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Executive Summary

The Community Based Flood and Glacial Lake Outburst Risk Reduction Project (CFGORRP)
intends to reduce human and material losses from a potential Glacier Lake Outburst Flood (GLOF)
from Imja Lake (5010 m) in Solukhumbu District by reducing the GLOF hazard risk in 27
downstream settlements by reducing Imja Lake’s level by more than 3 m through construction
of an open channel. As a part of the project the task of “Detailed Bathymetric and Hydrologi-
cal/Glaciological Assessment required for Structural Design of Imja Lake Lowering” for input to
technical design of the Lake lowering was awarded to the JV of ADMC Engineering (P.) Ltd. & DK
Consult (P.) Ltd. The survey phase of the larger project was from 30 September to 31 December,
2014, after which the effort has moved to an engineering phase. This project is warranted, as
our satellite-image-based time series of Imja Lake shows continued growth on a trend
established since the early 1960s; furthermore, the damming end moraine is degrading.

At the survey phase of the project, field work for the bathymetric survey was completed between
October 10 - 23, 2014 inclusive. Onsite work was preceded by a 5+ day acclimatization trek
(October 5-10) from Lukla (~2840m) to Imja Lake site (~¥5000m). The bathymetric survey
including echosoundings done from a USV (unpiloted surface vehicle) and from a kayak. The USV
work was completed between October 11-13, 2014, when the boat's owner and primary
operator, Umesh Haritashya was onsite. Most of the kayak bathymetric survey work was then
undertaken. Data gaps remained from the USV-kayak echosounder surveys due to development
of unseasonal lake ice, which hindered data acquisition in some parts of the lake and entirely
prevented acquisitions in some other small but important areas. To fill the data gaps, additional
depth measurements were made by plumb line through augured holes in lake ice to reach high-
priority areas where previously we had been unable to obtain measurements or where a higher
areal coverage was desired. The team also contacted Professor Daene McKinney and Marcelo
Somos-Valenzuela, who had previously obtained a limited set of echo-soundings in 2012. These
data were provided to us, thus improving data density and

coverage, and were analyzed together with our new
measurements.

The figures at left show the 2014 USV and
kayak survey lines (black) and the 2012 survey
lines (red) where valid data were obtained,
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This report presents brief description of the field investigation and preliminary outcomes of the
study. A bathymetric map of the lake obtained from the combined data is shown at left
(superposed on a false-color satellite image). We have found that the lake attains greater depths
(149.8 m) and has a greater volume (75 million cubic meters) than previously assessed by
McKinney & Somos-Valenzuela (2014), who found a volume ~61.7 £3.7 million cubic meters and
maximum depth of 116.3 £5.2m. The increase found in this study reflects the more thorough
measurements we now have and an actual increase in lake area and mean depth. However,
those two dimensional increases are not readily de-convolved, so we do not know the true rates
of deepening and volume increase. Our satellite measurements show that the lake has
continued an area growth trend established since the early 1960s. The lake deepens from the
end moraine almost to the glacier’s calving margin. Intra-valley bedrock basins and local up-
valley deepening is a common phenomenon in glacier-sculpted valleys, particularly where
multiple tributary glaciers coalesce, as in this locality. Comparison of our longitudinal depth
profile with previous surveys suggests that much ice has melted recently on the eastern lake
bottom.

We also assessed the depths of two small ponds that are growing along the outlet on the end
moraine. The form and growth of these ponds are consistent with a thermokarstic development
of the ice-cored moraine. The ponds add trivially to the total water volume of the system, and
this will be true also if the ponds grow. However, these ponds’ growth is of concern because
they are progressively eroding the moraine dam’s height and they are creating a shallow-water
conduit over the end moraine along which a tsunami wave could surge. As the ponds grow, they
will progressively narrow the end moraine so that less energy would be dissipated by any GLOF
discharge, hence will make a large and rapid GLOF—triggered by any type of mechanism—more
likely. Therefore, our new echo-sounding on the upper pond, the plumb-line data, and the prior
echo-sounding survey by Somos-Valenzuela et al. are crucial to be analyzed together to fill in
details for the ponds.

We have assessed seepage through the end moraine, which is happening but is not a large part
of the system’s present hydrology. Limited seepage may attest to the presence of impermeable
massive glacier ice within the end moraine, consistent with findings by the electrical resistivity
and ground penetrating radar thematic teams. Seepage is concerning because as buried dead
ice melts, the seepage may increase and rapidly enlarge conduits.

We have summarized and partly quantified mechanisms by which the containment provided by
the end moraine dam could be disrupted and generate a GLOF. High stream discharge due to
extreme weather is not the most challenging engineering concern or greatest hazard concern.
Most difficult for downstream communities are tsunami waves that could be produced by large
mass transfers into the lake (e.g., giant rockfalls, ice avalanches or sturzstroms), large calving
events, or sudden flotation of thick, massive ice thought to exist under parts of the lake.
Presently, due to the presently configured topography of the mountains near the lake, very large
mass movements are unlikely to collapse into the lake, but small tsunamis are likely due to
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smaller moraine collapses or small ice avalanches. However, the probability of very large mass
movement probably will change in the next couple decades as the lake lengthens and extends
closer to the the areas’s very high peaks. Presently, flotation of submerged ice might be the
biggest potential cause of a large tsunami. However, this type of potential GLOF trigger is not
well understood either by experience with other lakes or theoretically.

There are many potential types of GLOFs as defined by mechanism of release, volume, and
duration (hence, peak discharge); not all carry a high hazard potential. The duration of water
release is more crucial than total released volume. GLOFs elapsing over many hours or a day or
two could create impressive floods but would not likely take out villages downstream from Imja
Lake, but likely harm only people caught near/in the Imja Khola channel. The biggest threat and
also the most difficult engineering challenge is specifically from “fast GLOFs” (not necessarily
large in total released volume) that could be produced in minutes by (1) a large tsunami wave
which could override the end moraine, or (2) sudden collapse of possible ice caverns or
honeycomb structure in the end moraine. A substantial increase of freeboard and much more
than 10 m lake lowering would be needed to substantially reduce the threat posed by “fast
GLOFs.” Open channel depths of 3 m and cross section of wetted perimeter of order 8 m? can
protect against extreme rainfall events or other mechanisms that might produce “slow GLOFs”
and would reduce the likelihood and potential magnitude of “fast GLOFs.”

In support of the engineering design requirements, from 17-22 October 2014 we measured the discharge
from Imja Lake. Discharge averaged 0.685 m3/s and ranged between 0.529 and 0.920 m3/s. These values
compare to 2.61 m3/s discharge measured at Dingboche on 15 Oct 2015. The ratio of average discharges
from Imja to that at Dingboche is 0.262, which is similar to the ratio 0.28 of the basin areas draining to
the two places. Our further analysis supports application of the area-scaling ratio 0.28 to the entire
decade-long record of discharge at Dingboche to get a rough estimation of the daily, monthly, and annual
hydrograph at Imja Lake, with due allowance for local perturbations. Use of the available records
suggests that the long-term annual average discharge from Imja Lake is about 0.73 m3/s, and the mean
monthly discharges range from a low of 0.38 m3/s (February) to a high of 1.45 m3/s (August). The 10-year
daily hydrographic record at Dingboche, with the 0.28 area scaling factor applied, extrapolates to a 100-
year flood (1-day peak discharge) of 5.7 m3/s at Imja Lake. With hypothetical addition of trasnient runoff

from a microburst, runoff could attain 9.7 m3/s.
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Chapter One

1 INTRODUCTION

1.1. Issues relating to glacier lakes in Nepal

Himalayan glaciers form the largest body of ice outside the polar caps and are the source of
water for the innumerable rivers that flow across the Indo-Gangetic plains. Himalayan glacial
snowfields store about 12,000 km3 of freshwater. About 15,000 Himalayan glaciers form a
unique reservoir which supports perennial rivers such as the Indus, Ganga and Brahmaputra
which, in turn, are the lifeline of millions of people in South Asian countries (Pakistan, Nepal,
Bhutan, India and Bangladesh) (IPCC WGII AR4).

Glaciers are highly sensitive to climate change due to their relatively quick response. Climate
cooling results in glacier advancement and warming leads to glacier retreat; so they are excellent
indicators of climate change. Hence, recent glacial retreat and concomitant glacial lake
formations/expansions in mountain areas serve as an example and infallible testimony of climate
change. As glaciers retreat, lakes commonly form behind the newly exposed terminal moraine.
The rapid accumulation of water in these lakes can lead to a sudden breach of the moraine dam.
The resultant rapid discharge of huge amount of water and debris is known as a glacial lake
outburst flood (GLOF). These GLOF events may result into catastrophic damage to the
downstream areas. In the 2007 Intergovernmental Panel on Climate Change (IPCC) Working
Group Il Report (Cruz et al., 2007) it was mentioned that the Himalayan glaciers are receding
faster than in other parts of the world. Some intermittent glaciological studies since 1970s
revealed that Nepalese glaciers are showing this trend to some extent.

Temperature data collected from the mid-1970s from 49 hydro-meteorological stations of Nepal
indicate that the average temperature between 1977 and 1994 increased at a rate of 0.06 °C per
year (Shrestha et al. 1999 and Shrestha and Aryal 2011; Xu et al, 2007). The warming trends
varied from 0.068 to 0.128°C/yr in most of the Middle Hills and Himalayan regions, while the
Siwalik and Tarai regions show warming trends of less than 0.038°C/yr (Shrestha et al., 1999).

GLOFs occur relatively infrequently, but are a severe flood risk in the High Mountains. ICIMOD
has identified over 1466 glacial lakes in Nepal (ICIMOD 2011). Most of these have been formed
in response to warming temperatures during the second half of the 20th century (Yamada and
Sharma 1993; Yamada 1998; ICIMOD, 2011), as a result of rapid glacier melting. Various studies
indicate that the warming trend in the Himalaya region has been greater than the global average
(ICIMOD, 2007).



) ' N L%
s ' A
\ / = N \
I / (P l ._‘\» % "-n\ ), ——._.\\ Q_
i ) . ”~ . -
B B \ >
g S “;\\ ’ i 2
& ( b ! T 3 :_\ - =
& &}\ g \L/ &R T {
) W ey Y \ <
S F J d % ~— = U 5 SO
¥ ( Y oy B = A ) - e
el o £~ ' Akl 7 Ll Tt {
(r w i - l.., ; S
L. | / -
A‘\ ® "-‘VJ;/ v - A N o
\tx / ".'}"1.' F “nen N e .
e Ay ! . T . I o\
- \ . f ’ = :fe’\ : r‘ et
=d Gandak | ATl A 2 1
- \| S ot b }’f T { v
3 e Sl N Ny
{ "\ S i o B
\ é o~~~ K;lim-;.r” y R ?
\ [ | P N\ P .
4, } = il - \ ! /’
k'\.—. .i_ L\ - —— N~ X(ls'll i L.' /\1
. 3 \ J \
legend \\,‘:\ h .. i A\ ;“J \
& Glocial loke T, \'\\ af /
- Clacier \\\ l‘\ ‘/
s Maior rivers R\' \\ J/
- -
& NBQ::H baundor) o A {
f Kilomaetre: .
Nepd boundary . » @0 . Ay L
l_“—A—J vy

Figure 1.1. Distribution of Glacier lakes in Nepal Himalaya (Source ICIMOD 2011)

Studies have shown that the majority of present day large moraine dammed lakes did not exist
before the 1950s. These lakes started forming in the mid 1950s to early 1960s, and in the 1970s
they grew in a rather rapid manner (Watanabe et al 2009; Bajracharaya and Mool 2009). Most
of the glacial lake outburst flood (GLOF) events recorded in this region happened in the last three
decades or so. There have been suggestions that the GLOF frequency in this region has increased
in recent decades (Ives et al., 2010). There are over 200 potentially dangerous glacial lakes in the
HKH region: ICIMOD (2007) classified 10 to be very hazardous, which could burst out and cause
flash floods. ICIMOD (2010) presented a renewed analysis and identified 21 lakes as posing
exceptional risks. Under the observed and projected climate scenarios, it is very likely that the
risk of GLOF events will increase in future because many glaciers are undergoing the type of
thinning and slowing flow that spurs formation of new lakes.

The Dudh Koshi sub-basin of Nepal contains twelve potentially dangerous glacial lakes, among
them Imja Lake is one of the fastest growing lake in Nepal. Because of the risk associated with
Imja Lake, implementation of mitigation and safety measures is really essential. This situation,
together with realization of increase of melt water stored in the Imja Glacial Lake in Solukhumbu
district in Nepal, has prompted the Community based GLOF risk reduction project to lower down
the lake water level by >3 m.

1.2. Imja Lake: Archetypical moraine-dammed glacier lake

Imja Glacial Lake is located in the eastern part of the Sagarmatha region in Solukhumbu district,
Nepal. Lhotse Shar, Imja and Ampulapcha Glaciers are the parent glaciers of Imja Glacier and
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Imja Glacial Lake. Till 1950, there was no lake at that location but a couple of ponds as seen on
the topographical map known as the ‘Schneider Map’, Khumbu Himal (1:50,000), which was
based on terrestrial photo-grammetry and field work carried out during 1956 to 1963.

Glaciers feeding the Imja lake are debris covered glaciers and the lake is dammed by the ice-
cored end moraine. The termini of lake-calving glaciers are melting very fast—faster than ice
flow can advance the front—and as a result the Imja Lake is getting bigger year by year as the
glacier shrinks.

On the left bank across the lateral moraine another clear water Ampulapcha glacier lake is
developing and is also getting slowly bigger with time. Considering the color of the water of
Ampulapcha Lake and also the similar colors of smaller isolated ponds on the end moraine, it is
possible that these lakes are completely separated from the Imja Lake and there is no direct
contact of water with two of those lakes (See Below Pictures). This is also supported by the
differing water levels if Imja Lake and Amphulapcha Lake. Only the turbid Imja Lake together
with its continuous set of ponds and connecting streams across the end moraine are hydraulically
connected, and it is these upon which we have focused our investigation.

_
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Figure 1.2 Picture shows the Imja and blue-water Amphulapcha Lake together with the calving
terminus of the imja glacier. Photos by Kargel, taken from a helicopter Oct 2010.

The lake is separated in three parts one big lake and two small lakes along the out let channel.
The Lake was just 0.03 km? in 1962 but increased to 1.06 km? in 2009 and now is identified as
among the fastest growing lakes in the entire Himalayan region. Realizing the potential threat
due to Imja Lake, it has been the target of various studies. From 1991, several study teams have
conducted topographic and bathymetric investigations to find out the lake area, depth, volume
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of water stored and stability of the end and lateral moraines. However, the studies conducted
so far were not sufficient to gain an adequate understanding of the risk associated with Imja
Lake, although with each successive study and each year of growth of Imja Lake there has been
an increased scientific recognition that this lake poses a serious danger of a glacier lake outburst
flood. Thus, this study has been carried out to better assess the risk and to lower the lake water
level to safer level.

1.3. Glacial lake outburst floods

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, until the sudden outburst of Dig
Tsho Lake on 4t August, 1984 occurred, very little attention was given to this phenomena.

Figure 1.3 Complete aerial view of source of Imja Glacier Lake and the natural outlet. Photo from
ICIMOD, 2009.

The event caused death of three persons and destroyed one hydropower plant (worth USS 1.5
million), 14 bridges and 35 houses. 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 motion a plethora of scientific
investigations, including, surveys, research, and preliminary estimates of downstream
vulnerability among others (ICIMOD 2011). The Water and Energy Commission Secretariat
(WECS) of then-His Majesty’s Government, the International Centre for Integrated Mountain
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Development (ICIMOD), and the United Nations University (UNU) collaborated in the work that
eventually produced the first detailed assessment of a GLOF event in Nepal (WECS internal
report 1987; lves 1986; Vuichard and Zimmermann 1986, 1987).

A number of GLOFs have been reported in the region in the last few decades, particularly from
the eastern region (Mool and others, 2001; Yamada, 1998; Richardson & Reynolds, 2000).
Altogether 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-
Nepal border. Risk of damage and loss of life continues as the flood surges downstream across
the river valleys displacing human settlements and investments. Regarding the glacial lake

outburst floods that occurred in Nepal, there were altogether 14 GLOF events that had occurred

in Nepal. The detailed information of these GLOF events is shown in Table 1.

Table 1.1 GLOF events recorded in Nepal and Tibet ( highlighted GLOF's are originated in China and

effected Nepal)

1 | 450 years ago SetiKhola Machhapuchchhre Moraine collapse
2 | 1935 Poiqu (Bhote-Sun Taraco lake unknown

Koshi) basin
3 | 1964 Trishuli River Basin Longda Glacier lake unknown
4 | 1964 Poiqu (SunKoshi) Zhangzangbo unknown

Basin
5 | 1964 Pum Qu (Arun) Basin Gelhaipu Co unknown
6 | 1968, 1969, Pum Qu (Arun) Basin Ayico unknown

1970

7 | 3-Sep-77 Dudh Koshi Nare Moraine collapse
8 | 23-Jun-80 Tamor NagmaPokhari Moraine collapse
9 | 1981 Poiqu (Sun Koshi) Zhangzangbo 2nd time unknown

Basin
10 | 1982 Pum Qu (Arun) Jinco unknown
11 | 4-Aug-85 Dudh Koshi Dig Tsho Ice avalanche
12 | 12-Jul-91 Tama Koshi Chubung Moraine collapse
13 | 3-Sep-98 Dudh Koshi Tam Pokhari Ice avalanche
14 | 15-Aug-03 Madi River Kabache Lake Moraine collapse
15 | 8-Aug-04 Madi River Kabache Lake Moraine collapse
16 | Unknown Arun BarunKhola Moraine collapse
17 | Unknown Arun BarunKhola Moraine collapse
18 | Unknown Dudh Koshi Chokarma Cho Morain