |4 Aug 85 Dudh Koshi | Dig Tsho Ice avalanche Human lives, hydropower station, 14 bridges, efc
5N |12 Jul 91 Tama Koshi | Chubung Moraine collapse | Houses, farmland, efc.
6N |3 Sep 98 Dudh Koshi | Tam Pokhari Ice avalanche Human lives and more than NRs 156 million
7N |15 Aug 03 Madi River | Kabache Lake Moraine collapse | Not known
8N |8 Aug 04 Madi River | Kabache Lake Moraine collapse | Not known
9N | Unknown Arun Barun Khola Moraine collapse | Not known
10N | Unknown Arun Barun Khola Moraine collapse | Not known
11N | Unknown Dudh Koshi | Chokarma Cho Moraine collapse | Not known
12N | Unknown Kali Gandaki | Unnamed (Mustang) Moraine collapse | Not known
13N | Unknown Kali Gandaki | Unnamed (Mustang) Moraine collapse | Not known
14N | Unknown Mugu Karnali | Unnamed (Mugu Karnali) | Moraine collapse | Not known

Originated in TAR/China and caused damage in Nepal

1C |Aug 1935 Sun Koshi Tara-Cho Piping 66,700 sg.m of wheat fields, livestock, etc
2C |25 Aug 64 | Trishuli Longda Not known Not known
3C |21 Sep 64 Arun Gelhaipuco Glacier surge Highway and 12 trucks
AC | 1964 Sun Koshi Zhangzangbo Piping No remarkable damage
5C | 1968 Arun Ayaco Not known Road, bridges, efc
6C | 1969 Arun Ayaco Not known Not known
7C 1970 Arun Ayaco Not known Not known
8C |11 Jul 81 Sun Koshi Zhangzangbo Ice Avalanche Hydropower station
9C |27 Aug 82 | Arun Jinco Glacier surge Livestock, farmland
10C |6 Jun 95 Trishuli Zanaco Not known Not known
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Dudh Koshi (3 September 1977 — Nare Lake)

This event was investigated by Buchroither et al. {1982) based on digital processing of Landsat MSS satellite data. Fushimi
et al. [1985) also provided a defailed account. However, there is some disagreement between the two about both the
cause and manner of the actual outburst and the fofal volume of water released. It appears that a relatively small glacial lake
located at a higher elevation discharged into Nare Lake, located below the peak of Mt Ama Dablam. The rapid inflow of
water caused Nare Lake to overtop its end-moraine dam and discharge into the Imja Khola (river) and thereafter down the
Dudh Koshi valley. The government's hydrological recording gauge at Rabuwa Bazar, 90 km downstream from the source,
showed a prominent discharge peak on 3 September 1977. Nevertheless, this attenuated GLOF discharge peak was far
below those recorded on the 26th, 27th, and 28th August 1977, due to 'normal” summer monsoon peak floods.

Fushimi et al. (1985) estimated that 4x10° cubic metres of water were released from Nare Lake; Buchroither et al. (1982)
estimated a fofal discharge of 5x10° cubic metres, with a peak discharge of 800 cumecs. Two or three lives were lost, all
the bridges for 35 km downstream were destroyed, and the flood wave triggered debris flows from the valley slopes. There
were other material losses. When the United Nations University [UNU) mountain hazard mapping reconnaissance group
walked from Lukla to Namche in March 1979, evidence of the effects of the GLOF were still clearly visible where the Dudh
Koshi valley infill of debris deposits had been washed away leaving low terraces with unstable cliffs on parts of the valley
walls. When the UNU team made a 1:50,000 scale mountain hazards map (Zimmermann et al. 1986, they concluded
that, apart from high magnitude very low frequency events [very low probability and not yielding to prediction) (Heuberger et
al. 1984), the most serious threat facing the people of the Khumbu Himal was that of another possible glacial lake outburst.

Tamor (23 June 1980 — Nagma Pokhari)

A GLOF event in the Tamor basin occurred due fo the collapse of a moraine in the Nagma Pokhari basin and desfroyed
villages as far as 71 km downsfream from the outburst. This lake has since reformed to a critical level and is thus included in
the potentially dangerous category.

Dudh Koshi (4 August 1985 — Dig Tsho)

The Dig Tsho GLOF is the most thoroughly documented event of ifs type in Nepal (WECS 1987; Ives 1986; Vuichard and
Zimmermann 1986, 1987). Thus only the most salient points are discussed here in a little more detail.

The Dig Tsho is a glacial lake dammed by the end moraine of the Langmoche Glacier in the western section of Sagarmatha
(Mt Everest] National Park. The glacial meltwater drains from Dig Tsho into the Bhote Koshi river, a main fributary of the
Dudh Koshi in the Khumbu region. The catastrophic drainage of Dig Tsho marked a tuming point in the study of potentially
dangerous glacial lakes in Nepal and possibly for the entire Himalayan region. This is partly because of the extent of the
damage it caused when it obliterated the nearly completed Namche Small Hydel facility located 11 km from the breach,
caused damage for tens of kilomefres downstream, and resulted in the loss of four or five lives. Perhaps of equal importance
was the fact that it also destroyed long sections of the main trekking route to the Mt Everest base camp. The GLOF event
occurred in August during the summer monsoon hiatus in the trekking season, but had the timing been different, several
hundred lives might have been at risk (trekkers, guides, and porters). Likewise, had the event coincided with the weekly
Namche market that draws large numbers of traders and porters, the loss of life might have been greater still. Extensive
geomorphological details and firsthand local interviews were obtained by Vuichard and Zimmermann, in large part
because the UNU mountain hazard mapping project was able to support a field investigation immediately following the
event. Zimmermann had actually photographed Dig Tsho and the langmoche Glacier end moraines in September 1982.
This enabled Vuichard to obtain a replicate photograph in September 1985 (lves 1986: Plates 6 and 7; Vuichard and
Zimmermann 1987). Dr Victor Galay, as consultant to WECS, also obtained outstanding photographs both before and after
the event (reproduced in Ives 1986).

The Langmoche Glacier slopes steeply into ifs fronfal lake. It is a ‘clean-ice’ glacier, with litlle or no surface debris, surrounded
by precipitous mountain walls and hanging glaciers. The GLOF event appears o have been triggered by an ice avalanche
(possibly accompanied by rock fall) that hit the steep glacier surface and fell suddenly into the lake. The lake had been close
fo topping its end-moraine dam for at least three years previous to the event. It was inevitable that a large surge wave would
eventually wash over the dam at its lowest point and cut a channel across it. This instantaneous increase in the volume of
water rapidly overflowing the end moraine acted to sever it. In fact, the breach was complete.
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Vuichard and Zimmermann (1986, 1987) estimated that &—10 million cubic metres of water drained from the lake in about
four hours, making the average rafe of discharge about 500 cumecs. They estimated an actual peak discharge of water as
high as 2,000 cumecs. From accounts given by local eye witnesses, it appears that there were two or more distinct surges
because the bridge af Jubing, 40 km downstream from the source, washed out 90 minutes after the initial flood wave had
passed. Another factor that increased the destructive power of this GLOF was the fact that the flood waters incorporated
debris from the moraine breach and additional loose deposits, which included material from locally-induced debris flows
from the valley sides that were equal in volume to that of the surging water. The volume and rate of flow of the turbulent mix
of water and debris varied from point to point as a result of variations in the width and steepness of the valley. Although

the original estimates have been revised somewhat since, they provide an adequate ‘order of magnitude’ for the scale of
the event. A final point is that because of the unstable nature of many sections of the valley walls landslides and general
instability caused many problems, including loss of life, for several months after the initial event. After the August 1985
drainage of Dig Tsho, the lake partially reformed, but because the breach in the end moraine was so complete, it ensured a
low-level outlet of meltwater and the lake is no longer considered to be dangerous.

One of the more significant results of the immediate investigation of the Dig Tsho GLOF was that it prompted cooperation
between WECS, ICIMOD, and UNU fo extend examination of the hazard and marked the beginning of a systematic attfempt
fo identify other critical lakes in the Khumbu and surrounding areas.

Tama Koshi (12 July 1991 - Chubung Lake)

Chubung Lake discharged when its end-moraine dam collapsed. Few details are available although it is known that some
houses were destroyed and some farmland was forn away.

Dudh Koshi (3 September, 1998 — Tam Pokhari Lake)

This GLOF was triggered when an ice avalanche hit the frontal lake and induced a surge wave which overtopped the end
moraine dam. There is a brief report which indicates that lives were lost and that NRs 156 million in damage was incurred
(about 2 million US$ ) (Dwivedi et al. 1999).

Madi River (15 August 2003 and 8 August 2004 — Kabache Lake)

Two GLOF events occurred in two consecutive years on almost the same date on the Madi River from Kabache lake as a
result of moraine collapse: defails of the damage are not known.

Others

In addition to the events described above, six GLOFs have been identified in Nepal from analysis of geomorphological
features seen on satellite images and aerial photographs. Precise dates and details of the events are not available, however
all are known to have occurred when the end moraines collapsed. Two events were identified in the Arun basin (Barun
Khola); one in the Dudh Koshi (Chokarma Cho); two in Mustang (Kali Gandaki); and one in the Mugu Kamali.

Originated in TAR/China and caused damage in Nepal

Between 1935 and 1995, there are records of ten GLOF events that originated in Tibet AR (China) and crossed info Nepal
(Table 2.1). For five, the triggering mechanism is unknown and the amount of damage incurred was also either slight or not
known. Two events, in 1935 and 1964, were caused by collapse of the end moraines as a result of piping (seepage of
water through the unconsolidated moraine material]. Two, on 21 September 1964 and 27 August 1982 were friggered
by glacier advance; one of these damaged a road and 12 trucks were destroyed. The GLOF event of 11 July 1981 was
caused by an avalanche. It produced by far the most significant damage and is discussed in more defail below.

Sun Koshi, 11 July 1981 - Zhangzangbo Lake

On 11 July, 1981, the diversion weir af the Sun Koshi Hydroelectricity project, Nepal, was struck by a large flood and
significant damage ensued. The flood also destroyed two bridges and extensive sections of the Arniko Highway. The total
economic loss was in the order of US$ 3.0 million. At the time, the cause of the disaster was unknown. Only later, when

a report by Xu Daoming [1985) was published, was it understood that the flood was the result of the drainage of the
Zhangzangbo glacial lake north of the international border in Tibet AR (China). The triggering mechanism was described by
Xu and Feng (1994) as an ice avalanche which produced a surge wave large enough to overtop the end moraine.



3 Detining Risk

Introduction

There has been a large amount of research over the last several decades on the dangers faced by people and property as a
result of natural disasters: these disasters include events such as the recent (August 2010) flood in Pakistan, the March 2010
earthquake in Chile, the 2005 earthquake in Pakistan, and the giant tsunami triggered by an earthquake off the southwest
coast of Sumatra in 2004. These disasfers have presented scientists, engineers, and technicians with the serious challenges
of developing predictive models and early warning systems.

There are also other events of smaller but still serious magnitude such as volcanic eruptions, floods, cyclones, avalanches,
droughts, and heat waves. The threat perceived from the outburst of glacial lakes may be af least an order of magnitude
lower in importance than these other types of catastrophe; nevertheless people and owners of property located in the path of
potential GLOF events would hardly make that distinction. Thus, the purpose of this report is to develop an approach that can
be used to reduce the risk of such events in the Nepal Himalayas; and that can also be used as a basis to help reduce the
threat of such events throughout the greater Hindu Kush-Himalayan region.

Hazard and risk

For GLOF events, the risk needs to be defined in relation to the people and property located downstream. This is by no
means easy because the phenomenon that leads to the risk is extremely difficult to predict. It is also important to note that “at
risk” modern developments such as hydroelectric facilities, tourist hotels and fea shops, bridges, and roads have increased in
number over the last twenty or more years and will continue to do so. Thus the scale of the risk envisaged is increasing.

In general terms, risk is defined as a combination of the magnitude and frequency of the threatening event (the hazard) in
relation to the vulnerability of the people and property that may be affected by the event. The Joint Technical Committee on
landslides and Engineered Slopes (ITC1) has defined risk as a ‘measure of the probability and severity of an adverse effect
fo life, health, property, or the environment’ J[TC1 2004). Thus, natural risks consist of two components: the hazard, i.e., the
probability of a major natural event happening, and the vulnerability, i.e., the potential casualties and/or damage. In simple
ferms, Risk = Hazard x Vulnerability.

Hazard is the ‘probability that a parficular threat occurs within a given period of time’ and includes the temporal distribution
of the threat; the vulnerability is the ‘degree of loss fo a given element, or set of elements within the area affected by a
hazard’, or o a ‘set of conditions and processes resulting from physical, social, economic, and environmental factors’ (JTC1
2004). Further, ‘threat’ is defined as a ‘natural phenomenon that could lead to damage, described in ferms of its geometry,
mechanical, and other characteristics’. The threat can be an existing one (such as a creeping slope) or a pofential one
(such as a rockfall or GLOF); its spatial distribution [sometimes referred to as hazard disposition] is the ‘susceptibility’. Threat
therefore describes the process and magnitude of a dangerous event JTC1 2004).

Magnitude is usually approached by geophysical investigation: in the case of a GLOF event, it is the volume of water that
is likely to be released under the defined worst-case scenario, its rate of release, and the extent to which it may destabilise

slopes downstream.

Frequency is an important element in the equation. It is especially difficult to estimate frequency. The number of previous
events, if large, will assist in statistical evaluation of the probability of such events in future. In the case of GLOFs, however,
very few have ever occurred, either in Nepal or in the neighbouring mountains of Tibet AR (China), and repeat discharge
from a single source is particularly rare. Often, once a moraine-dammed lake has burst, the process dismantles the end
moraine fo such an extent that the danger of a subsequent discharge is either minimised or eliminated.
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Vulnerability is usually the simplest part of the equation. It can be determined in two steps:

1. Take a worstcase scenario of a lake outburst and determine the surface perimeter that would be affected below the
source.

2. Compile the statistics for population and property located within the perimeter and calculate the dollar value, assuming
fotal loss. Usually the value of personal property contained within households and indirect costs are not included.
Nevertheless, these can be significant.

It is acknowledged, of course, that human life is invaluable. Calculations of loss in monetary terms, however, usually include
an estimate of the property values (either actual or replacement value) and the number of lives.

Problems in investigating risk for GLOFs in Nepal

In the present report we estimate the probability as well as the magnitude of potential GLOF events. This task is fraught
with imponderables since the probability of a lake outburst cannot be predicted with any reasonable level of cerfainty. This
infroduces another dimension of the problem, that of perception or what people who live downstream from a glacial lake
think about the impending threat. This is a considerable problem because, over the past twenty years or so, exaggerated
reporting in both the news media and the semi-scientific literature, and widespread reaction to it, have influenced this
perception.

The widespread fendency to exaggerate, even to indulge in melodrama and falsification, requires a vigorous response.
Nevertheless, GLOFs have occurred in the recent past, they have taken lives and destroyed property, and there is no doubt
that such catastrophes will occur in the future, if not tomorrow. The difficulty lies in balancing all of these elements as well as
estimating the costs of any mitigation efforts and/or early warning systems. When only limited resources are available, it is
important fo have a clear perspective of costs and benefits.

Criteria Used in Determining Hazard

In the absence of any definitive prediciors of catastrophic drainage from a lake, it is necessary fo ascerfain which
characteristics associated with lakes must be taken into account and evaluated in order to estimate the likely hazard.

In this report, glacial lakes are divided info two broad categories: lakes that form between the ferminus of a steeply-sloped
refreating glacier and its end moraine; and those that develop through growth and amalgamation of meltwater ponds on the
lower, almost horizontal surface of a glacier tongue. Those in the first category are called ‘clean-ice glacial lakes’ because
the associated steeply sloping glaciers generally have litlle surface debris; those in the second category are called “supra-
glacial’ lakes. Supra-glacial lakes generally form on the surface of glaciers that are almost entirely covered by a thick mantle
of debris and have low gradients, indicating that they are either moving very slowly or are totally stagnant, at least in their
lower sections where the lakes form. As supra-glacial lakes enlarge and develop, the remnant glacier ice beneath them melts,
and they slowly evolve info moraine-dammed lakes, thus they are often referred to as 'supra-glacial and/or end moraine-
dammed lakes'.

The typical mechanisms of outburst differ between the two types of lake. For example, clean-ice glaciers with steep surface
slopes are usually flanked by precipitous mountain walls that support hanging glaciers and snow and ice fields that
periodically form avalanches. Ice, snow, and rock avalanches into these lakes can initiate surge waves causing the lake to
overtop ifs moraine dam. In contrast, supra-glacial lakes are generally in contact with their glacier fermini and contained
within high and steep lateral moraines. The lateral moraines are usually separated from the precipitous mountain valley walls
by sub-parallel dry valleys, which protect the lakes from ice- or snow-avalanches, rock falls, and landslides from the valley
walls. Thus, they are only rarely subject to major release triggers that could induce surge waves and lead them fo overtop
their end moraine dams.

The largest of the existing glacial lakes in Nepal are those that began as a series of supra-glacial meltwater ponds. They
include Tsho Rolpa, Imja Tsho, and Thulagi Lake, all of which began to form some 50 to 60 years ago. All three lakes are

now more than two to three kilometres long with maximum depths close to 100 metres and storage capacities over
35x10° m*.
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The critical element defermining the stability of supra-glacial or end moraine-dammed lakes is the strength and cohesion

of the end moraine. In this case the primary frigger is anything that compromises the integrity of the end moraine. A first
consideration is the hydrostatic pressure on the dam caused by the volume of water in the lake and anything that can
increase that volume. Any of a number of associated triggers that can compromise the stability of the moraine dam should be
considered. These can include the degree of consolidation as resistance to seepage (piping) of lake water through the dam;
sheer increase in hydrostatic pressure as the lake enlarges; the melting of ice cores and permafrost within the end moraine;
and any downcutting of the outlet stream. The possibility of a surge wave cannot be excluded but is considered to be
extremely rare because of the surrounding topographic configuration.

Either mechanism (surge wave and moraine dam collapse) can trigger a GLOF event in both of the two types of glacial lake,
but the likelihood is different. Most frequently, outbursts from ‘clean-ice glacier’ lakes are triggered by surge waves caused by
avalanches, while outbursts from ‘supra-glacial” lakes are initiated by the collapse of the moraine dam. This does not exclude
the possibility of either or both mechanisms affecting either type of lake or the same lake. Furthermore, the partial distinction
between the two sub-sefs would be meaningless in the event of a major earthquake which, though probable, is highly
unpredictable.
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4 NMapping of Glaciers ana

Glacial Lakes

The Inventories for Nepal

An inventory of glaciers and glacial lakes in Nepal was prepared by ICIMOD in 1999/2000 with support from the United
Nations Environment Programme, Regional Resources Centre for Asia and the Pacific [UNEP/RRC-AP). This inventory was
based mainly on topographic maps published between 1960 and 1982; for areas where no maps were available, satellite
images dating from 1999 and 2000 were used (Mool et al. 2001al.

In 2009/10, ICIMOD produced a new inventory for Nepal based on Landsat images taken in 2005 and 2006. A
comparison between this new inventory and that of 2001 showed changes in many of the glacial lakes, which led to
realisation of the need to reappraise these lakes in order to prioritise them for more detailed study. However, in making
comparisons between different sefs of data, it is important that the types of imagery used and the dates of their acquisition be
as similar as possible; the earlier inventory was based on the only sources available at the time, but was far from optimum in
this respect.

In both inventories, glaciers and glacial lakes were mapped and numbered according fo river basins and sub-basins. For this,

the Neepal Himalayas were divided into four maijor river basins from east to west: the Koshi basin; the Gandaki basin; the
Karnali basin; and the Mahakali basin. Each was divided further into sub-basins (Figure 4.1).

Figure 4.1: Maijor river basins and sub-basins in the Nepal Himalayas
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The Koshi river basin lies in eastern Nepal between latitudes 26°21" and 28°13" N, and longitudes 85°20" and 88°13'

E. It has seven major sub-basins: Indrawati, Sun Koshi, Tama Koshi, Likhu, Dudh Koshi, Arun, and Tamor. The Arun, Tama
Koshi, and Bhote Koshi-Sun Koshi rivers originate in TAR China, and flow south through the Nepal Himalayas. All other
fributaries originate within the territory of Nepal and also flow southwards. The Sun Koshi river generally flows from northwest
to southeast (Figure 4.1).

The Gandaki river basin lies in central Nepal between latitudes 27°46" and 28°12" N, and longitudes 82°44" and 85°48’
E. It has five major sub-basins: Kali Gandaki, Sefi, Marsyangdi, Budhi Gandaki and Trishuli.

The Kamali river basin lies in western Nepal between latitudes 29°04" and 30°27" N, and longitudes 80°33" and 83°4 1
E. It has six subbasins: West Sefi, Kawari, Humla, Mugu, Tila, and Bheri. Iis river network includes the Bheri, Mugu Karnali,
Humla Karnali, Kawari, Tila, and West Seti rivers. Generally, the rivers flow from north to south. The Humla Karnali river
originates in TAR China.

The Mahakali river lies in the far west of Nepal: it flows towards the southwest and forms Nepal's western border with India.
It has two main fributaries in Nepalese territory: the Chamelia river and the Surnagad river. The part of the Mahakali river
basin lying in Nepal falls between lafitudes 29°07" and 30°04' N, and longitudes 80°08" and 81°07" E and covers about
one-third of the total area of the basin.

Mapping Glaciers

The methodology used for mapping Nepal's glaciers follows the recommendations developed for the World Glacier Inventory
(WGI) by Miller et al. (1977) at the Temporary Technical Secrefariat (TTS), Swiss Federal Insfitute of Technology (ETH),
Zurich.

The atiributes of glaciers used in mapping are as follows:

1. Unique identifier (basin and sub-basin name, glacier name, latitude, longitude, and highest, lowest, and mean elevations)
2. Physical parameters (area, length, and orientation of glacier)

3. Clacier type (class)

4. Source of database and date

ICIMOD’s first glacier inventory covered a wide temporal range due to the limited data sources available at the time. This
placed restrictions on its value for detailed analysis.

Ideally, glacier information should be compiled from a single source over a narrow temporal range. This opportunity was
offered more closely when images became available from landsat 5, 7 and Enhanced Thematic Mapper (TM/ETM+), since
these have a narrower temporal base (2005+3 years). These images were used fo prepare a new inventory, which therefore
provides a more accurate base for analysis. Furthermore, the new mapping process was undertaken by applying a semi-
automated approach using the ‘eCognition” (Definiens Development-object base) and 'ERDAS Imagine’ (pixel base) remote-
sensing software fo delineate glacier boundaries. Postprocessing database management was carried out using ArcGIS
software. The parameters selected were based on the ‘Guidelines for the compilation of glacier inventory data from digital
sources’, which were reviewed by several members of the working and user groups of both the ESA GlobeGlacier and
Clobal Land Ice Measurements from Space (GLIMS) communities (Bajracharya et al. 2009). The glacier inventory for Nepal
is part of a larger inventory which is being prepared for publication.

The 2001 inventory identified 3,252 glaciers in Nepal covering an area of 5,324 sq.km (Mool et al. 2001a). The new
invenfory prepared using the Landsat 5 and 7 images mapped 3,808 glaciers with a total area of 4,212 sq.km (Table 4.1)
(Bajracharya et al. 2010, Bajracharya and Maharjan 2010).



Glacial Lakes and Glacial Lake Outburst Floods in Nepal

Table 4.1: Distribution of glaciers in the river basins of Nepal

(after Mool et al. 2001aq, Bajracharya et al. 2010, Bajracharya and Maharjan 2010)

2001 glacier inventory 2010 glacier inventory
Basin No. of glaciers | Total area Mean area No. of glaciers | Total area Highest Lowest elevation

(sq.km) (sq.km) (sq.km) elevation (masl)
(masl)
Koshi 779 1,410 1.81 843 1,180 8,437 3,962
Gandaki 1,025 2,030 1.98 1,337 1,800 8,093 3,273
Karnali 1,361 1,741 127 1,461 1,120 7515 3,631
Mahakali 87 143 1.65 167 112 6,850 3,695
Total 3,252 5,324 1.64 3,808 4,212

Mapping Glacial Lakes

For the inventory, glacial lakes were defined as all lakes in a river basin that lie above 3,500 m, are greater than 1000
sg.m in area, and are fed by glacial melt. The altitude was selected as representing the approximate lower limit of glacial
moraine accumulations in Nepal. Glacial lakes may also exist beneath or within glaciers, but these are not usually visible on
aerial images and so cannot be mapped. Thus such lakes were not included.

Classification of lakes

The glacial lakes were classified broadly into moraine-dammed, icedammed, erosion, and other lakes. The detailed
classification is summarised in Table 4.2. Some of the more common types of lake in Nepal are described in the following.

Moraine-dammed lakes

As a glacier tongue thins and refreats, meltwater can become trapped in the trough between the glacier terminus and its end
moraine. Lakes may also accumulate along the glacier margins, between the lateral moraine and the valley side. Depending
on the fopography of the glacial foreland inside the end moraine, small lakes may also accumulate in the numerous
depressions that are characteristic of the terrain.

Supra-glacial lakes

The only ice-dammed lakes identified in Nepal are supra-glacial lakes. The recent period of atmospheric warming has
caused many of the glaciers in the Nepal Himalayas to thin. The lower tongues of a large number of these glaciers are
almost completely mantled with morainic debris and rock fall from the surrounding valley walls. In the early stages of down-
melting, small ponds accumulate within the surface moraine. These ponds are inherently unstable and may drain englacially
or through a lateral moraine before reaching significant dimensions. In many cases, however, they have grown in size as
glacier melt continued, and have amalgamated info progressively larger supra-glacial lakes. While most of these lakes
originate as small ponds, their progressive expansion has produced some of the largest of the Himalayan lakes. As lake
expansion and glacial retreat continue, these supra-glacial lakes may merge with end-moraine dammed lakes. Because of the
enormous volume of such lakes, they are often perceived to be among the most critical.

Erosion lakes

Clacial erosion lakes are bodies of water that form following glacial erosion and ‘overdeepening’. They exist in a variety of
forms such as in depressions formed by cirque glaciers and as glacial valley lakes that accumulated in depressions after the
eroding glacier refreated or disappeared. They may be partially dammed by very old end moraines. They have usually been
in existence for hundreds or even thousands of years.

Other glacial lakes

Rock falls, debris flows, and landslides often send masses of rock and soil debris on to valley floors damming local streams
originating in glaciers. Bodies of water may also form amongst the uneven hummocks created by these deposits.
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Table 4.2: Classification of glacial lakes: a. table (below) and b. schematic diagram (opposite page)

20

Glacial lake type Code | Definition Notes
Moraine-dammed lake M Lake dammed by moraine following
glacial retreat
End-moraine dammed | M(e] | Lake dammed by end (terminal) Usually touches the walls of the side moraines, but the
lake moraines water is held back by the end moraine ([dam), lake usually,
but not necessarily, in contact with the glacier, and may
have glacier ice at the lake bottom (defined in some other
classifications as ‘advanced form of supraglacial’).
Lateral moraine M(l) Lake dammed by lateral moraine(s) not | Lake is held back by the outside wall of a lateral moraine,
dammed lake (ice free) in contact with glacial ice i.e., away from the former glacial path; lake may be in
the fork formed between two lateral moraines of a main
glacier and a glacier in a tributary valley; ‘ice free’ means
the lateral moraine itself is no longer in contact with the
glacier.
Lateral moraine M(lg) | Lake dammed by lateral moraine(s) in | As above, but the lateral moraine is in contact with the
dammed lake (with ice) contact with glacial ice glacier ice.
Other moraine M(o) | Loke dammed by other moraines
dammed lake (includes kettle lakes and thermokarst
lakes)
Ice-dammed lake | Lakes dammed by glacier ice
Supra-glacial lake Is) Pond or lake on the surface of a Most common type of ice-dammed lake in the Nepal
glacier Himalayas
Glacier ice-dammed I(d) Lake dammed by glacier ice with no Dammed by the glacier ice, with no lateral moraine; can
lake lateral moraines be at the side of a glacier between the glacier margin and
valley wall
Found elsewhere in the Hindu Kush-Himalayan region, but
not in Nepal Himalayas
Glacier erosion lake E Bodies of water that form as a result
of an earlier glacial erosion process,
which accumulate in depressions after
the glacier has retreated or melted
away
Cirque lake E(c) A small pond occupying a cirque
Glacier trough valley | E(v) Lakes formed in the glacier trough as a | For example ribbon lakes
lake result of the glacier erosion process
Other glacier erosion | E(o) Bodies of water occupying depressions
lake formed by the glacial erosion process;
these are usually located on the mid-
slope of hills, but not necessarily in a
cirque.
Other glacial lakes o Lakes formed in a glaciated valley,
and fed by glacial melt, but damming
material not directly part of the glacial
process
ofl) Debris-dammed lake Lake formed by dam following a debris fall, rock
avalanche, or landslide in a glacial valley and fed by
glacial melt
Ola) | Artificial lake Lake formed by a man-made dam in a glacial valley and
fed by glacial melt
Olo) | Other lakes fed by glacial melt
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Materials and Tools

landsat safellite images (World Geodetic System 1984, i.e., "WGS 84’ projection) from 2005,/06 were used as the basic
source of data for developing the present mapping and inventory work. These images can be downloaded freely from the
United States Geological Survey (USGS) and Global Land Cover Facility (GLCF). Satellite images from 2000 and 2001

had to be used for a small area of the Mahakali basin because there were no cloud- and snow-free images available for any

date after 2001.

Information on the elevation of the glacial lakes was derived from the Shutile Radar Transmission Mission Digital Elevation
Model (SRTM DEM) and Advanced Space-borne Thermal Emission and Reflection Radiometer [ASTER) Global DEM. This
data source was used to detect the boundaries of glacial lakes and to help classify them. Google Earth safellite images were
used fo verify the glacial lake inventory data. A combination of open source remote sensing and GIS software packages,
such as Google Earth, Quantum GIS, Integrated Land and Water Information System (ILWIS), Postgre/ PostGIS, and Python,
were used fo edit, manage, and analyse the data.

Both information on lakes, and supporting information related to possible impact on the downstream areas, can also be
obtained using high resolution images like IKONOS, QuickBird, or OrbView as shown by other authors (K&ab et al. 2005).

Detection of glacial lakes

Detection of glacial lakes using multispectral imagery involves discriminating between water and other types of surface.
Delineation of surface water can be achieved using spectral reflectance differences. Water strongly absorbs light in the near
and middle-infrared wavelengths (0.8 = 2.5 pm). The Normalised Difference Water Index (NDWWI) was used for automated
glacial lake detection (Huggel 2002) followed by visual interpretation. DEM and Google Earth were used for better
visualisation, especially for lakes in shadow and/or snow-covered areas.

Parameters of the glacial lake inventory

Altogether 18 different parameters were considered in the glacial lake inventory, divided into four groups: information about
the hydrological basin, data about the glacial lake, data sources, and information about the associated glacier:

® Information about the hydrological basin ® Data about the glacial lake
— Name of basin - Code
- Name of sub-basin - longitude
- Drainage - latitude
* Source of database and date - Elevation
- Source of elevation data - lake area
- Data source - lake length
— Data source date - Orientation
* Information about the associated glacier - Class
- Code - level of potential hazard

- Glacier name
— Distance from lake

Distribution and characteristics of glacial lakes

The inventory identified a fofal of 1,466 glacial lakes in Nepal (Figure 4.2 and Table 4.3). Nine lakes were mapped in the
Nepalese part of the Mahakali river basin with a total area of 0.137 sq.km; 742 lakes were mapped in the Karnali basin
with a total area of 29.147 sq.km — the largest number and greatest lake area in any one basin; 116 glacial lokes were
mapped in the Gandaki basin with a fotal area of 9.538 sq.km — the largest average size in any basin (0.082 sq.km); and
599 lakes were mapped in the Koshi basin with a total area of 25.958 sq.km.
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Figure 4.2: Location of glaciers and glacial lakes in Nepal
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Table 4.3: Glacial lakes and their area in the river basins and sub-basins of Nepal

Basin Sub-basin Glacial lakes Mean area | Max area Min area
Number % of total Area % of total (sqkm) (sqkm) (sckem)
(sq.km)
Tamor 209 14.26 6.584 10.16 0.032 0.615 0.001
Arun 81 5.53 3.284 5.07 0.041 1.122 0.002
Dudh Koshi 243 16.58 13.207 20.39 0.054 0.943 0.002
Koshi Likhu 13 0.89 0.312 0.48 0.024 0.082 0.003
Tama Koshi 24 1.64 2.156 3.33 0.090 1.452 0.003
Sun Koshi 17 1.16 0.306 0.47 0.018 0.061 0.004
Indrawati 12 0.82 0.109 0.17 0.009 0.024 0.003
Basin total 599 40.86 25.958 40.07 0.043 1.452 0.001
Trishuli 50 3.41 1.678 2.59 0.034 0.181 0.003
Budhi Gandaki 12 0.82 0.709 1.09 0.059 0.250 0.002
Marsyangdi 22 1.50 5.158 7.96 0.234 3.322 0.003
Gandaki

Seti 6 0.41 0.113 0.17 0.019 0.033 0.013
Kali Gandaki 26 1.77 1.880 2.90 0.072 0.670 0.003
Basin total 116 7.91 9.538 14.72 0.082 3.322 0.002
Bheri 56 3.82 6.936 10.70 0.124 4.814 0.002
Tila 73 4.98 3.576 5.52 0.049 0.434 0.003
Mugu 218 14.87 5.020 7.75 0.023 0.382 0.002
Karnali Humla 346 23.60 12.189 18.82 0.035 0.619 0.001
Kawari 24 1.64 0.774 1.19 0.032 0.160 0.003
West Seti 25 1.71 0.652 1.00 0.026 0.298 0.002
Basin total 742 50.61 29.147 45.00 0.039 4.814 0.001
Mahakali Mahakali 9 0.61 0.137 0.21 0.015 0.049 0.003
Basin total 9 0.61 0.137 0.21 0.015 0.049 0.003
Total | 1466 100 64.780 100 0.044 4.814 0.001
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Figure 4.3 and Table 4.4 show the cumulative disfribution of glacial lakes according fo their type, number, and area. The
majority of lakes are moraine-dammed (975 lakes occupying 72% of the total lake areal); supra-glacial lakes, mostly small
with an average size of 0.009 sq.km, represent only 1.5 % of the tofal glacial lake area; erosion lakes represent 17% of the

tofal lake area; and other glacial lakes 9.5%.

Figure 4.3: Cumulative distribution of glacial lakes (a: area % and b: number %)
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O = other glacial lake

Table 4.4: Summary of number and area of different types of glacial lakes in Nepal

Main type Sub type Total number Total area Mean area | Max area | Min area
Number % Area % (sq.km) (sq.km) (sq.km)
Moraine dammed | End-moraine dammed lake 227 15.5 27.526 42.5 0.122 3.322 0.003
lak
e Lake dammed by lateral 15 10 | 2.358 36 | 0157 | 0670 | 0.001
moraine not in confact with
glacial ice
Lake dammed by lateral 33 2.3 3.611 5.6 0.109 0.570 0.004
moraine in contact with
glacial ice
Other moraine- dammed 700 47.8 13.269 20.5 0.019 0.271 0.001
lake
Total 975 66.6 46.764 72.2 0.407 4.833 0.009
Ice dammed lake | Supra-glacial lake 107 7.3 0.985 1.5 0.009 0.100 0.002
Glacier erosion Cirque lake 121 8.3 6.915 10.7 0.057 0.434 0.003
lak
e Trough valley lake 5 03 | 0500 08 | 0100 | 0235 | 0014
Other glacial erosion lake 242 16.5 3.450 53 0.014 0.168 0.001
Total 368 25.1 10.865 16.8 0.171 0.837 0.018
Other glacial lake 16 1.1 6.166 9.5 0.385 4814 0.011
Total | 1,466 100 64.780 100
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Forty-nine of the mapped lakes were larger than 0.2 sq.km; together they occupy 28.45 sq.km or 43.9% of the tofal glacial
lake area of Nepal. The average size of the lakes overall was 0.044 sq.km. Thus the great majority of lakes are small and
may not draw significant attention in terms of potential hazards. However, small lakes can also lead to disasters when they
are included in chain reactions and process combinations, or where there is high downstream vulnerability. Equally, small
lakes that do not have a significant hazard potential at present may enlarge over a short period and become a potential

hazard source.

A repeat inventory is considered a necessary precaution, and close monitoring of small lakes should not be ignored (Narama
et al. 2008). The current study focused on larger lakes because of their large erosive power fo longer distances downstream
where infrastructure is located, whereas small scale events generally have more localised impacts with their limits at
headwaters where there is generally less infrastructure or large scale economic acfivity.

Figure 4.4 shows the distribution of glacial lakes in relation fo area, elevation, and longitude. In general, the larger valley
glaciers with termini extending below 5,000 metres above sea level (masl) have well-developed glacial lakes. The majority
of lakes are located at elevations of between 4,500 and 5,000 masl. The larger, moraine-dammed lakes are mostly

concentrated in the eastern parts of the country.

Figure 4.5 shows the spatial distribution of lakes by type and sub-basin: the size of the circles represents the cumulative area
of lakes of each type in three different size ranges. Thus the figure shows that the Tamor sub-basin has more glacier erosion
lakes (117) of large size with a tofal area of 2.948 sq.km (Figure 4.5g); whereas large lakes dammed by end moraines are
most numerous (53 lakes) in the Dudh Koshi sub-basin where they occupy a total area of 7.842 sq.km (Figure 4.5b). Other
moraine dammed types of lake are concentrated in the Humla sub-basin (248 lakes), where they cover a total area of 4.601
sq.km (Figure 4.5e). Other glacial lakes of large size are concentrated in the Bheri sub-basin (2 lakes), where they cover a

fotal area of 4.844 sq.km (Figure 4.5h).

Figure 4.4: Distribution of glacial lakes in relation to longitude and elevation;
the line graph shows the distribution of lake area
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Figure 4.5: Graphical representation of cumulative area of lake types in each sub-basin,
(the size of the circle indicates cumulative area)
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Changes Over Time

The inconsistency between the data sources in the inventory of 2001 and the present study presents a problem in obtaining

a meaningful comparison as the two inventories are not strictly equivalent. Nevertheless, an attempt was made to identify

the main differences (Table 4.5). The total number of lakes decreased from 2,323 to 1,466, a reduction of 37%. The total
area also decreased from 75.6 to 64.8 sq.km, or 14%, whereas the average lake area increased from 0.033 sq.km to
0.044 sq.km, or 33%. The differences are to some extent the result of the use of different sources of data and different
methodologies. Nonetheless, some of the changes identified do appear to be the result of very small supra-glacial lakes
(2001) coalescing to form fewer but larger lakes. At the same time, some smaller lakes identified in the 2001 study have
now totally disappeared. The changes indicate that the situation may be evolving rapidly. It confirms the need for periodically
repeated surveys (for example every 5 to 10 years) using strictly comparable data sources.

Table 4.5: Comparison of number and area of glacial lakes between the 2001 and 2009 inventories
(after Ives et al. 2010)
Basin/ Sub-basin Lakes in 2001 inventory Lakes in 2009 inventory Comparison 2009/2001
Number Area Number Area Number (%) Area (%)
(sq.km) (sq.km)

Koshi River Basin
Tamor 356 7.32 209 6.57 -41.29 -10.22
Arun 109 2.53 81 3.28 -25.69 29.53
Dudh Koshi 473 13.1 243 13.19 -48.63 0.89
Likhu 14 0.22 13 0.31 -7.14 40.78
Tama Koshi 57 1.26 24 2.15 -57.89 71.07
Sun Koshi 35 0.41 17 0.31 -51.43 -25.73
Indrawati 18 0.28 12 0.11 -33.33 -60.79

Basin sub-total 1062 25.1 599 25.92 -43.60 3.30

Gandaki River Basin

Trishuli 117 2.03 50 1.68 -57.26 -17.44
Budhi Gandaki 37 0.64 12 0.71 -67.57 10.78
Marsyangdi 78 6.28 22 5.16 71.79 -17.90
Seti 10 0.26 6 0.11 -40.00 -56.54
Kali Gandaki 96 3.29 26 1.88 -72.92 -42.86

Basin sub-total 338 12.50 116 9.53 -65.68 -23.73

Karnali River Basin

Bheri 152 9.16 56 6.94 -63.16 24.26
Tila 71 4.97 73 3.58 2.82 -28.01
Mugu Karnali 280 8.56 218 5.03 22.14 -41.29
Humla Karnali 345 13.01 346 12.19 0.29 -6.29
Kawari 44 1.57 24 0.77 -45.45 -50.70
West Seti 15 0.40 25 0.65 66.67 63.00

Basin sub-total 907 37.67 742 29.16 -18.19 -22.59

Mahakali Basin

Mahakali 16 0.38 9 0.137 -43.75 -63.95

Total | 2,323 75.64 1,466 64.75 -36.89 -14.36

Note: data for the 2001 survey were derived from topographic maps based on survey data from the 1950s and 60s and satellite images
of between 1984 and 1994, data for the 2009 survey were derived from satellite images from 2005/06 (see text).
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5 Prioritisation of Critical Lakes

Identification of Critical (‘Potentially Dangerous’) Lakes

Application of remote sensing has become a fundamental requirement for any assessment of the potential hazard posed by
the rapid formation of new glacial lakes and the continued enlargement of existing ones. However, remote-sensing techniques
are limited in their ability to see below the surface; and ground-based geophysical surveys such as bathymetric and borehole
surveys are needed in order to investigate below the surface. Given the geographic extent and unusually challenging
accessibility of the Nepal Himalayas, and the large number of lakes involved, it is clear that only a very small percentage of
lakes will ever be visited in the field. It would also be impossible to carry out detailed field investigations of all lakes identified
as crifical because such investigations are difficult, time consuming, and expensive. Emphasis must be placed on the relatively
small number of lakes that can be identified as especially vulnerable to sudden outbreak (Ives et al. 2010). This is not only
because of the degree of danger to which people and infrastructure may be exposed, but also to ensure the most efficient
use of limited available resources (WECS 1987).

In order to select lakes for detailed field study, they must be ranked in order of their apparent level of instability. This process
has two aspects: (1) evaluation of the current degree of lake instability from a purely geophysical point of view; and (2)
determination of the potential for downstream damage and loss of life in the event of actual lake outburst. The two foci must
be examined separately and then combined (lves ef al. 2010).

Various researchers have applied remote sensing methods using space borne imagery and in situ field surveys for the
assessment of glaciers and glacial lake hazards in high mountain areas (Yamada 1998a, 1998b; Reynolds 1999; Mool
etal. 2001a, 2001b; Huggel et al. 2002; Bolch ef al. 2008; Fujita ef al. 2009; Watanabe et al. 2009). Statisfical

and remote sensing-based approaches have been used to investigate the probability of catastrophic drainage of moraine-
dammed lakes in southwestern British Columbia, Canada (McKillop and Clague 2007). Glacial lake hazard assessment has
been undertaken in the Swiss Alps using three scale levels of remote sensing with a progressive focus on crifical glacial lakes
(Huggel et al. 2002). In very remote regions, such as the Cordillera Carabaya in the Peruvian Andes, remote sensing has
proven to be of great value, being virtually the only tool available to fill gaps in information (Huggel et al. 2003).

Huggel et al. (2004) presented the procedures for first order assessment of GLOF and other glacial hazards such as

ice avalanches and debris flows. The assessment procedure must consider basic glaciological, geomorphological, and
hydraulic principles fogether with experience gained from previous events. However, it is difficult to estimate the probability of
occurrence of such hazards because of the rapid changes in the nature of glacial systems (Huggel et al. 2004).

In the current study, an attempt was made to approach the large number of lakes using a multi-scale or multilevel process
starting from the regional scale (preliminary reconnaissance) and proceeding to the local scale (defailed information
gathering) (Mool ef al. 2001a; Huggel et al. 2002), with a selection of the most critical lakes at each level. First, very small
lakes were excluded. The remaining lakes were then further evaluated using a range of geomorphological and physical
criferia fo identify those warranting further investigation. The selected lakes were studied in more defail using a list of criteria
fo further reduce the total. Those remaining were ranked on the basis of physical and socioeconomic parameters. This
resulted in a final list that was further divided into three groups: high priority lakes that required detailed field investigation
and mapping; medium priority lakes to be closely monitored and reconnoitred in the field; and low priority lakes designated

for periodic observation.
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Selection Process

Primary selection

The current mapping of glacial lakes in Nepal includes all those with an area greater than 0.001 sq.km. Those with an area
above 0.02 sq.km (559 in total) were considered large enough to cause damage downstream if they burst out; this potential
would be heightened if they are associated with a glacier. A total of 49 lakes were identified in this manner. These were
further evaluated as discussed below.

Selection of critical lakes warranting further investigation

Evaluation of the possibility of catastrophic drainage is based on the characteristics of a lake, its dam, associated glaciers,
and other fopographic features (Mool ef al. 2001a). The factors taken info account include the size; rate at which the lake
is expanding; position with respect fo the associated glacier; height of the moraine dam; overtopping height (free board);
origin of the lake (supra, cirque, moraine dammed); physical condition of the surroundings, such as the existence of hanging
glaciers or potential rock and debris fall or slides; and the volume of water that could drain out.

The following criteria were identified in the step-wise approach adopted by ICIMOD for the initial inventory study to identify
crifical lakes warranting further investigation ('potentially dangerous’) in Bhutan, TAR/China, India, Nepal, and Pakistan
(Mool ef al. 2001a; Mool ef al. 2001b; Mool and Bajracharya 2003; Bhagat et al. 2004; Sah et al. 2005; Roohi et al.
2005; Wu lizong ef al. 2005):

Large size and rapid expansion

Increase in water level

Infermittent activity of supra-glacial lakes

Position in relation to moraines and associated glacier

O AN =

Dam condition
i.  Narrow cresf area
ii. ~No drainage outflow or outlet not well defined
iii.  Steepness of slope of the moraine walls
iv.  Existence and stability of ice core and/or permafrost within moraine
v.  Height of moraine
vi. Mass movement, or potential mass movement, on the inner slope and/or outer slope of moraine
vii. Breached and closed in the past and the lake refilled with water
viii. Seepage through the moraine walls
6. Glacier characteristics
i.  Condition of associated glacier
ii. Hanging glacier in contact with or very close to lake
ii. lorge glacier area
iv.  Rapid glacier refreat
v.  Debris cover on the lower glacier tongue
vi.  Gradient of glacier fongue
vii. Presence of crevasses and ponds on glacier surface
viii. Toppling or collapsing of ice from the glacier front
xi. lcebergs breaking off glacier ferminus and floating into lake
7. Physical conditions of surroundings
i.  Potential rock fall and/or slide (mass movement) sites around the lake
ii. large snow avalanche sites immediately above
iii. Neorectonic and earthquake activity
iv.  Climatic conditions, especially large interannual variations
v.  Very recent moraines of fributary glaciers that were previously part of a former glacier complex, and with multiple
lakes that have developed due to retreat of several glaciers in close proximity (e.g. Lunana area in Pho Chu basin,
Bhutan)
vi.  Sudden advance of a glacier fowards a lower tributary or main glacier which has a welldeveloped frontal lake

30



Glacial Lakes and Glacial Lake Outburst Floods in Nepal

The same criferia were used in the present study. They were evaluated for individual lakes based on exisfing field
observations (where available), processes and records of past events, geomorphological and geotechnical characteristics

of the lake and surroundings, and other physical conditions. Many of the criteria were derived from remote sensed data.
Geomorphic features and processes are very distinctive in the high spatial resolution safellite images and aerial photographs,
and physical parameters of glaciers, glacial lakes, and associated moraines can be estimated easily using stereoscopic
views and use of high spatial resolution safellite images (lves et al. 2010).

Based on these criteria, 21 lakes were identified as significant.

Prioritisation of critical lakes by ranking

Ranking was carried out for the 21 lakes fo determine the priority of lakes for field surveys. Precise ranking was not possible.
Heavy reliance was placed on previous GLOF events, however, outbursts can occur that have no hisforic precedence,
especially in view of the current atmospheric warming. It is important to remember this limitation. Also, many of the GLOFs
that have occurred have so effectively disrupted the retaining end moraine dams that the likelihood of subsequent outbursts
in the same locality is minimal. Another consideration is that where potential outbursts are fentatively identified in areas far
remote from human activity, they should not be classed as hazards. Reliable determination of the degree of glacial lake
instability, af least in most cases, will require detailed glaciological and geotechnical field investigation (ves ef al. 2010).

As explained above, any attempt to predict the timing and magnitude of GLOF events is problematic. Determining priorities
for action to reduce the degree of hazard must also be approached with caution. Because of these difficulties no formal
statistical attempt was made to establish the degree of probability of catastrophic lake discharge, and it is not feasible to
calculate a unique value to provide a ranking for the implementation of mitigation measures and early warning systems.
Rather, the approach faken here was to review several parameters individually and then consider them together. They include
the volume of water which could be released; the position of the associated glacier with respect fo the lake; the outflow
capacity of the lake and the probability for overtopping; the presence of hanging glacier and/or rock falls and other triggers;
the stability of the end moraine dams; and the fofal human and economic losses likely to be incurred downstream in the event
of a worstcase scenario. The key physical parameters were faken from those used in the first selection, the socioeconomic
parameters were then added fo the overall considerations to provide the final ranking. The detailed desk-based approach for
ranking was developed and applied fo the 21 lakes identified as potentially critical (Figure 5.1).

Figure 5.1: Physical and socioeconomic criteria used for ranking critical lakes

Ranking of Glacial Lakes

Distance to glacier Surroundings Socioeconomics
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Physical parameters

The key physical parameters applied in the ranking were changes in the boundary conditions of the associated glaciers
(frontal retreat and thinning] and the lakes (enlargement) over time, and the distance between the lake and the glacier:
whether the two were in confact, close, or less than 1500 m apart. Lakes farther than 1500 m from their associated glaciers
were not considered potentially dangerous. The rating of the moraine dams included height, width, and steepness. Steepness
was rated as follows: very steep (>45 degrees), steep (25 to 45 degrees), or gentle (<25 degrees). Surroundings of the lake
area included factors such as possible rock or debris slides, hanging glaciers, and potential avalanche paths.

Socioeconomic parameters

The socioeconomic parameters included the size of downstream sefflements (small, <10 houses; medium, 10 to 50 houses;
and large, >50 houses), the number and type of bridges (wooden, suspension, motorable, and highway bridges), the
distance from hydropower projects (number and capacity of hydropower projects in megawatts), the area of agricultural land
in the path of a pofential outburst, and any other important infrastructure or activities of economic value such as trekking frails,
community service cenfres such as schools and health centres, religious gathering sites, and camp sites. This information for
preliminary assessment was derived from topographic and thematic maps and other secondary sources.

Priorities for further investigation Table 5.1: List of potentially critical glacial lakes in Nepal

identified in the 2010 study and their priority

The socioeconomic and physical parameters were
considered together and the critical lakes were

category

categorised into: 1) high priority lakes — requiring S.No. | Lake ID Number (2009) Lake Name Category
extensive field investigation and mapping; 2) medium 1 kotak_gl_0009 Tsho Rolpa [
priority lakes — that require close monitoring and 2 koaru_gl_0009 Lower Barun |
reconnaissance field surveys; and 3) low priority lakes 3 kodud_gl_0184 Imja Tsho |
— that warrant periodic observation. Of the 21 lakes 4 kodud_gl_0036 Lumding |
reviewed, 6 were classed as Category 1, 4 as Category 5 kodud_gl_0242 West Chamiang |
2,and 11 as Category 3 (Table 5.1). o gamar gl 0018 Thulagi (Dondl |
Three of the Category 1 lakes were selected for field 4 kotam_gl.0133 Nogma !
investigation: Tsho Rolpa, Imja Tsho, and Thulagi lake. 8 kodud_gl 0241 Hungu !
The field investigations are described in the next section of ? kodud gl 0193 Tam Pokhari !
this report. Although the other three lakes merited similar 10 kodud gl 0229 Hungu !
affention, constraints of time and resources mitigated 1 kotam_gl 0T91" - i
against their inclusion in the present study. The three lakes 12 gakal_gl 0004 - i
were selected because they are dammed by a terminal 13 koaru_gl_0012° Barun 1l
moraine and lateral moraines, and the associated glacier 14 kodud_gl_0238" - 1
is in direct contact. All have expanded rapidly in the 15 gabud_gl_0009 - 1l
recent past and there is considerable economic activity in 16 kodud_gl_0220 _ I
the valleys below. 17 | koaru_gl_0016° - i
18 gakal_gl_0008 - 1l
19 kotam_gl_0111 - 11
20 kodud_gl_0239 East Hungu 2 1l
21 gakal_gl_0022 Kaligandaki Il
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6 Field Investigations

Three of the high priority lakes were subjected to intense field investigation. Both the physical conditions and the potential
socioeconomic impacts that would result from a possible lake outburst were investigated. This included topographical and
bathymetric mapping, hydrometeorological observations, and engineering geological, geophysical, and glaciological
research. Potential downstream impacts were estimated using flood-outburst modelling to show which areas would be
affected in a worst case situation. This entailed mapping settlements, infrastructure, agricultural land and other features of
socioeconomic significance located within the perimeter of the modelled flood limits.

The fieldwork was undertaken between 4 May 2009 and 2 June 2009 for Imja Tsho, 6 July 2009 and 3 August 2009 for
Thulagi Lake, and 24 August 2009 and 18 September 2009 for Tsho Rolpa.

The fieldwork was a large-scale undertaking that involved multidisciplinary teams, a wide variety of acfivities, and the
coordination of various government departments, universities, and private instituions. The different sets of activities and the
methods employed are described below. A summary of the results is given in Chapter 7.

Areas of Investigation

Stability of the moraine dams

a. Geological and geophysical properties using ground penetrating radar (GPR); this enabled location of buried ice and
determination of the composition of morainic materials

b. Moraine geotechnical properties including size distribution, compaction, cohesion and friction coefficients

c. Geomorphological characteristics of the lake and surrounding area

d. Topographical survey of the moraine, the outlet, and the surrounding area including changes in the lake shoreline, and
the position of the glacier terminus

Lake storage volume

A defailed bathymetric survey was used fo calculate the lake storage volume, using either direct depth measurement or echo-
sounding.

Potential external GLOF triggers

a. Observation of the associated glacier for hanging glaciers, glacial retreat, and other phenomena
b. Llooking for possible ice avalanches, ice calving, rock and/or debris falls or slides, slope failures, and so on
c. Signs of seismic activity (possible earthquakes)

Hydrometeorological data

Measurements of discharge, flow velocity, and cross-sectional area
Meteorological data such as air temperature, relative humidity, radiation, wind speed, and direction
Electrical conductivity and temperature of the lake water

Qa o o oQ

Hydraulic characteristics such as the steepness of the river, channel geometry, roughness coefficient, and seepage
information.



Glacial Lakes and Glacial Lake Outburst Floods in Nepal

Potential socioeconomic impacts

Dam break and flood routing models were calculated to help identify the potential downstream impact areas and elements at
risk. The socioeconomic vulnerability was assessed by interviewing the people who lived in the areas identified by the model.
The model and the inferviews helped to estimate the following:

a. How the moraine dam might fail

Peak floods for various scenarios

Flood routing downstream

Flood hazard mapping and vulnerability assessment (physical)

o o0 T

Flood hazard, impact, and vulnerability assessment (socioeconomic|

Field Techniques

Topographical survey

All three lakes were mapped in 2009. This included the
end moraines that dam them, together with their overflow
channels, the lateral moraines, the lake shorelines, and
the glacier termini. Mapping was carried out using @
"fofal station” (Sokkia and Pentax), a levelling process
supported by a differential global positioning system
(dGPS) (Leica), and other GPS instruments. The survey
used additional benchmarks (BM\| installed by different
groups during earlier mapping projects to ensure that the
resulting map was compatible with earlier maps of the
area. Both the existing and newly established benchmarks
were used fo monitor vertical and horizontal changes in

the surface features of the moraines, the lake shoreline, the
position of the glacier terminus, and the surroundings over
a period of time. Leica dGPS equipment (Leica #SR20,
fixed and rover) had been used previously fo tie benchmarks to WGS 1984 coordinates. Attempts were made fo reconcile
field benchmark data with the national WGS 1984 data sef (Tsho Rolpa and Thulagi). It is hoped that this will ensure that
future work can be tied to the reference benchmarks employed in the present study when the differential global positioning
system [dGPS) is not available or not used. The ellipsoidal elevation data obtained from differential calculation of dGPS were
corrected by geoid adjustments, which were different for the various geographical locations as per the correction factors of
national geodetic survey departments. The WGS 1984 benchmarks for Tsho Rolpa (T1) and Thulagi (G16) were defermined
by taking several repeat observations and using the mean value. The accuracy of the measured vertical position after repeat
observations over three to four hours (battery constraints in cold, high altitudes > 4000m) for several days was two fo three
mefres, whereas the accuracy of the horizontal position was 1-1.5 m for single frequency L1.

The dGPS instrument was used fo carry out survey work using the WGS 1984 coordinates with the advantage that these
can be referred fo and compared in future survey work using common national coordinates. However, the available
fopographical maps from the Survey Department of Nepal
are based on national coordinates, which differ from the
WGS 1984 survey. Work with the "total station” was
faster and more reliable (with an accuracy of one second).
Observations with the dGPS took longer as there were
constraints due to the battery draining within 3 to 4 hrs

in the cold narrow valleys and an insufficient number of
satellites being available during periods of observation.
When elevation differences between two benchmarks
were calculated using dGPS, the accuracy of the relative
height of the benchmarks improved to 0.5 m.
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Bathymetric mapping investigation

The bathymetric survey was carried out from an inflatable boat with an outboard motor. The observations were used to
estimate lake sforage volume; to evaluate the lake bottom condition near the outlets; and fo assess stability of the end
moraines below the lake surface. The positions (X and Y coordinates or grid) of the bathymetric observation points were
recorded using a GPS. Depth measurements were made using the echo-sounder equipment ‘Ninglu DS 2008 in Thulagi and
Tsho Rolpa, and an oldfashioned (but effective) method of dropping a weighted line in Imja Tsho (because the echo sounder
was malfunctioning). The bathymetric measurements were taken 5 -10 m from shorelines for safety reasons to avoid active
sliding of the inner moraine slopes. Bathymetric maps were then prepared and the surface area and storage volume of the
lakes were calculated.

Hydrometeorology

DAVIS Automatic Weather stations were installed near the survey camps and operated for the duration of the field studies.
This equipment functioned well during the Tsho Rolpa expedition, but malfunctioned at Thulagi Lake and Imja Tsho. Weather
data were collected for 16 days at Imja Tsho (11-28 May 2010). Heavy snowfall lasting 36 hours (May 23rd and 24th)

caused a loss of precipitation data because the rain gauge was not adapted for snow.

Lake discharge measurements were made using dye fracers and conductivity methods. For the dye fracer studly,
environmentally neutral sulphorhodamine G (SRG) tracer was infroduced info the lake outlet streams for a defined period of
fime at a consfant rafe, and water samples were collected downstream at fixed time infervals. The tracer concentrations in
the samples were evaluated later in the laboratory using spectrofluorometry and the results used to calculate discharge. The
salt dilution method was used to measure turbulent flow. A salt water solution was poured into the water and, affer ensuring
homogeneous mixing, electrical conductivity measurements were made at downstream locations af regular intervals fo
evaluate the salt concentrations — the discharge was then calculated.

Engineering geology and geophysics

Engineering geological studies were carried out to
evaluate the geological settings of the glacial lakes,
glaciers, moraines, and the surrounding area. The
composition of rocks as well as geological and
geomorphological processes and landforms were
evaluated. Various landforms, and processes were also
analysed. The property of the surface material was
estimated for d90, d60, and d10, porosity, and void
rafios. Unit weights were estimated subjectively. Angles of
repose were measured at several slope locations for input
info dam stability deferminations and GLOF modelling.

Geophysical investigations were carried out for detection
of buried ice both within the moraines and below the

lakes. A RAMAC GPR instrument with a 100 MHz

antenna was used for the GPR surveys. In the rough

and unstable field conditions of Tsho Rolpa, wide angle
reflection and refraction survey lines were selected. Due to malfunctioning of the GPR equipment and bad weather, only a
few measurements were made at Imja Tsho.

Modelling and socioeconomic analysis

A numerical model was used to simulate GLOF flooding in the downstream valleys and to evaluate socioeconomic impacts
for vulnerability assessments. Details of the methodology are provided in Chapters 8 and 9.
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Figure 7.1: Location of Imja Tsho and drainage area of the Imja Khola
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7 Results of the Field Investigations

The results of the field investigations of the three glacial lakes are presented below for each lake individually, and then
discussed together in a summary section. All results from previous research were reviewed prior fo the field visits. This pre-
existing knowledge is presented as a preamble to each section.

Imja Tsho

Imja Tsho is located in the eastern Nepal Himalayas at 27°54" N latitude and 86°56" E longitude. It has formed on the
lower tongue of the Imja Glacier, south of Lhotse (8,501 m) and Island Peak (Imjatse) (6,173 m) (Figures 7.1 and 7.2).The
lake surface lies close to 5,000 metres above sea level. It is drained through the end moraine that forms the lake dam by the
Imja Khola, one of the main tributaries of the Dudh Khosi.

An unusually heavy and unseasonal snowfall hampered the fieldwork which was also beset by the malfunctioning of the
GPR [ground penetrating radar), automatic weather station (AWS), and echo-sounding equipment. Despite these problems
sufficient information was collected fo satisfy the expedition’s original objectives.

Development of Imja Tsho

Several studies have been carried out on Imja Tsho and its downsfream areas (Hammond 1988; Yamada 1992; Watanabe
1992: Watanabe et al. 1994, 2009, 201 1; Kettelmann and Watanabe 1998; DHM 2001a, 2001b; Sakai et al.
2005, GEN 2006). The lake was first referred to in the literature by Vuichard and Zimmermann (1987) who used the name
"Pareshaya Tsho', although the derivation of this is not known. Hammond (1988) referred to it as ‘the Imja Glacier lake’. This
became ‘Imja Clacier lake’ (Watanabe et al. 1994). It was mentioned as ‘Imja Cho' in the fopographic map prepared by
the Survey Department of Government of Nepal. There was some reluctance to use the term Imja Tsho, or Imja Lake, because
neither variation had been formally approved by the relevant Nepalese authority, but both have since come into common
usage by default. This minutiae of toponymic detail is included because Imja Tsho has attracted almost world-wide attention
due to its assumed extreme danger.

Ground photographs taken in the 1950s demonstrate that, except for several small melt ponds on the glacier surface, no lake
existed af that time. The photographs were originally credited to Professor Fritz Miller who served as the “scientific wing” of
the 1956 Swiss Expedition fo Everest and Lhotse and who was responsible for the first glaciological research in the Khumbu;
however, they may have been taken by Erwin Schneider who was responsible for the first 1:50,000 map of the Mount
Everest region. (The accreditation is obscured by the fact that Schneider loaned Miller his phototheodolite; the theodolite
was definitely used fo take the photographs of the Imja Glacier, but this does not clearly identify the photographer.)

By 1984 a lake of approximately 0.4 sq.km had formed. The first major step was the acquisition of high quality stereoscopic
photographs of the Imja Glacier. They were obtained on the special flight missions directed by Dr Bradford Washburn and
Dr Barry Bishop as part of the production process for the 1988 1:50,000 map of the Mount Everest region sponsored by
the National Geographic Society. Dr Washburn provided Professor Ives with copies of the stereo-pair and this prompted the
systematic collection of all available photographs so that the history of the development of the lake could be documented.
Several valuable photographs were provided by Professor K Higuchi of Nagoya University who had led a series of Japanese
glaciological expeditions to the Khumbu from the 1960s fo the 1980s. The photographs were made available to Ms June
Hammond, a graduate student who analysed them as part of the work for her Master's thesis (Hammond 1988). For the first
fime, it was possible to draw a series of maps that could demonstrate the progressive evolution of the 1956 melt-ponds fo @
significant and potentially threatening lake by 1984. Since that time there has been continuing research on the Imja Tsho that
continues to the present day. The main results are summarised below.
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Figure 7.2: Overview of Imja Tsho showing the lake (centre), outlet channel, ponds, side valleys, and surroundings 24 April 2009

Watanabe undertook fieldwork in the upper Imja Khola as part of the research for his doctoral dissertation (VWatanabe
1992). He continued field observations together with colleagues from Hokkaido University and subsequently with Dr Alton
Byers up to the time this report went info production (Watanabe et al. 1994, 2009, 2011). Yamada (1992) directed field
research on Imja Tsho (25 March to 12 April 1992) as part of a Japan International Cooperation Agency (ICA] and WECS
technical cooperation agreement. Concurrent research by Sakai ef al. (2003; 2005) added additional knowledge about the
lake's enlargement, its bathymetry, its total volume in different years, and the condition of its end and lateral moraines. Imja
Tsho also became part of ICIMOD’s large-scale remote-sensing survey and inventory of glaciers and glacial lakes in Nepal
(Mool et al. 2001a). Hambrey et al. (2008 studied the characterisfics of four glaciers in the Khumbu region, including Imja
Clacier and lake. Watanabe et al. (2009) produced a detfailed contour map, together with reconstruction of variations in
lake level between 1964 and 2006-2009. By 2006 the previous rapid enlargement of the lake westward towards its end
moraine dam had slowed to as litfle as six metres a year; but it continued to expand rapidly eastward as the glacier terminus
refreated. lts total length in 2009 was calculated at 2.2 km (Watanabe ef al. 2009).

During the early stages of the research discussed above, partly because of incomplete geophysical data, and partly because
of the apparently alarming rate of its expansion, Imja Tsho was considered to be in danger of catastrophic outburst. As more
data became available, however, particularly the observations showing a major reduction in the rate of lake expansion
westwards into the end moraine and other data demonstrating that the lake level had dropped by 37 metres (between 1964
and 2006), the danger of outburst came to be regarded as far less than originally expected.

The field investigations reported here showed a further increase in lake area to 1.012 sq.km.

Figure 7.3 shows the progressive development of Imja Tsho between 1962 and 2010.
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Figure 7.3: Development of Imja Tsho from 1962 to 2010 based on Corona (1962) images, Topographical Map (1967),
Landsat MSS (Oct 1975), Landsat TM (April 1984, Dec 1989), Aerial photo (1992), LISS 3 (Jan 1999),
Landsat ETM+ (Oct 2001, Nov 2005), ALOS PRISM (2006), AVNIR-2 (Nov 2007, Nov 2008, and Mar 2009),
Field Survey (WECS 1992, DHM 1997, GEN 2002 and ICIMOD 2009), and EO1_ALI (USGS) Oct 2010)

15 December 1962, Corona Image

24 November 2008, AVNIR-2

May 2009, Field Survey ICIMOD 4 October 2010, EO1_ALl (USGS)
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Bathymetric investigations

The first bathymetric investigation of Imja Tsho was conducted by Yamada in 1992 under the WECS/Japan Infernational
Cooperation Agency [ICA| technical cooperation research expedition (Yamada 1992).

In 1992 the lake area was 0.60 sqg.km and its volume 28 x10° cu.m (Yamada 1992). The field investigations showed that
by 2009 the lake area had increased to 1.01 sq.km and the storage capacity to 35.5 x10¢ cu.m; the maximum depth
obtained was 96.5 m. The bathymetric and fopographic maps from the field survey are shown in Figure 7.4. The loke area
confinues to increase, but with a reduction in the rate of growth since 2001. At the same time, the actual level of the lake
fell by 0.3 to 0.4 m/yr between 2001 and 2009, while benchmarks towards the end moraine subsided by about 0.1 m/
yr (GEN 2006 and ICIMOD Field Survey 2009). The level differences between the benchmarks on the lateral moraines are
becoming less, although not uniformly, indicating irregular seftling of the surface of the moraine dam over the last seven to
eight years.

The contemporary expansion of Imja Tsho is primarily towards the east as the relatively warm lake water melts back into the
glacier and accentuates the collopse of blocks of ice from the cliffs that form its terminus. (Yamada 1992; DHM 2001aq;
Sakai et al. 2005; GEN 2006; and present study). The western margin of the lake close to the end moraine has also
expanded, although the position of the outlet has remained more or less unchanged. Watanabe et al. (1994 reported

a rapid westward expansion towards the end moraine between 1989 and 1994. Shifting of the outlet channel was

also reported (Watanabe 2009). This is not supported by Yamada (1992) nor by the present field investigation, and no
significant change between 1992 and 2009 can be detected from the satellite images (Figure 7.4).

Hydrometeorology

The nearest hydrometeorological station to Imja Tsho is located in Dingboche Village about 10 km fo the west and

700 m lower in elevation. The station was esfablished in 1988 by the Department of Hydrology and Meteorology (DHM),
Government of Nepal. Hydrometeorological data were semi-automatically recorded until 1999 and manually thereafter.
Imja Tsho drains through the 500-metre extent of end moraine to form the Imja Khola [river). Experimental measurements
showed that the lake discharged at a rate of 0.4 cumecs during the month of May with litle diurnal variation. A seasonal
maximum discharge of 5.2 cumecs was observed between June and September and a seasonal minimum of 1.1 cumecs
between December and February [measured at Dingboche]. The discharge increased gradually from April to August and

decreased from September until the onset of the winter season.

Meteorological data were obtained from the Dingboche station for the period from 1987 to 2004. The average annual
mean temperature for this period was -0.8°C; with an average annual increase of 0.07°C.

August is the month with highest rainfall followed by July. The average precipitation in the area during the monsoon period
(June - September) is 273.4 mm and during the dry season (December - February) 13.1 mm. Maximum primary and
secondary solar radiation of 267 W/m? and 265 W/m? were recorded during July and May respectively.

Geophysical investigations

The geophysical investigations showed the existence of dead-ice blocks within the end moraine, together with multiple
thermokarst features. In places the ice was visible at the surface. The presence of slowly melting blocks of ice has been
corroborated by Yamada [1998a) and Reynolds (2006) who demonstrated the presence of dead ice masses of different
sizes in the end moraine. Hambrey et al. (2008) came to a similar conclusion based on geotechnical surveys. Limited
radarogram analysis based on a ground penetrating radar survey along the shoreline of Imja Tsho showed that the moraine
contains patches of unconsolidated materials made up of big boulders that create large voids.

Glacier observations

Lhotse Shar, Imja, and Amphulapcha are the glaciers associated with Imja Tsho. Lhotse Shar Glacier flows southwestward
from the south face of a high mountain ridge dominated by Peak 38, due east of Lhotse (8,501 m| and Lhotse Shar (8,386
m). The Imja Glacier is oriented slightly north of due west; it originates on the northwest face of Baruntse (7,168 m) and
coalesces with Lhotse Shar Glacier. Amphulopcha Glacier flows due north and is barely connected with ifs two neighbouring
glaciers. Imja Glacier is heavily covered with debris and has a gentle gradient in its lower section. In the 1960s, its fofal
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length was about 10.8 km; this had been reduced to to 8.4 km by 2001, giving a rate of retreat, excluding the dead-ice/
lake section, of 59 m/yr between 1960 and 2001 and of 74 m/yr from 2001 to 2006 (Bajracharya et al. 2007). Its
ablation zone faces west. The lower section of the glacier ends in ice cliffs about 40 to 45 m high overlooking the lake.
There are numerous crevasses and collapse features (Figure 7.5). The collapse features are thought to be related to the high
melting rafe of the glacier fongue due to strong solar radiation, the presence of supra-glacial meltponds, and the very slow
flow rafe of the glacier. Periodically, ice calves from the terminal cliff and drops info the encroaching lake. At the opposite
end of the lake, the melting of ice blocks within the end moraine is thought to be slow because of the existence of isolated
ponds of clear water. VWatanabe et al. (2009) examined the condition of the lake outlet channel and considered it to be
fairly stable.

Discussion

During the field investigation, inspection of the surroundings showed that there is litfle possibility of a rockfall or rock-slope
failure that could threaten the stability of the lake. The end moraine damming the lake is 536 m wide and 567 m long; any
overtopping waves would have to overcome this wide barrier. The waves generated when ice calving occurs at the fractured
glacier ferminus are not considered sufficiently large to overfop this ferminal moraine. Surge waves were observed following
calving from the glacier terminus during the field investigations; by the time they reached the end moraine they were only
around half a mefre high. The possibility of an ice avalanche info the lake that could trigger a GLOF is also not considered fo
be very likely at present. In general, the outer slopes of the lateral moraines are gentler than the inner slopes and are abutted
by parallel push moraines, wide lateral moraines, or vegetation cover. The inner sides of the lateral moraines that contain
Imja Tsho are steep and highly eroded, hence loose sediment falls down into the lake.

The lateral moraines become narrower and lower fowards the west as the end moraine is approached and the lake becomes
wider. Hence, regular monitoring of the lateral moraines is essential. VWe recommend that especially the right lateral moraine

Figure 7.5: Imja glacier terminus from a distance (below 24 May 2009) and closer view (above right 23 May 2009) showing thick
debris cover and numerous transverse crevasses and collapse features
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be monitored because some portions of it are at risk of breaching since they are comparatively narrow and low and contain

unconsolidated material. It is also important to note that the end moraine is subsiding as the buried ice melts, and this
melting leaves behind coarse materials and potentially large voids which could also reduce stability. Further study is required
fo assess the likelihood of a larger than expected icefall from the glacier terminus and the potential impact of the resultant
surge. In other parts of the world, femporary blockage of lake outlets through moraines due to freezing water and snow
barriers or lake ice debris have led on several occasions to outbursts or related hazards. At Imja Tsho, the flow from the lake
is uninterrupted, even though it freezes during the winter and an ice layer up to 70 cm thick is formed on the lake itself. This
was determined from bore holes during the earlier bathymetric survey (GEN 20006).

The peak outflow from Imja Tsho during the monsoon is accommodated by the existing outlet, although it is not known how
much is contributed by glacier melt and how much by local drainage. The present outlet channel is long and wide and flows
through the end moraine, but is narrow when it leaves the end moraine complex.

A thorough invesfigation of the moraine condifion is required in order fo identify appropriate mitigation measures and whether
they are needed. The lake and surroundings, especially the lake outlet, also need to be monitored. This should include
discharge from the outlet, any seepage flows from the end and laferal moraines, and confributions from glacial meltwater
and englacial flow. Regular bathymetric observation is also needed, including measurement of absolute ground movement to
assess moraine dam stability.

Further defailed ground penetrating radar (GPR) investigations are required around the end and lateral moraines of Imja Tsho
as there are many exposed thermokarst features along the channel which will play a role in determining the stability of the
moraine. The possibility of linking any mitigation measures that might be undertaken in the future to development of a small
hydroelectric facility to supply energy to downstream setilements should be considered (this would require hydro-engineering
expertise). Such a linkage should be a good way fo incorporate input from the local people and would strengthen the
protection afforded by early warning systems.
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Tsho Rolpa

Tsho Rolpa is located in the central Nepal Himalayas at 27°52" N latitude and 86°28'" E longitude, af an altitude of 4,546
masl. It forms the headwaters of Rolwaling Khola, a tributary of the Tama Koshi river in Dolakha district (Figure 7.6).

The 1991 GLOF from Chubung (a small supra-glacial lake on the surface of the Ripimoshar glacier adjacent to Tsho

Rolpa) alarmed local communities because of the damage it caused 10 km downstream at Bedding village in Rolwaling
valley. In 1992, R | de Meijer and E M Smit made a layman'’s assessment of the hazard of the potential outbreak from

Tsho Rolpa (Meijer and Smit 1992). Damen (1992) carried out the first scientific investigations of Tsho Rolpa and made
recommendations for measures fo lower the water level and fo monitor waterlevel fluctuations. Following the publication of
this report, the local community continued fo be concerned. WECS led a preliminary field study of Tsho Rolpa with assistance
from JICA from 1993 to 1997 (WECS 1993, 1994, 1995, a, b, d, e, 1996, Yamada 1993, 1998; RGSL1994, 1996,
1997; Mool 1995). This was followed by several other studies carried out by professionals and students from different
countries on various aspects of Tsho Rolpa. The results were summarised in a number of publications, e.g., Modder and

van Olden (1995), Reynolds Geosciences Lid (1994, 1996, 1997), Mool (1995), Budhathoki et al. (1996], Chikita ef

al. (1997), and Yamada (1993, 1998). In addition, since Tsho Rolpa was considered to be a potential threat to the Khimti
Hydroelectric Project, which was then under construction, it was also studied by engineers from the hydroelectricity project
between 1994 and 1996.

Development of Tsho Rolpa

Development of Tsho Rolpa is shown in Figure 7.7. During the late 1950s, Tsho Rolpa existed only as a group of six small
supra-glacial ponds. Between 1957 and 1959 its area was about 0.23 sq.km. The loke grew continuously from the
beginning of the 1960s and by the 1990s it had enlarged to such an extent that it was considered fo be on the verge
of breeching its end moraine. Safellite images (MOS1 MESSR] showed that it had grown to 1.27 sq.km by 1990 and
1.55 sq.km by 1999. Mitigation work was completed in 2000; this included construction of a gated outlet channel that

Figure 7.6: Location of Tsho Rolpa showing catchments of Rolwaling valley and major settlements along the Tama Koshi and Rolwaling valleys
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Figure 7.7: Development of Tsho Rolpa from 1957 to 2009 based on Topography Map (1957-59), Schneider Map (1960-68),
Corona (1973), Landsat MSS (1975), Spacelab IR (1983), Landsat TM (1991), Aerial Photo (1992), LISS-3 (1999),
Landsat ETM+ (2000), AVNIR-2 (2007), WECS Field Survey (1993-94) and ICIMOD (2009)

21 November 1973, Corona Image

— — | re——
B oE 1 ]

1993-94, Field Survey WECS

19 January 2007, AVNIR-2 August 2009, Field Survey ICIMOD
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reduced the lake level by three metres. As a result, by 2000, satellite images (Landsat ETM+ 2000) showed that the area
had decreased to 1.53 sq. km. Growth of the lake affer 2000 was slow. The 2005 satellite image (Landsat ETM+ 2005)
indicated an area of 1.535 sq.km and the 2007 satellite image [AVNIR-2) an area of 1.538 sq.km. Tsho Rolpa is thought fo
be one of the most dangerous lakes in Nepal; it is continuously monitored by the Department of Hydrology and Meteorology

(DHM).
The current field investigations indicated a length of 3.45 km and an area of 1.537 sq.km.

Bathymetric investigations

Bathymetric investigations of Tsho Rolpa began with the work of WECS in 1993 and have been repeated by a number
of investigators since (WECS 1993; 1994; 1995 d; 1996; Yamada 1998a; and DHM 2002 a, b, 2003 b, 2004;
Shrestha et al. 2004).

The field investigations showed that the loke has progressively deepened (Figure 7.8). The rafe of deepening between Lama
Island and Instrument Island was estimated to be 0.234 m/year by Chikita et al. (1997), while Sakai ef al. (2000) provided
a figure of 0.255 m/year. Comparison of unpublished field data from WECS 1993 and 1994 and field data from the
current investigation showed that benchmarks at Lama Island, Instrument Island, and Middle Island are sinking at 0.24 m/
year, 0.61 m/year, and 0.49 m/year respectively. The rafe of sinking increases from northwest to southeast across the end
moraine with an average rate of 0.44 m/year. The deepest part of the lake is sinking at approximately 0.37 m/year, and
the average lake deepening rate (including islands and deepest points) is about 0.43 m/year.

Hydrometeorology

Meteorological data are available for Tsho Rolpa for the period from 1993-1996 (Yamada 1998a) but there is a data gap
for a considerable part of 1993-94. Unpublished meteorological data for 1999-2004 from the Department of Hydrology
and Meteorology, Nepal, were also used for hydrometeorological analysis. Based on these data sources, the daily average
air temperature in the Tsho Rolpa area from 1993 to 2004 was estimated to be 0.3°C, with an increase in mean annual air
temperature (MAAT) of 0.074° C between 1998 and 2004. This trend is similar to that defermined for the Imja Tsho area.
The lack of longterm data makes it impossible fo predict future trends.

On average, more than 60% of the annual rainfall in the Tsho Rolpa area occurs during the monsoon period from midJune
fo mid-September. In the period 1993-2004, the maximum annual precipitation was 829 mm (2004) and the minimum
355 mm (1993). The annual mean solar radiation was 269 W/m?2 in 1994 and 237.6 W/m2 in 1995. The minimum
solar radiation is in December/January (recorded monthly mean 158-180 W,/m?) and the maximum in May just before the
monsoon season (356-364 W/m?| (Yamada 1998al. Yamada [1998a) describes the winds in Tsho Rolpa as quite stable
with daily mean values of 1.7 to 2.9 m/s throughout the year.

The capacity of the Tsho Rolpa artificial outlet channel is 35 cumecs, which is roughly twice the maximum monsoon discharge
of 18 cumecs measured by the aufomatic weather stafion in 1993-94. The maximum and minimum discharge values
measured from 1-12 Sept 2009 during the field investigation were 3.54 and 1.89 cumecs.

The derived empirical relationship (rating equation) between the lake-water level and the measured discharge was
Q = Exp (4.428) x (HH)' 4>

where, Q is the discharge in cumecs, H is the final height (waterlevel gauge) in m, and H, is the initial height (waterlevel

gauge) in m.

Geophysical investigation

An initial electrical resistivity exploration by WECS detected the existence of dead-ice blocks covered by debris at or near the
surface of the end moraine (WECS 1995b). Later measurements showed that the dead ice had since melted down to a level

at least 5 to 10 m below the surface (RGSL 2000, DHM 2003a, 2003b).
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This finding was corroborated by the (GPR) ground-penetrating radar survey during the current field investigation. The GPR
survey showed that the northwestern section of the end moraine near the shoreline (Tsho 20-22 and Tsho 14 in Figure 7.8)
contained dead ice between BM 12 and BM 10; the depth of its upper contact lay between 14.5 and 17 m below the
surface. In other words, whereas there was ice af or near the surfoce during the WECS 1994 survey, the ice is now 14.5
-17 m below the surface. There is a fransitional zone about 0.5 metre thick exhibiting the characteristics of a moist sandy
layer between the debris and dead ice.

The radarogram analysis of the Tsho Rolpa end moraine showed that most of the dead ice cores were located in dry, medium
fo large grain-size, sediments; the end and lateral moraines consisted of coarse and very coarse unconsolidated materials.
Large boulders were found about six metres below the surface and were underlain by medium coarse sediments. The
presence of large boulders creates large voids, which is a matter of concern for stability.

Glacier observations

The Trakarding Glacier is in contact with Tsho Rolpa (Figure 7.9). It is a debriscovered glacier, with a debris thickness
varying from a few centimetres fo tens of metres. The whole length of the Trakarding Glacier lies in the ablation zone; the
clean Trambau Glacier, which is fed by snow and ice from M. Bigphera Go Shar and Go Nup, feeds the Trakarding
Clacier. The Trambau Glacier is oriented towards the south, and then continues flowing northwest as the Trakarding Glacier.

In 1960 the Trakarding glacier was about 22.17 km long. This was reduced to 18.62 km in 2009 as measured in the
field studies, giving a refreat rate of about 72.3 m/yr between 1960 and 2009, slightly higher than the rate of 66 m/yr
reported for 1957 to 2000 (WECS 1993; Bajracharya and Mool 2005) and of 65.7 m/yr between 1993 and 1994
(Yomada 1998a; Chikita et al. 1997). A comparison of the results of the current field investigation with those of the WECS
investigation of 1993 and 1994 showed that the lake had extended by 17 to 20 m/yr since 1993. The terminus of the

Figure 7.9: Glacier terminus with thick debris cover in contact with the Tsho Rolpa. Thermokarsts are exposed on both the left and
right lateral moraines which are also in contact with the glacier terminus, 11 September 2009
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Trakarding glacier descends info the Tsho Rolpa at 4,546 masl. In 1997, there was a nearly vertical ice wall about 30 to
40 m above the lake at the terminus; this has now been reduced to a surface slope towards the lake with a height of only a
few metres.

There are three hanging glaciers on Mt. Tsoboje situated high above the right side of Tsho Rolpa. Over the years these have
not been considered a serious threat in ferms of snow and ice avalanches; nevertheless, it is important fo continue monitoring
them on a regular basis to assess the possibility of a surge wave being generated by ice falls from the glaciers. The stability

of these steep glaciers could not be judged during the current field investigation.

Discussion

Tsho Rolpa has a narrow end moraine in which there is a possibility of piping developing (formation of water channels inside
the moraine due fo seepage, and leading to instability). This needs to be investigated. Seepage was defected at the toe of
the outer wall of the moraine dam, but it was found later that it was not coming from the main lake. Follow up investigations
will be needed o identify the source of the seepage which could be the melting of dead ice or from local drainage. Regular
moniforing will also be needed as discharge and debris from side valleys drop into the lake.

Temporary blockage of the lake outlet over the moraines by freezing water and snow barriers, or lake ice debris is very
unlikely because the lake outlet has a wide artificial channel through the moraine dam that functions as a spillway. During
the field investigation, the team noted that the gated artificial outlet channel was functioning satisfactorily, but they also noted
vibrations in the anchor blocks as well as subsidence in the gabion walls. These two features should be monitored regularly.

Monitoring of the hanging glaciers and the likelihood of them breaking off is one of the major practical challenges in the
hazard assessment of Tsho Rolpa. They are clearly visible as they have a limited area. There is a permanent office building
with regular staff at Tsho Rolpa who could be trained to make regular inspections of the hanging glaciers and other changes
in the condition of the lake, moraine dam, and vicinity as a part of monitoring measures. Climatic data should be recorded
and monitored regularly in the Tsho Rolpa area, particularly exireme climatic events and their impacts.

Thulagi Lake

Thulagi Lake is located in wesfern Nepal af 28°29" N latitude and 84°29" E longitude ot an altitude of 4,044 masl. The
lake lies at the end of the Thulagi Glacier to the southwest of Mount Manaslu in the headwaters of the Dona Khola, o
fributary of the Marsyangdi river (Figure 7.10).

Thulagi Loke has attracted much attention because several hydropower projects are planned downstream of it in the
Marsyangdi river basin. Two projects - the Marsyangdi Hydropower Project and the Middle Marsyangdi Hydropower
Project - have already been commissioned and an Upper Marsyangdi Hydropower Project is in the planning stage.

The first field-based investigation of Thulagi Lake was carried out by WECS in 1995 (WECS 1995 ¢). It was followed in
1996 by a joint investigation by DHM and the Federal Institute for Geosciences and Natural Resources (BGR), Hannover,
Germany (DHM 1997). Additional studies were made in 2000 by the Nepal Electricity Authority (NEA), DHM, and BGR
(NEA/DHM/BCR 2001).

Development of Thulagi Lake

Thulagi Lake began fo form about 50 years ago when small supra-glacial lakes began fo enlarge and coalesce. It is now
more than 2 km long. Its development was described by Mool and others in a preliminary report prepared from a field
survey carried out in 1995. A comparison between topographical maps of the Survey of India from 1958 and the 1995
WECS field results indicated that the lake area had increased in size from 0.22 to 0.76 sq.km and in length from 0.6 to
1.97 km, but that there was not much change in width (WECS 1995c¢). The present field investigations showed that from
1995 1o 2009, the length of Thulagi Lake had again increased from 1.97 to 2.54 km, and the area from 0.76 to 0.94
sq.km.

The development of the lake since 1990 was calculated using topographic maps, satellite images, and the results of the

present and previous field investigations (Figure 7.11). The lake is expanding info the glacier terminus, causing it fo refreat
and calve (Figure 7.12).
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Figure 7.11: Development of Thulagi Lake between 1960 and 2009 based on the Topographical Map of the Survey of India (1960),
Nepal Survey Department (1995), Landsat TM (Nov 1990, Dec 1999), AVNIR-2 (Nov 2006 and Nov 2007), IKONOS-2 (Nov 2009),
WECS Field Survey (1995) and ICIMOD (2009)

1960, Survey of India Topography Map

February 1995, Field Survey WECS

July 2009, Field Survey ICIMOD 14 November 2009, IKONOS-2

Figure 7.12: Overview of Thulagi Glacier and glacial lake in 1992 photo (left) and 2009 December Quick Bird image (right);
the red line shows the expanded area
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Figure 7.13: Bathymetric and topographical map of Thulagi glacial lake showing the longitudinal profile and cross section along the
deepest point. The GPR lines G24-25 and G10-11 show the location of buried ice.
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Bathymetric investigation

Bathymetric survey data for Thulagi Lake were collected by traversing the surface in an inflatable boat with an outboard
motor. Figure /.13 shows the bathymetric and topographic map of Thulagi Lake together with the longitudinal profile and a
cross-section at the deepest point. The volume was calculated to be 35.3 x10° cu.m, an increase from 31.75 x10¢ cu.m in

1995.

Comparison of benchmarks from previous field surveys by WECS (1995 ¢, DHM (1997), and NEA/DHM/BCR (2001)
with the present field survey [2009) showed that the water level fell 2.18 m between 1996 and 2000 and a further 2.96
m between 2000 and 2009. This implies an average lowering rafe of 0.3 to 0.5 m/yr. The lateral moraine walls are also
lowering, but at a rate of about 0.1 m/yr: Benchmark 2 (BM 12 in the 2000 survey) on the left lateral moraine subsided
by 1.27 m with a horizontal shift of 2.2 m between 2000 and 2009 (Field Data of WECS 1995¢; DHM 1997; Field
Data 2009). In other words, the moraine dam is sinking more slowly than the lake. The photographs show that between
2000 and 2009, both the lateral and the end moraines subsided and that the outlet channel shifted towards the right lateral
moraine (Figure 7.14).

Hydrometeorology

There are no longferm metfeorological data available for Thulagi Lake. The nearest mefeorological station is located at

Dharapani some 2000 m below Thulagi and thus represents quite different climatic conditions. The catchment area of the
lake is approximately 56 sq.km of which 55% is covered by ice. It is mainly fed by meltwater from the Thulagi Glacier as
well as by other cross-drainage systems. The ouflet has a well-developed channel and appears to be stable (Figure 7.15).

Discharge in July 2009 (during the monsoon season) was at a rate of 3 - 4.5 cumecs.

Figure 7.14: Changes in the shoreline of Thulagi Lake between 1996 (above) and 13 July 2009 (below), show the flow has now
shifted towards the right lateral moraine, there are linear subsidence features on the left and right lateral moraines
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Figure 7.15: The steep Thulagi outlet flowing through a narrow valley, 17 July 2009

The empirical relationship (rating equation) derived between the lake-water level and the discharge measured at the Dona
Khola was:
Q = Exp (2.996) x (HH,)!-?%
where Q is the discharge in cumecs, H is the final height (waterlevel gauge) in m, and H is the initial height (waterlevel
gauge) in m.

Geophysical investigation

An electric resistivity survey indicated the presence of dead ice in the southeastern part of the end moraine damming the lake.
The debriscovered segment of the terminal moraine was reported to consist of a 100 m thick body of ice. The shallowest
depth for dead ice was about 5- 8 m on the southeast side (DHM 1997; Hanisch et al. 1998; Pant and Reynolds 2000).

The GPR survey during the current field invesfigation showed that the end and lateral moraines of the lake were made up of
coarse and very coarse unconsolidated sediments. A transitional layer exhibiting moist sandy characteristics was identified

at a depth of 16.5-17 m below the ground surface towards the wesfem part of the end moraine. At the left bank of the
channel, this transitional layer was underlain by buried ice (G24-25 and G10-11 in Figure 7.13). The ice core identified

at a depth of 5 - 8 m in the lafe nineties had melted down to at least 20 m below the surface by 2009. Since the GPR can
only penetrate up to a depth of 20 m, the actual depth of the buried ice could not be investigated. The radarogram indicated
that larger fractions of sediments are dominant at a depth of about 12-14 m below the surface, where voids are also present.
The area of large size sediments is underlain by sediments of medium size.

Glacier observations

The lower part of Thulagi Glacier is covered by debris. Its length decreased from 7.05 km in 1958 (Topographic Survey
Map of India, 1960) to 5.38 km in 1999 (landsat ETM+ 1999) giving a retreat rate of about 40.7 m/yr. lts length
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has reduced further to 5.03 km by 2009 (ICIMOD Field Survey 2009), a retreat rate of 35.1 m/yr. The glacier exhibits
numerous fransverse and longitudinal crevasses and collapse features. The collapse features are thought fo be related to

the rapid melting of the glacier tongue (through strong solar radiation) and its very slow movement. Several ice planes have
developed on the lower portion of the ablation area due to longitudinal and transverse creep. There are ice cliffs (about 40
m high) af the glacier terminus and every so often ice calves and falls info the lake (Figure 7.16). The left lateral moraine
closer to the glacier terminus contains much loose debris which falls into the lake. Rapid melting is causing the glacier fo thin.

Discussion

Thulagi Glacier is a long, debris-covered glacier with a 40 m high terminal cliff. Even though ice calving is a regular
phenomena, the surge that these calvings could produce are not deemed sufficiently large to trigger a GLOF event by the
surge waves observed during the field study. Temporary blockage of the lake outlet by freezing water and snow barriers, or
lake ice debris, appears unlikely, as indicated by the uninterrupted flow of the lake even during winter when the lake surface
freezes. Lake drainage continues despite an average ice thickness of 0.4 m, as indicated by bore holes made through the
ice during earlier bathymetric observations (WECS 1995¢).

The peak monsoon flow from the Thulagi Lake is easily carried by its outlet channel. Regular monitoring is needed, however,
fo check for exceptional drainage input as discharge and debris from the side valleys, as well as to detect seepage flow and
any undermining of the moraine dam.

Meteorological observations are needed to defect both extreme climatic events and annual variations. This could be
accomplished by installing an automatic weather system (AWS) where data could be refrieved regularly, recorded, and
published for public use.

Figure 7.16: The Thulagi Glacier terminus in contact with the lake, the glacier tongue is about 40 m high above
the water surface and exhibits snow stratigraphy (circle), 22 July 2009
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Summary of the Field Investigations

The key findings of the field investigations of the three lakes relate to the following issues: stability of the moraine dams;
lake-storage volumes; GLOF triggering factors; hydrometeorological influences; potential GLOF hazard level; and monitoring,
mitigation, and early warning sysfems.

Stability of the moraine dams

The elevation of Thulagi Lake is almost 1,000 m lower than that of Imja Tsho, which is significant in terms of climate regime
and local vegetation. Thulagi had vegetation cover even close to the glacier terminus and surrounding the lake, and trees
were growing on the terminal moraine. The outlet channel cuts through the right lateral moraine and its banks are being
undercut.

The clasts in the moraine varied widely from pebble to gravelsized particles in all three lakes, but there were also boulders
measuring hundreds of cubic metres. The terminal moraine of the Imja Tsho was hummocky with a profusion of cones, mounds
and depressions, whereas the Thulagi moraine was vegefated. Imja Tsho had the largest number and highest density (number
per unit area) of sink holes, and they also had the largest radius. Boulders had also created large voids. The end moraine
complex of Thulagi Lake displayed numerous small sink holes.

The height of the lateral moraines above the lake surface increased from the lake outlets towards the glacier termini in all
three lakes, varying from less than 15 to 30 m near the outlet, to 30 to 50 m towards the middle section of the lake, and

50 to 100 m fowards the glacier termini. The inner slopes of the lateral moraines were steeper, highly active, and eroded
towards the glacier termini, and less eroded with partial vegetation cover closer fo the outlefs; this was particularly noticeable
af Thulagi Lake. The inside slopes of the laferal moraines were composed of two distinct segments at all three lakes: lower
segments inclined at about 30-35° (the angle of repose|, and the unstable upper segments inclined at up to 45- 50°.

The outer slopes of the lateral moraines were hummocky but stable with comparatively gentler vegetated slopes further
strengthened by spurlike push moraines. The outer slopes of the Imja Tsho moraines had comparatively sparse vegetation

cover.

The height of the side valleys between lateral moraine and rock slope were not physically measured during the field survey,
but they appear to be at a greater elevation than that of the lake surfaces. Thus more emphasis was placed on the condition
of the end moraines. In addition, the right lateral moraines of Thulagi Lake and Tsho Rolpa are in contact with bedrock
towards the glacier termini. Overall, collapse of the lateral moraines is unlikely, but the lower sections could be more
vulnerable to overtopping failures.

At all three lakes, the lateral moraines in contact with the glacier termini had buried ice with thermokarst features. In both
Tsho Rolpa and Thulagi, the left lateral moraines also had thick loose debris, with more in Tsho Rolpa than in Thulagi. In both
lakes, water enters laterally from the surface of the left lateral moraine.

The end moraine areas of all three lakes had linear cracks (Figure 7.17) that were more pronounced at the junction with the
lateral moraines. The sfeep inner slopes are undercut by the surface currents in the lakes, and are also collapsing gradually
as a result of ice melting within the moraine.

Lake growth

The physical characteristics of the three lakes as identified during the field surveys of 2009 are summarised in Table 7.1.

The development of all three lakes began at about the same time through amalgamation of small ponds. The more rapid
initial growth of Tsho Rolpa resulted in it becoming the largest moraine-dammed lake in Nepal; Imja Tsho grew faster than
Thulagi Lake (Figure 7.18). Tsho Rolpa has the largest storage volume and greatest lake depth (Figure 7.19). All three lakes
are moraine-dammed and in contact with their associated glacier, and have thus mainly expanded fowards their glacier
terminus in parallel with glacial retreat and calving. Over the last decade, the expansion of Tsho Rolpa has been minimal,
but Imja Tsho is expanding significantly and the glacier terminus is refreafing. Its western section close to the end moraine

is widening. The rate of expansion of Thulagi Lake is appreciable slower. The volume of Tsho Rolpa is increasing by an
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Figure 7.17: Contact of the la

[ .

Table 7.1: Comparison of the physical characteristics of the three lakes

Dam characteristics

Physical characteristics of the glacial lakes

teral and end moraine complex with extensive linear features and sink holes at Ti\ulagi Lake, 24 July 2009

Expansion rate per year!

Lake Height | Free Width Length | Area | Storage Average | Maximum Llength | Area Volume
(m) board (m) (km) (sq. volume depth depth (m) (sq.km) | x10% cu.m
(m) km) (x10¢ cu.m) | (m) (m)
Imja Tsho 31 10 567 2.03 | 1.01 35.5 35.1 96.5 42-47 0.0266 | 0.50
Tsho Rolpa 216 5 50 3.45| 1.54 85.94 56.4 133.5 17-20 0.0129 | 0.26
Thulagi Lake 67 15 340 2.54 | 0.94 35.37 37.4 79.5 35-41 0.0115| 0.53

Note: ' Expansion rate per year’ denotes values for Imja Tsho between 1992 (Yamada 1992) and 2009 (present study), for Tsho Rolpa between 1993/94
(WECS 1993, 1994) and 2009 (present study), and for Thulagi Lake between 1995 (WECS 1995¢) and 2009 (present study)

average of 0.26 million cubic metres per year, and those of Thulagi and Imja by about 0.5 million cubic metres per year

(Table 7.1). The water depth of all three lakes increases towards the glacier termini, but here the lateral moraines are 50-100

m in height and either in contact with bedrock or with debris or talus cover. Thus, the lateral hydrostatic pressure exerted by

the greater depths are more or less counterbalanced by the lateral moraines, and the expansion of the lakes has not added

any exira lateral pressure to the relatively weak moraine at the outlets.

There was no significant expansion of the lakes towards the end moraines apart from the widening of Imja Tsho: the outlet

positions have remained more or less unchanged between the 1990s and 2009. The shoreline of Tsho Rolpa has undergone

significant changes af the northwest and southeast of the end moraine and islands have submerged between 1993 and

2009. The Thulagi outlet channel had shifted towards the right lateral moraine and seepage and dried ponds were exposed.

Changes in shorelines have also occurred in Imja Tsho, where thermokarst features were exposed at several locations.
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Figure 7.18: Comparison of lake development from images, topographical maps, and field investigation data for the Imja Tsho,
Tsho Rolpa, and Thulagi Lakes. Imja lake grew at a slower rate up to 2000 when the rate increased;
the growth rate of Tsho Rolpa diminished substantially after mitigation in 2000
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GLOF triggers

The ablation areas of the Tsho Rolpa, Thulagi, and Imja glaciers were covered by debris derived mainly from the slopes
above. The Imja and Thulagi glaciers have several transverse crevasses (Figures 7.5 and 7.16) and collapse features; they
are calving into the lakes, although the collapsing masses of ice are not large enough to generate dangerous displacement
waves. In the case of Tsho Rolpa, three hanging glaciers high above on Mt Tsoboje should be monitored for signs of
instability as they could potentially produce ice avalanches.

Extreme events such as heavy snowfall or very high femperatures could destabilise the lakes. Earthquakes could also affect
moraine and lake stability, however assessment of the potential danger of glacial lake outburst as induced by earthquake
fremor is most likely beyond current competence.

Hydrometeorological influences

Hydrometeorological factors such as air temperature, humidity, radiation, wind speed, wind direction, and precipitation
influence glacial melt, discharge into the lakes, and melting of buried ice. Because there is no longterm data base or
sysfematic monitoring, understanding of likely impacts is limited.

All three lakes have an effective discharge capacity, hence there has been no significant rise in water levels. Undercutting of
moraine slopes is not a subsfantial threat. In Thulagi Lake, even though there is some undercutting in the channel of the river at
the foot of the right side of the end moraine, this effect is balanced out by the decrease in surface level of the lake.

The Trakarding, Thulagi, and Imja glaciers have Table 7.2: Physical parameters of lake water of Imja Tsho, Tsho Rolpa and

femperate regimes (at 0°C), at least in their Thulagi Lake

lower sections, and retreat has accelerated as Parameters Imja Tsho Tsho Rolpa | Thulagi Lake
a result of sub-glacial melt flow, sub-aqueous Date May 2009 | Sep 2009 | July 2009
melting of ice (as shown by the lowering of the Conductivity (uS) 410 311 808

lake bottoms|, and undercutting by water from Surface water femperature [°C) 9 6.6 93
the lake. Tsho Rolpa has a high concentration of oH 6 65
suspended sediment load (Table 7.2). Suspended solids (mg/| 16 1514 43

Potential GLOF hazard

The outlets are critical because all three lakes have low freeboards — 5, 10, and 15 m, for Tsho Rolpa, Imja, and Thulagi,
respectively.

Tsho Rolpa’s storage volume of 86 million cubic metres, dam height of 216 m, lowest freeboard (5 m), and narrow dam
cushion, means there is more likelihood of a GLOF occurrence than from Thulagi Lake or Imja Tsho. Thulagi and Imja both
have ca. 35 million cubic metres of storage, but considering their dam heights, widths, and freeboards, Imja Tsho has less
likelihood of outburst than Thulagi Lake (Table 7.1). However there are many other parameters to be taken into consideration
in making further assessment.

Although the lake level of Tsho Rolpa fell by three metres after the mitigation measures were put in place, there is still more
likelihood of a GLOF occurring there than from the two other lakes. Tsho Rolpa is vulnerable to overtopping of low magnitude
(about 5 m), thus, hanging glaciers, debris flow, or slides on a small scale pose a potential threat. Imja Tsho and Thulagi
lake have higher freeboards of more than 10 m and wider moraines (> 300 m).

All three lakes need to be monitored for seepages which can cause moraine dam failure by piping/undermining. Similarly,
other key features including hydrometeorological conditions such as lake water level, excessive drainage, or extreme climatic
condifions, and dam conditions such as subsidence or collapse of lateral and terminal moraines and moraine dam crest
height and width (particularly for Tsho Rolpa) should also be monitored.

There is a further need to assess the influence of the surroundings, for example the impacts of hanging glaciers (Tsho Rolpal;
debris flows/slides (Tsho Rolpa and Thulagi); and the condition of associated glaciers that may generate calving on a
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scale sufficient fo cause a large surge wave. Variation amongst all of these features may influence GLOF hazard levels.
Neotectonic activity or earthquake induced GLOF hazard is a possibility that should be considered, although prediction is

beyond the current competence.

Overall the findings indicate that the immediate risk of a GLOF occurring is much lower than had been postulated for all three
lakes; but many factors cannot be assessed, and catastrophic changes cannot be predicted. Thus there is an urgent need for
more information as well as for regular monitoring and early warning systems.

An early warmning system (EWS) was established before mitigation work on Tsho Rolpa began, although it is no longer
operational. It should either be repaired or a new one installed (see chapter 10). EWS systems should also be insfalled
for Imja Tsho and Thulagi Lake. Low cost EVWSs (e.g., code division multiple accesss<CDMA| should be simple enough
for operation and maintenance by the local communities. GLOF sensing and warning systems should give sufficient
time for response. Awarenesstaising in the local communities about the hazard and necessary response is essential.
This recommendation was made by local, research, and government participants during the workshops and the field

investigations.

Detailed risk assessment

The results of the field investigations were used in modelling experiments to defermine more accurately the likelihood of a
GLOF event occurring and the potential for downstream impacts. These defailed assessments are discussed in the following
fwo chapters.
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8 GLOF Modelling

Introduction

Defailed GLOF hazard and risk assessment is undertaken by simulating GLOF scenarios. Numerical hydrological modelling of
the three high priority glacial lakes was carried out using data from the field investigations and from secondary dafa sources.

A breach model was used to simulate the failure of a dam. The breach hydrograph obtained with the model is simulated

for flood routing in the valley downstream. The governing equations used for dam break models were the complete one-
dimensional St. Venant equations for unsteady flow using infernal boundary equations. Appropriate external boundary
equations were used for the upstream and downstream ends of the roufing. The hydrograph was specified as an input time
series. Selection of breach parameters before a breach forms or in the absence of observations introduces a varying degree
of uncertainty in the downstream flooding result of the dam break flood forecasting [DAMBRK) model. Errors in breach
description and in the resulting peak outflow rafe are damped out, however, as the flood wave advances.

Modelling Objective and Approach

The main objective of GLOF modelling was to simulate moraine dam failure of the high priority lakes and assess potential
GLOF impacts downstream. The specific objectives were i) to develop a glacial lake breach model, ii) to develop a model
of flood propagation in the valley downstream, iii) to develop a model of inundation in the river valley, iv) to forecast flood
arrival time and velocity of flow, and v) fo assess downstream GLOF impact. The study was in three stages: i) modelling
outbursts; i) modelling flood propagation downstream and flood mapping; and iii) downstream GLOF impact assessment.
Figure 8.1 gives a schematic representation of the study method.

Figure 8.1: Schematic representation of the methodology used for modelling GLOFs and assessing downstream impacts
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Sources of data

A hydrodynamic modelling approach was applied for GLOF simulation and vulnerability assessment. Topographic
information about the study area defermines the accuracy and reliability of the model. Spatial data such as a watershed
boundary, digital elevation model (DEM) of the study area, drainage network, inline structures of rivers, land use/cover,
seflements, infrastructure, and administrative boundaries were derived from the topographic maps of 1992 prepared by the
Survey Department of Nepal, and satellite images.

The 2009 field survey provided data about the lakes including the surface area, maximum depth, and top and bottom
elevations, and information about moraine dams including the inside/outside slope, dam length and width, unit weight of
dam material, porosity, diameter of particles (d90, d50 and d30, at 90, 50, and 30% finer on the grain size distribution
curve), and infernal friction angle (¢). Manning's roughness coefficient n of the outer core of the dam was estimated.
Socioeconomic information was obtained from field interviews.

A digital elevation model [DEM| of the study area was prepared; the Hec-GeoHMS modelling package was used fo fill
sinks and generate rivers for input into cross sections, flow lines were exported to AutoCAD and cross sections imported
back to ArcView GIS. Data were exporfed to HecRAS for pre-processing. The top width and elevation were input info BOSS
DAMBRK as breach definition, and lake and moraine dam parameters were input into NVWS Breach for dam break analysis:
breach hydrographs were generated based upon this (Figure 8.1). The breach hydrographs generated from NWS Breach
were routed fo BOSS DAMBRK for hydrodynamic flood routing.

The computer applications used for modelling watershed boundaries, river flow, and basin and river properties included
ArcCIS/ArcView, HEC-GeoHMS; HEC-HMS; HEC-GeoRAS was used to acquire geometric data sets from the digital ferrain
model; and NWS-BREACH, BOSS DAMBRK, HECRAS, and AutoCAD/RiverCAD were used for GLOF modelling.

Input Parameters for the Dam-breach Model

The physical parameters of dams derived from field investigations and other sources were used to simulate breaching. The
dam geometry and properties of dam material are given in Table 8.1.

Table 8.1: Geometrical and dam material properties of Tsho Rolpa, Thulagi Lake, and Imja Tsho

S. No. Parameters Unit Tsho Rolpa Thulagi Lake Imja Tsho
1 Lake surface area sq.km 1.53 0.94 1.01

2 Lake maximum depth metre (m) 133.5 79.5 96.50
3 Dam top elevation metre (masl) 4546 4044 5010
4 Dam bottom elevation metre (masl) 4526 4024 4990
5 Dam inside slope 1:z 1:4 1:4.5 1:2

6 Dam outside slope 1:z 1:3 1:5 1:4

7 Dam crest width metre (m) 50 20 50

8 Dam crest length metre (m) 315 305 275

9 Diameter of 90% finer particle (d,,) millimetre (mm) 300-600 200-400 800
10 Diameter of 50% finer particle (d) millimetre (mm) 10# (5-15) 20* (30-60) 20#(10-30)
11 Diameter of 30% finer particle (d,) millimetre (mm) 1-4 1-4 2

12 d,./dy, 225* 150* 400¢#
13 Unit weight (1) kN/ms 18* (17-20) 18* (17-20) 18

14 Porosity % 30* (25:35) 30¢ (25.35) 30

15 Internal friction angle () degree 35* (30-40) 35* (30-40) 38

16 Cohesiveness (c) kN/m?3 0 0 0

*= value adopted in breach model
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Modelling Results

Dam-breach analysis and flood simulation

The NWS breach model was used for numerical
estimation of breaching times and possible breach

peak floods from the three lakes. More than 20 outburst
scenarios for each lake were modelled in NWS-BREACH
fo test the sensitivity of the input parameters and their
influence on results.

The breach height for all three lakes was derived as

20 m with breaching fimes of 0.62, 0.92, and 2.69
hours and peak flows at the time of flow as 7,242;
4,750; and 5,817 cumecs for Tsho Rolpa, Thulagi Lake,
and Imja Tsho respectively (Figures 8.2 a, b, and ¢).

Flood routing

The outburst hydrographs of NWS-BREACH were used in
DAMBRK for one-dimensional hydrodynamic flood routing
for all three lakes. The potential flood stage, flood wave
fravel time, time fo peak flood stage, and corresponding
water surface elevations in downstream areas were
calculated. The maximum flow, time to reach maximum
flow, and high flood depth at various locations are given
in Figures 8.30a, b, c for Tsho Rolpa, Thulagi Lake, and
Imja Tsho respectively.

Beding, Suri Dovan, Lamatar, Khimti, and Rajgaun located
at 9.6, 40.8, 75.5, 82, and 99.7 km from the Tsho
Rolpa outlet, can expect flood arrival times of 0.79,

1.48, 2.76, 3.83, and 5.76 hours, respectively.

Dharapani, Tal, and Nayabasti located ot 13.5, 19.2,
and 94.1 km from Thulagi Lake outlet, can expect flood
arrival times of 0.99, 1.17, and 5.40 hours, respectively.

Dingboche, Pangboche, Benkar, Ghat, and Rabuwa
located at 7.97, 15.72, 29.18, 37.34, and 100.2 km
from the Imja Tsho outlet, can expect flood arrival times of
3.124, 3.39, 3.8, 4.2, and 7.44 hours, respectively.
Because of the wide crest width of Imja moraine dam,
breaching takes about three hours as obtained from the
NWS breach model; the data about the flood reaching
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Figure 8.2: Breach hydrograph of a potential breach
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downstream corresponds fo the time breaching commences. The highest amount of discharge recorded by the Department

of Hydrology and Meteorology, Nepal, at Busti near Nayapul is 2,130 cumecs. (gauge height 7.12 metres) on the 17th

August 1998. It is estimated that a discharge caused by a 20 m dam breach in Tsho Rolpa would be about 2,929 cumecs

just below Busti; which does not include sediment load or fributary flow data.
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Figure 8.3: Flood attenuation at various downstream locations
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Peak flow estimation and flood height

Flood routing along the valleys downstream differs among the lakes. Tsho Rolpa’s peak flood decreases sharply in strefches,
in the initial flow from the dam up to 10 km, then at 40-60 and 90-100 km. Apart from a flat stretch of 60-90 km, the
stretches are moderately sharp (Figure 8.4a). Sanmakharka, Beding, Rikhu, Syalu, Suri Dovan, Nayapul, Jujor, and Rajgaun
would experience flood heights of more than 10 m.

Flood routing for Thulagi Lake had a systematically decreasing trend in the peak flow with a gradual decrease as it
proceeded downsiream (Figure 8.4b). Dharapani, Tal, Satfle, lampata, Dadabagar, Belghari, Noubise, Botgaun, and
Nayabasti would receive a flood height of more than 10 m. Tal village located a few metres above the river would be
seriously affected as the flood depth above the normal flow depth would be over 7m and all the seftlements and land would
be damaged.

The peak flood from Imja Tsho decreases sharply within the initial 10 km stretch, with a further gradual decrease beyond
20 km (Figure 8.4c). The potential flood height is less than those of Tsho Rolpa and Thulagi as heights are less than 10 m
throughout the valley, even though the peak flood is higher than that of Thulagi Lake. Dingboche, Orse, Ghat, Bupsa, Lap,
Phapare, and Kuwapani would receive moderate impacts.

Flood Inundation Maps and Downstream Impacts

Peak discharge and flood heights were calculated with numerical models on the basis of the GLOF modelling to simulate
GLOF impacts downstream. Beyond 50 km, the initial peak flood is more or less halved. The areas impacted by either high
peak flood or high flood levels were classified as high risk zones, and areas with potentially substantial socioeconomic losses
were mapped as highly vulnerable. The (flood) inundation maps were overlaid with the socioeconomic data to assess GLOF
vulnerability (Figures 8.5, 8.6, and 8.7).

Land exposed to a potential GLOFs

Possible landcover losses were estimated by overlaying the flood hazard maps on to landcover maps. The results are
summarised in Table 8.2.

An estimated 833.2 ha up to about 100 kilometres downstream would be exposed to a GLOF from Tsho Rolpa: about 62%
(515.0 ha) would be flooded along the course of the river, 38% would be agricultural land {169.8 hal, forests (68.6 ha),
grassland (4.2 ha), shrubland (37.4 ha), and barren land (38.1 hal.

An estimated 1132.8 ha would be exposed to a GLOF from Thulagi Lake: about 73% (821.3 ha) would be flooded along
the course of the river; 28% would be agricultural land (188.7 hal, forests (73.9 hal, grassland (33.3 ha), and barren land
(15.6 ha).

An estimated 1009 ha would be exposed to a GLOF from Imja Tsho: about 56% (567.0 ha) would be flooded along the
course of the river and 44% would be agricultural land (87.6 hal, forest (206.9 ha), grassland (54.1 hal, shrubland (24.1
ha), and barren land (35.8 ha).

Table 8.2: Land-cover types exposed to potential GLOF risks from the three lakes up to 100 km downstream

S. No. Land-cover type” | Tsho Rolpa Thulagi Lake Imja Tsho
Area (ha) % Area (ha) % Area (ha) %
1 Agricultural land 169.8 20.4 188.7 16.7 87.6 8.7
2 Forest 68.6 8.2 73.9 6.5 206.9 20.5
3 Shrubland 37.4 4.5 - - 24.1 2.4
4 Grass 4.2 0.5 33.3 2.9 54.1 5.4
5 Barren land 38.1 4.6 15.6 1.4 35.8 3.5
) River course 515.0 61.8 821.3 72.5 567.0 56.1
7 Other - - - - 34.4 3.4
Total 833.2 100 1132.8 100 1009.9 100

“ Source: ALOS Image, 2009
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Figure 8.4: Peak flood and flood height of the three lakes
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Figure 8.5: Modelled flood inundation map along the Tama Koshi valley, downstream from Tsho Rolpa
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Figure 8.6: Modelled flood inundation map along the Marsyangdi valley, downstream from Thulagi Lake
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Figure 8.7: Modelled flood inundation map along Dudh Koshi valley downstream of Imja Tsho
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Rolwaling river downstream of Tsho Rolpa from the end moraine
& showing the old (right) and new (left) outlet channels, 3 August 2009




9 \Vulnerability Assessment

Introduction

To assess, and then mitigate, GLOF risks, it is essential first to estimate the actual potential for damage. This entails

understanding both the hazard magnitude and the physical and socioeconomic vulnerability downstream. Determining the

probability and magnitude of an event and assessing vulnerability and risk, are necessary for the preparation of response

strategies. The probability of loss and /or damage can only be substantially reduced and resilience and /or resforation

enhanced after a proper assessment of probable flood magnitude and impact. This chapter deals with vulnerability

assessment.

There are two effects related to a GLOF hazard, a primary one characterised by inundation, erosion, and sedimentation up

fo the maximum calculated flood level, and a secondary one of slope failure that extends beyond the flood level depending

upon the geology and materials in the river bed and its surroundings. Failures from past GLOFs were reported to extend up

fo 35 m above the river bed in areas where slopes were steep and unstable. Accordingly, the flood hazard zone s in two

distinct parts: the ‘modelled flood level’, derived from numerical analysis of the hydrological model {dam-break model), and

the ‘maximum affected level’, covering the area along the river bank up to 35 m above the river bed.

A vulnerability assessment was carried out for each of the three lakes and their downstream areas. The main objective was

fo obtain a systematic assessment based on past records, flood modelling, and interaction with local key stakeholders. The

specific objective was to identify and quantify the elements exposed fo risk, assess their vulnerability in terms of recovery

and/or resilience, and identify and recommend strategies fo increase the capacities of local people and institutions.

Economic Vulnerability

The economic elements exposed to GLOFs include
lives, property, development projects and infrastructure,
livelihood support systems such as fourism and trade,
and environmental resources such as forest, pasture/
grazing land, and fisheries. The capacity of local
people to cope with a natural disaster depends largely
upon the diversity and quantity of household assets and
access fo information, Techno|ogy, service infrastructure,
and institutions; and this includes the degree of local

participation.

We have defined damage in monetary terms based on

the sum necessary fo restore an area fo ifs status quo anfe.

The damage caused by a GLOF event can be extensive
and includes impacts on individuals and the community
(Figure 9.1). Damage fo property is the most common;
the severity depends on three variables: the duration of
the flood, the velocity of the flow, and the flooding level.
Human lives can also be lost. Overall, the flood can
cause varying degrees of disfress and hardship.

Figure 9.1: Types of flood damage

Flood Damage

Intangible:
not expressed in
monetary terms

Tangible:
estimated in
monetary terms

Indirect costs Direct costs

Opportunity

Structural

Source: Guidance on the Assessment of Tangible Flood Damages, September 2002,
Brisbane: The State of Queensland, Department of Natural Resources and Mines
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Tangible damage can be estimated easily in monetary terms and can be grouped info direct and indirect damage. Al
physical assets affected are included in tangible damage. Direct damage (internal, external, and structural) usually accounts
for most of the damage incurred. Indirect damage results from direct damage. For example, the breakdown of a section of a
highway will either halt traffic or cause it to be diverted. The associated cost of this alternative is treated as indirect damage.
Other examples of indirect damage could be closure of businesses or revenue or salary losses incurred from a breakdown in
supplies, or costs incurred in ensuring people’s health and wellbeing; in addition to which there will be the cost of repairing
the direct damage.

Infangible damage refers to the negative impacts on social life which will extend well beyond the immediacy of the event.
Important heritage sites can be lost and environmental quality (e.g., water quality) may deteriorate. Infangible damage
reflects the social costs inflicted by an event which are not quantifiable, and refer to insecurity, distress, and depression, or
inconvenience. Assessing intangible damage in monetary values is often not possible.

Hence only the tangible damage that can be expressed in monetary units was calculated when assessing the potential
economic impact of a GLOF. The parameters used include the current purchase value of household assets - land, crops,
livestock, and so on - and the cost of replacing infrastructure. In the case of roads and hydropower plants, the national
average per unif cost is used; and the estimate is for the infrastructure as a whole as partial values are not easily derived, for
example for hydropower projects. Secondary damage, such as the disruption of goods and services because of damage

fo infrastructure, is taken info consideration, but losses in tourism were not taken into consideration in this study because they
are difficult to assess. However, an attempt was made to discuss potential GLOF risk to trade and tourism qualitatively during
group discussions with the people who live in the basin.

Social Vulnerability

Social vulnerability assessments were derived from demographic and social characteristics such as the number of households,
the population, and caste and/or ethnicity. The local capacity for GLOF risk management was assessed through household
income [poverty) and livelihood support systems (sources of income, landholding size, and food sufficiency); literacy/
education; skills; preparedness plans and practices such as land-use codes and standards; and social relations, insfitutions,
and networking.

Methodology and Limitations

Primary and secondary sources of data were used for the study. Published and unpublished documents were collected and
reviewed for secondary data. Primary data were collected in the field using a structured checklist. A key informant survey was
held as well as group discussions. Transect walks and direct observation from the lakes and downstream areas were made.
The information was entered onto fopographic maps and recorded in field nofes. Inferviews took place in 12 areas around
Thulagi Lake, 16 around Tsho Rolpa, and 23 in the Imja Tsho basin. Discussion group sizes ranged from 7 to 12.

The same methodology was adopted for all three lakes. Two different scenarios were used to identify GLOF-prone areas: one
based on the flood level derived from the dam-break and hydrodynamic model, and the other based on a maximum height
of 35 m from the river bed based on the maximum flood heights of past GLOF events. This height was used for development
of a worst case scenario. Past events were considered when estimating the flood surge and extent of downstream damage,
including the Nare GLOF in the Dudh Koshi valley in 1977; and the Zhangzangbo GLOF along the Bhote Koshi-Sun Koshi in
1981. Based on these events, the study carried out vulnerability and risk assessments for up to 100km downstream from the
glacial lakes.

There were limitations in ferms of identifying and qualifying elements at risk as well as socioeconomic and locational
vulnerability. There was no defailed information available about existing infrastructure, such as the strength of the foundations
or stress resistance, and hence physical vulnerability could not be assessed. The study had to rely heavily on information
provided by the local people. There was also no record of infernal damage as the field studies did not include defailed
household surveys.
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Estimated Exposure to Potential GLOF Risk

People and settlements

The downsiream populafion in the adjoining Table 9.1: Population downstream within 100 km that could be affected

village development committee (VDC) areas
ranges from 96,767 for Imja, to 141,911

Description Imja Tsho | Tsho Rolpa | Thulagi
for Tsho Rolpa, and 165,068 for the Thulagi Population potentially directly affected
area. Of these, at the household level, the due to loss of resources 96,767 | 141,911 | 165,068
number of people likely to be affected by Population potentially indirectly affected | 501,773 | 524,323 | 2,044,145
a potential GLOF varied from 953 in the Revenue earned in billion US$ 8.98 2.4 2.2

modelled scenario to 3,808 in maximum

scenario for Thulagi Lake; from 1,985 to

5,183 for Tsho Rolpa and from 5,784 to 7,762 for Imja Tsho. The remaining population could suffer a loss of environmental
resources and service infrastructure. The maximum number who could be indirectly affected through infrasfructural damage
and loss of goods and services ranges from 501,773 for Imja, to 524,323 for Tsho Rolpa, and 2,044,145 for Thulagi
(Table 2.1).

Table 9.2 summarises the number of households and population likely to be directly affected and types and quantity of
private property exposed to a potential GLOF. Information from the 1981 GLOF along the Bhote Koshi-Sun Koshi is also

presented for comparison.

Table 9.2: Summary of lives and property exposed to a potential GLOF risk

Flood Scenario Imja Tsho Tsho Rolpa Thulagi Lake Bhote Koshi-Sun Koshi
Modelled | Maximum |Modelled |Maximum |Modelled |Maximum | GLOF in Maximum
flood flood flood 1981

Households

No of households living inside

flood-prone area 360 710 142 331 132 298 731 2,100

No of households having property

inside flood-prone area 715 801 280 835 41 339 135 419
Total | 1,075 1,511 422 1,166 173 637 866 2,519

Population

No of people living inside flood-

prone area 1,928 3,481 680 1,604 700 1,690 4,937 13,873

No of people having property

inside flood-prone area 3,856 4,281 1,305 3,579 253 2,118 845 2,440
Total | 5,784 7,762 1,985 5,183 953 3,808 5,782 16,313

Houses

No of ‘pakki’ houses 59 238 85 200 77 195 248 586

No of ‘kachchi’ houses 386 570 60 130 48 103 483 1,527
Total | 445 808 145 330 125 298 731 2,113

Land

Area of khet land (ropani) 5,340 5,420 478 2,227 219 1,371 556 2,006

Area of bari land (ropani) 835 2,002 48 314 421 774 155 1,265
Total | 6,175 7,422 526 2,541 640 2,145 1 3,271

Note: pakki = permanent, kachchi = temporary, khet = irrigated land, bari = rainfed land, ropani = unit of area (1 ropani = 0.0509 ha)
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Exposure of property and infrastructure

GLOF events have downsfream impacts at four different levels: individual household, VDC, district, and national. At the
household level, impacts are either direct (from inundation) or secondary (e.g., from erosion or landslides). At the VDC

level, people are affected by a loss of natural resources and service infrastructure. At the district level, damage to physical
infrastructure disrupts the flow of goods and services, and af national level power supplies are disrupted because of damage
to hydroelectricity projects, affecting populations living far beyond the GLOF area. The potential GLOF risk levels in the three
glacial lokes studied were compared with the calculated GLOF impact on the Bhote Koshi Sun Koshi. The potential impacts
were relatively higher for Imja than for Tsho Rolpa and Thulagi, and comparable to those of the Sun Koshi. This is because
the Imja Tsho area lies within one of the top 10 tourist destinations in Nepal, whereas Tsho Rolpa (Rolwaling Conservation
Area) and Thulagi [Annapuma Circuit) receive fewer tourists.

Monetary Value of the Elements Exposed

Table 9.3 summarises the monetary value of the elements exposed to a potential GLOF, and thus the potential cost of the
damage, based on the modelling exercises. Again, the values from the Bhote Koshi-Sun Koshi GLOF are included for
comparison. The revenue referred to is mainly from hydroelectricity.

Table 9.3: Summary of monetary value of elements exposed to a potential GLOF risk (USD ‘000)

Glacial lakes Imja Tsho Tsho Rolpa Thulagi Bhote Koshi-Sun Koshi
Flood scenario Modelled Maximum | Modelled Maximum | Modelled Maximum | GLOF in 1981
flood flood flood 1981 level+10m

Real estate 8,917 31,729 1,411 6,524 2,036 6685 15,889 40,606
Agricultural sector 932 1,680 117 330 234 519 246 996
Public infrastructure 2,037 2,084 319 1,928 335,784 339,469 98,845 109,446
Revenue 7 7 0 0 68,678 68,678 37,762 37,762

Total 11,894 35,501 1,847 8,781 406,731 415,351 152,741 188,810

The monetary value of elements exposed to a potential GLOF is quite high in the lower downstream areas in all three basins
studied. This area accounts for 99% of the total amount for Tsho Rolpa and Thulagi and 51% for Imja Tsho according fo

the flood model. This can be explained by the increased amount of infrastructure downstream. An increase in GLOF level,
however, would lead to increased damage in the headwater region.

Several proposals for hydroelectricity projects for the Marsyangdi river have been submitted to the Government of Nepal
and they are likely to be commissioned in the near future. Should these projects be implemented, the risks to power supplies
and revenue will be substantial: a tofal of USD 8.98 billion for the Imja Tsho, 2.4 billion for Tsho Rolpa, and 2.2 billion for
Thulagi unless risks can be mitigated.

The flow of people and goods along routes to tourist destinations in the Dudh Koshi (Imja), Marsyangdi (Thulagi), and
Rolwaling and Tama Koshi (Tsho Rolpa) varies considerably: more than 30,000 fourists visit the Dudh Koshi in the Khumbu
region annually and 16,000 tourists visit the Dharapani area (near Thulagi). The number visiting the Tsho Rolpa area

is unknown. The roads built for the Upper Tama Koshi hydroelectricity project in the Tama Koshi (Tsho Rolpa) and for

the Manang area (Thulagi) have not only increased economic activities but also GLOF risks. Tourist facilities have been
established along the river banks in high risk areas and, hence, the potential danger has grown.

The human capacity fo deal with a GLOF event is poor. Farms are not large enough to provide sufficient food, and incomes
are low. Indigenous ethnic groups account for more than 83% of the total families in the Imja Tsho area, 9% in the Tsho
Rolpa area, and Q0% in the Thulagi area. The Majhi and Thami, the main indigenous ethnic groups in the Tsho Rolpa area,
are among the poorest people in Nepal and do not have the means to withstand and overcome a cafastrophic natural
disaster such as a GLOF. There are, of course, many other groups (including Tamang, Gurung, Rai, Magar, Sherpa, and
Newar), but mountain groups as a whole are disadvantaged in Nepal with less access to education, resources, and national
decision-making processes.
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The exposures to the potential GLOF needed for the risk computation were calculated on the basis of information from focus
group discussions, questionnaires, and transect surveys using replacement costs. These are preliminary estimates based
upon existing infrastructure and not the potential economic benefit that could be hamessed in the future. The proposed large
hydropower projects in the Tama Koshi basin would change the GLOF vulnerability of Tsho Rolpa in comparison to the
other two areas. Thus estimations of vulnerability may change considerably over a short span of time depending upon the
development activities in different basins. Changes in socioeconomic parameters will also influence future assessments.

The vulnerability of people living downstream from the three lakes differs in relation to the livelihoods and infrastructure
characteristics of each area. Overall, the risk may change with passage of time and may also increase in the context of

current atmospheric warming. In national terms, other lakes must also be considered. It is essential fo develop an appropriate

strategy and policy as well as short- and longferm action plans for GLOF risk management. The findings of the current study
serve as a resource guide and provide materials for assessing GLOF hazards, socioeconomic vulnerability, and GLOF
impacts downsfream in Nepal. It is hoped that the findings will be useful in designing GLOF risk management and reduction
strafegies in Nepal, as well as throughout the Himalayan region.
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10 Monitoring, Early VWamning
and Mitigation

Risk results from a combination of the actual hazard and the vulnerability of people and their environment (United Nations
20006). Thus a risk can be minimised by lowering the level of hazard as well as by reducing vulnerability. Mitigation is the

word used to describe actions to reduce the hazard and risk level.

A detailed discussion of mitigation is beyond the scope of this publication. But some of the major points and actions faken in
Nepal are summarised in the following to indicate the possibilities. Some mitigation measures in Nepal have been described

in Ives et al (2010).

Mitigation measures can be structural and non-structural. Measures include monitoring to provide an early indication of
changes, early warning systems (FWS) to provide downsiream residents and owners of infrastructure time fo take avoidance
action, and mitigation measures to physically change the situation and reduce the hazard and risk.

Nepal has made considerable progress in GLOF risk knowledge, risk assessment, monitoring, and early warming as well
as some progress in mitigation measures. Some glacial lakes in Nepal are being monitored; early warmning systems have
been developed and installed in the Tsho Rolpa and Tama Koshi valleys as well as in the Upper Bhote Koshi area. Structural
mitigation activities for GLOF risk reduction were carried out for Tsho Rolpa, but such measures are very expensive and

it is unlikely that this approach could be utilised in the case of all 21 glacial lakes in Nepal that have been identified as
potentially posing a risk of a GLOF.

Monitoring

Monitoring GLOF hazard levels requires a multistaged, interdisciplinary approach using multiemporal data sefs. Key
indicators include changes in the lakes and their impoundments which should be observed using different data sets at
varying fime scales to evaluate glacier hazard and stability of moraine dams. A considerable amount of information can be
derived using remote sensing approaches fo identify changes in lake size, and flight observation with small format cameras
fo observe lakes more closely. Monitoring of critical lakes may require direct periodic observation. To be effective, this
should be carried out in cooperation with all stakeholders: communities, government departments, institutions, agencies, and
broadcasting media, and others.

An automated monitoring system has been set up for Imja Tsho in partnership with DNPWC in Nepal, AIT in Thailand, and
Keio University in Japan as a fest for developing an early warning system (see Ives et al. 2010).

Early Warning

Early warming is defined as: “The provision of timely and effective information, through identified institutions, that allows
individuals exposed fo a hazard fo take action fo avoid or reduce their risk and prepare for effective response” (United
Nations 20006). For an early waming system to be effective, it must integrate four elements: knowledge of the risk, a
moniforing and warning service, dissemination and communication, and response capability.

Early warning systems need to be technically sound, simple to operate, easy to maintain or replace, and reliable so that
accurate and timely warning can be given. The human communication networks must be capable of relaying the waming to
the appropriate authorities. Maximum effectiveness would most likely be achieved if the warning systems are placed in the
hands of the local communities. The systems tested in Nepal have met with mixed success.
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A manual early warning system was set up in the Tsho Rolpa area and downstream in 1997, when the army and police

in the area were provided with communication sefs, following considerable awareness raising activities. In 1998, a

fully functional automatic system was put in place before mitigation work commenced on Tsho Rolpa [Reynolds 1999:
Bajracharya et al. 2007). However, by 2002 the system was no longer operating, in part because local residents assumed
that the lake had been lowered to a safe level. Damage also appeared to have incurred during the recent period of political
unrest and as a result of new developments such as roads (Ives et al. 2010).

An early waming system was also installed in the upper Bhote Koshi valley near the Friendship Bridge on the Nepal-China
border in easfern Nepal in 2001. This was intended fo profect the Upper Bhote Koshi Hydroelectric Project. This system,
however, has a lead time of only six minutes as the stations are all within the Nepal part of the catchment. To be really
effective, sensors need to be installed in the Tibet Autonomous Region fo cover the upper catchments. The sysfem was sfill
functioning in 2009, presumably because of the interest of the hydropower project (Ives et al. 2010).

Mitigation

There are several possible methods for mitigating the impact of GLOFs. The most important mitigation measure is to reduce
the volume of water in the lake, thus reducing the magnitude of the possible peak discharge at the time of breach. Structural

mifigation measures can also be applied downstream to protect infrastructure from peak floods.

The volume of water can be reduced by means of one or more of the following: controlled breaching of the moraine dam;
construction of an outlet control structure; pumping or siphoning the water from the lake; and tunnelling through the moraine
barrier or under an ice dam.

Preventative measures can also be carried out around the lake to secure against potential threats such as loose rocks or
snow/ice avalanches that could trigger displacement waves.

Infrastructure downstream (diversion weirs, intakes, bridges, or river bank setlements) can be profected against a possible
surge through proper construction that allows sufficient space for the flow of water and avoids damming. Bridges should have
appropriate flow capacities at elevations higher than expected GLOF levels and the spans of piers should not be obstructed
by uprooted free trunks. Land use zoning should also be considered as an effective approach to mitigation by reducing

the structures and elements af risk. Among others, setflements should not be built on or near low river terraces within the

GLOF hazard zones. River banks with potential or old landslides and scree slopes near setlements should be stabilised and
appropriate warning devices installed.

Tsho Rolpa is the only glacial lake in Nepal that has been subjected to mitigation measures. A siphon system installed in
1995 had only limited success. It was followed by cutting of an open channel through the moraine dam; the four metre deep
artificial spillway completed in 2000 succeeded in lowering the lake level by three metres.

Awareness Raising

Besides monitoring lakes, it is essential to raise local awareness, and increase knowledge about how to respond. Community
and local government bodies should focus on monitoring the lakes, mitigating their vulnerability to GLOF, and preparing to
cope with such events should they occur: early warning begins with disaster preparedness. This involves raising awareness
about glacial lakes, their characteristics, level of hazards, and the required responses during and after GLOF events.
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11 Guidelines for GLOF Risk

Management and Strategy in
Nepal

Introduction

Clacial lakes in the Nepal Himalayas have been categorised and mapped systematically; nevertheless there are prevailing
risks. Increased human pressure in high mountain areas in Nepal and growing socioeconomic vulnerability mean that GLOF
risk management is needed.

Risk management in the broadest sense is defined as “the creation and evaluation of options for initiating or changing human
activities or (natural and artificial) structures with the objectives of increasing the net benefit to human society and preventing
harm to humans and what they value; and the implementation of chosen options and the monitoring of their effectiveness”

(IRGC 2005).

In October 2009, a ‘National Strategy for Disaster Risk Management” was approved by the Nepal Home Ministry. A
qualitative change is visualised in this strategy document based on realisation of the need to mainstream disaster risk
management info development activities and to shifting the emphasis from relief to preparedness. The document also
proposes an organisational set up for a ‘National Authority for Disaster Risk Management (NADRM)" under the Ministry of
Home Affairs for implementation of disaster risk management plans. In addition, a ‘Disaster Management Act 2009" was
drafted and is in the process of promulgation.

The Government of Nepal adopted a ‘National Action Plan on Disaster Management in Nepal’ on 18 February 1996 in
view of 1990-2000 being declared the ‘International Decade of Natural Disaster Reduction” (IDNDR) by the United Nations
General Assembly (Resolution 44,/23622 December 1989). This has improved understanding and capacity in hazard
assessment and mapping of recurring disasters and a component on disaster risk reduction has been included in nafional
development plans. The Tenth Five Year Plan (2002-2007) and Three-Year Inferim Plan {2007-2010) incorporated disaster
risk reduction (DRR) and preparedness and mainstreaming of DRR components. Nepal has also ratified the Hyogo Framework
for Action [HFA) 2005-2015, adopted at the UN World Conference on Disaster Reduction, Kobe, in 2005.

Other documents related to disaster preparedness and its policies in Nepal include the following:
e Natural Disaster Relief Act, 1982

® National Action Plan for Disaster Management in Nepal, 1996

e Tenth Five Year Plan (2002-2007)

* National Water Plan, 2005

® Water Induced Disaster Management Policy, 2006

¢ National Policy and Strategy for Disaster Risk Management, 2007

* National Strategy for Disasfer Risk Management, 2009

¢ Disasfer Management Act (draft)
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Essential Components of GLOF Risk Management

The National Strategy for Disaster Risk Management (2009) refers to disasters in general: it includes GLOF risk but does

not address it distincfively. National strategies and approaches fo disaster risk management pay litfle attention to GLOF risk
management, perhaps because information about it is inadequate. It is essential to develop short- and longterm action plans
and programmes.

CLOF risk is difficult to predict and it is impossible to guarantee absolute safety, hence GLOF risk management is needed
fo minimise the loss of lives and property. For effective GLOF risk management, it is essential to define components and
their relevant issues so that appropriate sirategies can be established. The main components that need to be addressed are

outlined in the following section.

Knowledge about risks

It is essential fo know the GLOF risk in order to manage it properly. Thus continued assessment of GLOF hazard and

vulnerability is an integral part of risk management; it requires the following:

a) Detection — mapping and classifying glacial lakes and ranking them using remote sensing and aerial photographs

b) Field visits to the potentially critical lakes to determine the GLOF hazard

c) Assessment of GLOF hazards in terms of magnitude and frequency, including mapping of GLOF hazard and flooding
zones

d) Vulnerability assessment in the hazard zones; assessment of environmental and socioeconomic impact is essential for this

el Risk mapping through an analysis of the possible interaction of a GLOF hazard and vulnerability

Monitoring risk

Effective monitoring is important for disaster preparedness and should involve use of remote sensing, aerial observations, and

field study; it requires the following:

a) Regular repeated mapping of lakes using remote sensing and monitoring of key indicators of glacier and GLOF hazards

b) Regular investigation of the development of hazards and risk in a periodic manner including regular evaluation of the
effectiveness of any mitigation measures implemented

c) Fieldbased monitoring of GLOF hazard and risk in critical lakes in the field

d) Regular monitoring of seepages, ice cores, and slope instability in the end moraine complex and of the stability of the
natural moraine dam

el Regular monitoring of exceptional input of drainage as discharge and debris from side valleys into the lake as well as
discharge from the lake

f) Monitoring of lake storage volume, bottom of the lake, and shape

gl Regular monitoring of surroundings of lakes, e.g., hanging glaciers, for changes in snow mass, position, and slope
instability to evaluate possibility of triggering

Preparedness

Preventative and precautionary measures are needed to minimise human and economic vulnerability. Prevention entails
adapted use of space by trying to avoid hazards. Where this is not possible, structural, technical, or biological measures
should be taken to minimise the intensity of the natural process (www.planat.ch, accessed 20 July 2010).

Early warming should provide information in time for response. The preparedness strategy should address as a minimum, but

not only, the following:

a) Ensure that hazard maps are prepared of potentially dangerous lakes and their flow paths.

b) Lland-use planning should determine development planning.

c) Structural mitigation measures should be undertaken fo eliminate protection deficiencies.

d) Establishment of early warning systems is essential: one related to communicating changes in water level in the lake with
community participation, and another in the form of a mechanical system with sirens.

e) Provisions must be made in legislation and policies so that infrastructure developers, especially private hydropower
developers, are engaged in GLOF early warning and risk reduction acfivities.

f)  GLOF risk reduction should be considered as a national as well as a local priority.
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Community participation in risk reduction

Dissemination and communication of GLOF risk information and early warnings fo individuals and communities threatened

by hazards is an essential part of risk management. Decentralisation of risk management activities to communities and local

authorities will encourage their ownership and participation at all levels. The following actions are necessary fo ensure

community involvement:

a) Communicate and disseminate at least the key findings of GLOF hazard and vulnerability mapping and risk assessment to
key stakeholders at different levels — the community, VDC, DDC, and nationally.

b) Awareness creafion programmes should be developed and implemented.

c) Community leaders should be trained on what to do, how to do, where to do, and when to do before, during, and after
CLOF disasters. Training manuals should be prepared accordingly.

d) Put communities in charge of early warning systems so that they are properly maintained.

Transboundary dimensions

Impacts of GLOF are not limited within the borders of a country. In the past, many GLOF events that originated in the

Tibet Autonomous Region of China caused heavy damage in the ferritory of Nepal. Hence, it is necessary to address

fransboundary dimensions of GLOF.

a) It is essential fo ensure that the regional and international collaboration for GLOF risk mitigations deals with cross-border
problems.

b) Mechanisms for intergovernmental collaboration in sharing data and information are essential: different levels of
collaboration should be explored.

Institutional arrangements

Organisational arrangements should be made for appropriate GLOF risk management clarifying the roles of the key
government agencies involved. A National GLOF Risk Reduction Fund should be established for research, awareness
creation, design, implementation, and monitoring of mitigation and adaptation measures. For this, the following are
necessary:

a)  An instituional basis should be established to implement GLOF risk reduction activities.

b)  Research to improve hazard management and capacity building should be promoted.

Issues and Activities of GLOF Risk Management

Issues ranging from knowledge of risks to insfitutional arrangements are required as a guideline for strategy development,
including the following:

1. GLOF hazard, vulnerability, and risk assessment

GLOF risk mitigation

Research and development

Capacity building and training

Public awareness and education

Emergency preparedness and response

Transboundary GLOF issues

Regulation and enforcement

0V O NO N

Institutional development

The systematic and coordinated activities related to these issues are illustrated in Figure 11.1. It is envisaged that the activities
related to the components and issues will serve as guidelines for GLOF risk management strategies. Risk management is a
continuous process and periodic evaluation of the dynamic processes of glacial lake formation and their expansion has to

be monitored continuously. With the insfitutional development, the activities suggested here should be carried out in a five- or
ten-year cycle and should include updating the inventory or mapping of lakes.

In developing the strategy for GLOF risk management, the components and issues mentioned above should not be dealt
with in segregation. It is essential fo note that these components are inferlinked and should be addressed with an integrated
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approach. The process must be developed such that there will be a feedback mechanism from one component to another.
The integrated approach s illustrated with the help of a diagram (Figure 11.2) showing interlinkages and feedback
mechanisms between and among all the components.

The GLOF Risk Management Plan should be embedded in the National Disaster Management Plan in accordance with the
various disasterspecific guidelines laid down by the Ministry of Home Affairs/Government of Nepal and should incorporate
the disaster management plans prepared by the central ministries and /or departments and district authorities for other
disasters.

-
GLOF hazard GLOF vulnerability /_\
assessment assessment g
z Early warning
GLOF risk _ 6'
assessment - =
z
Y @
A 4
Risk preventiony JRisk mitigation
Preparedness

A

Figure 11.2: Interlinkages and feedback processes between and among the components of
GLOF risk management
(modified after Stanganelli 2008)
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12 Conclusions and Recommendations

The GLOF Risk in Nepal

The results in this report illustrate that, given the present state of knowledge, it is not possible to predict even approximate
dates of occurrence or magnitude of risk posed by glacial lakes in Nepal. This represents the primary conclusion and leads
fo the quandary — how to respond to what is certainly a significant hazard? Serious loss of life and property has occurred

in the recent past and the potential for future losses is high once a longferm view is assumed. At best, careful monitoring of
existing glacial lakes and periodic search for the formation of new ones is essential. Stated without qualification, such a task
would be overwhelming. Thus the report's findings, especially the methods employed to classify the existing lakes in terms of
degree of perceived threat, is recommended as the most logical approach.

The study took a step-wise approach to ensure that coverage was as comprehensive as possible. At the same time careful
deployment of the limited available manpower and financial resources constrained research, especially in the field, o be
focused on a small number of the most crifical lakes. These were identified during the first stages of the step-wise approach
as illustrated in the foregoing chapters. Thus three of the largest existing lakes, Imja Tsho, Tsho Rolpa, and Thulagi Lake, were
selected for intensive study. It is also important to emphasise that the three were all originally identified as crifically dangerous.
The current investigations, together with a survey of the more recent literature, have led to the conclusion that the earlier fears
of imminent catastrophe were much exaggerated. This in itself is an important conclusion.

Although the three lakes have been evaluated as relatively stable, the possibility for a GLOF to occur sometime in the future
cannot be dismissed. More than a dozen significant GLOF events have occurred since 1980 that resulted in serious loss of
life and property. It seems likely that such events will occur again, particularly in view of continued atmospheric warming
and the associated increase in volume of glacial lakes. Furthermore, expansion of infrastructure in the vulnerable sectors
downstream means that the actual risk associated with an individual event is increasing. As with earthquakes, the difficulty
lies not in predicting that such an event is likely to take place, rather the problem is that in the current situation it is impossible
with any certainty to predict where such an event will occur, and whether this year, next year, or in the remote future.
However, because such an event could be imminent, it is vital that sfeps be taken to mitigate against severe loss of life and

property.
Chain reactions and the problem of small lakes

There is a further problem associated with the criteria used fo select potentially critical lakes. Very small lakes were excluded
from the study as posing little risk, with a recommendation to repeat the inventory at fixed-time intervals (e.g. 5-10 yrs).

The recommendations of the Clacier and Permafrost Hazards in Mountains (GAPHAZ] Working Group emphasise that chain
reactions and inferactions must also be considered when assessing hazards and risk associated with glaciers and permafrost
in mountains (GAPHAZ 2007). This applies as much to glacial lakes as to other hazards. The GLOF hazard assessments
need fo fake info account possible interaction of processes or chain reactions as the implications can be complicated and
far reaching. One of the many chain reactions that could take place in the Himalayas is that the outburst of a comparably
small lake that is situated above another lake or lakes causes a flood and exceptionally large inflow into the other lake or
series of lakes, which subsequently burst out. The total discharge of such a chain could be much larger than anticipated from
analysing individual lakes only. The triggering lake could even be an erosion lake, considered secure, but squeezed out by
an avalanche. This is one of the reasons why smaller lakes can actually pose a large hazard.

One example of this type of lake that has been identified is the Kabung Tshoding lake. The lake is situated about 500 m
above the left lateral moraine of Tsho Rolpa. After traversing very long and steep mountain slopes, it drains info the left side
valley of Tsho Rolpa. However, the lake does not have large masses of hanging glaciers that might lead to a surge that would
overtop the moraine dam.
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The Three Lakes in the Study Example of a chain reaction - Thorthormi and Raphstreng

lakes in Bhutan
Each of the three lakes subjected to detailed study formed
from the amalgamation of small melt-ponds on the lower One of the striking examples in the Himalayas of a chain

sections of the glacier surfaces. Over the last 50 to 60 reaction posing a GLOF hazard is that of the Thorthormi and

years, these expanded info large proglacial lakes more Raphstreng lakes located in the headwaters of the Lunana

than a kilometre in length and up to 100 mefres deep; area in the Bhutan Himalayas. These lakes were studied

some of the original glacier ice may still be present i cletiatl] [y Bt Depsriman el @saegy end Mines

beneath the lakes. Thus immense volumes of water have (DGM) after it was realised that a GLOF resulting from the

accumulated. They present a difficulf problem: they could combination of Raphstreng Tsho and Thorthormi Tsho, which

cause significant damage should they bursf; but they also are situated adjacent to each other, would result in the release

offer a valuable form of water storage should they be of 53 million cubic metres of water (Karma et al. 2008). The

managed appropriately. Of the three, Tsho Rolpa, despite Raphstreng Tsho and Thorthormi Tsho are interconnected by a

being lowered artificially, is probably the most unstable as 30 m terminal moraine dam, with the Raphsireng Tsho lying

a result of its 216 m high and narrow end-moraine dam. 65 m below Thorthormi. Leber et al. (2002) warned that

However, the overall indication is that none of the three a GLOF resulting from a combined Thorthormi-Raphstreng

lakes is af immediate risk of bursfing out. outburst must be considered as a worst-case scenario.

Furthermore, since the Raphstreng Tsho is closely located to
All three lakes drain through their end-moraine dams along

the Lugge Tsho, the path of the likely Raphstreng Tsho flood

relatively stable channels, but all three are continuing il et o stk b fis 1994 (e i feed

fo expand upsiream info the refreating termini of their outburst.

glaciers. The lake expansion itself is a major factor in
the rapid refreat of the three glaciers, in addition fo the

direct impact of atmospheric warming. The potential
for catasfrophic outburst of these lakes depends on the
stability of the end-moraine dams, and the effect of the slow melting of buried ice and permafrost within them. Seismic activity
might also affect dam stability, but such activity is even more difficult fo predict, and was not taken into account in this study.

In contrast to the three cases chosen for infense field investigation, all the recently recorded GLOFs in the Nepal Himalayas
have issued from simple moraine-dammed lakes that accumulated behind end moraines of refreating ‘clean-ice’ glaciers. In
each case, release was friggered by a surge wave caused by an ice/rock avalanche hitling the lake surface. The best-
documented of these is the 1985 release of Dig Tsho, western Khumbu that destroyed the nearly complete Namche Small
Hydel project (see chapter 2 above).

All three of the lakes studied have become fourist destinations. In addition, the access to Imja Tsho involves long stretches of
the worldfamous trekking route to Mt Everest (Sagarmatha) base camp. Thus, the possible occurrence of a major discharge
from Imja Tsho during the trekking season could add several hundred lives to any accounting of the vulnerability of local
people and infrastructure.

Awareness Raising

The local community needs to become more aware of GLOF hazards and ways and means to respond to warnings. It is
important to confinue dissemination of accurate information to the public, and raising of public awareness on glacial lakes
and GLOF risk management, through a variety of means such as press reports, TV programmes, radio programmes, news
articles, and scientific forums for public awareness.

Materials and knowledge products need to be developed to support awareness generation for different target groups,
including school children - for example video films, brochures in local languages, and CD- ROMs. Exercises and rehearsal of
emergency plan and programmes on escape, relief, and rescue from GLOF events can also help to raise public awareness.

During the surveys, close contact was mainfained with the local people as a first approach to promoting awareness and

encouraging future collaboration. The preliminary results of the surveys were discussed with the local communities in public
events af each of the three sites, and summary leaflets prepared in Nepali were distributed.
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Need for a National Policy

In view of the very high, if unpredictable, hazard involved, it is imperative that a national policy be developed for increasing
awareness, early warning, and risk mitigation. This could then be used as a template for application to the entire Hindu
Kush-Himalayan region. Furthermore, immediate action is urged along the following lines: increase of public awareness;
more extensive vulnerability assessment; routine airborne and satellite monitoring; and more infensive and repeat geophysical
survey. There also remains the inherent danger of trans-international border damage that requires infernational cooperation.

Region-wide cooperation throughout the Hindu Kush-Himalayas should follow, and it is recommended that steps be taken
fo organise a region-wide planning session for experts and leaders of relevant national institutions to develop a more
coordinated approach and begin laying the foundations for a glacial lake outburst risk reduction policy.

Finally, despite the very high, although indeterminate, risks involved, the current fendency for grossly exaggerated reporting,
in ferms of both the imminence of possible catastrophe and its magnitude, should be severely discouraged.
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Acronyms and Abbreviations

AIT Asian Insfitute of Technology

BM bench mark

CAREERI Cold and Arid Regions Environmental and Engineering Research Institute
DDC district development committee

DEM digital elevation model

dGPS differential global positioning system

DHM Department of Hydrology and Meteorology

DNPWC Department of National Parks and Wildlife Conservation
DWIDP Department of Water Induced Disasfer Prevention

EWS early warning system

GIS geographical information system

CLCF Clobal Land Cover Facility

GLIMS Clobal Land Ice Measurements from Space

CLOF glacial lake outburst flood

GPR ground penetrating radar

GPS global positioning system

ICIMOD Infernational Centre for Infegrated Mountain Development
Llandsat Land Observation Resources Satellite (LANDSAT)

NEA Nepal Electricity Authority

NGO non-government organisation

RS remote sensing

UNU United Nations University

VDC village development committee

WECS Water and Energy Commission Secretariat

WGS 1984 World Geodefic System 1984
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About ICIMOD

The International Centre for Integrated Mountain Development, ICIMOD, is a regional knowledge development
and learning centre serving the eight regional member countries of the Hindu Kush-Himalayas — Afghanistan,
Bangladesh, Bhutan, China, India, Myanmar, Nepal, and Pakistan — and based in Kathmandu, Nepal.
Globalisation and climate change have an increasing influence on the stability of fragile mountain ecosystems
and the livelihoods of mountain people. ICIMOD aims to assist mountain people to understand these changes,
adapt to them, and make the most of new opportunities, while addressing upstream-downstream issues. We
support regional transboundary programmes through partnership with regional partner institutions, facilitate the
exchange of experience, and serve as a regional knowledge hub. We strengthen networking among regional
and global centres of excellence. Overall, we are working to develop an economically and environmentally
sound mountain ecosystem to improve the living standards of mountain populations and to sustain vital ecosystem

services for the billions of people living downstream — now, and for the future.
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Glacial Lakes and Glacial Lake Outburst
Floods in Nepal - Additional Material

DVD with full report and additional material
(GIS database, maps, photos, video clips)

If the DVD is missing, please write to distri@icimod.org for a copy
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