
Introduction

Climate change and retreating glaciers constitute a
major hazard in the Himalayas. The most significant
glacial hazards relate to the catastrophic drainage of
glacial lakes (Richardson and Reynolds 2000). Such
floods caused by the breaking of moraine dams are
known as glacial lake outburst floods (GLOFs). The
sudden outburst of a glacial lake poses threats of flash
floods and debris flow in downstream areas.

Pressures due to increased population and tourism
activities in the mountains have caused people to settle
in areas which are highly exposed to natural hazards.
Trekking routes often lead through unsafe areas, and
trails and bridges are situated directly in the floodway.
Ives (1986) shows concern over extremely high risks of
GLOFs in the Himalayan system, including in the Sagar-
matha region, and recommends prior assessment of

GLOFs when planning engineering works. In the con-
text of a new management plan being formulated for
the Sagarmatha region (including Sagarmatha National
Park and Buffer Zone), which recommends implement-
ing a management zoning system for conservation and
promotion of tourism (DNPWC 2005), knowledge about
hazardous areas is important for rational planning. Cre-
ating awareness among the local people is equally
important to discourage development of infrastructure
and investment in property in such areas. However, the
awareness campaign should not create unnecessary pan-
ic, as illustrated by Ives (2004 and 2005) using the exam-
ple of the Tsho Rolpa case in the Rolwaling Valley.

Keeping in mind that such actions should be based
on reliable data and scientific studies, an attempt has
been made to assess hazards due to GLOFs from poten-
tially dangerous lakes in the Sagarmatha region, using
hydrodynamic models and spatial analysis. Use of
hydrodynamic modeling for flood analysis in Nepal is
limited to lower mountain catchments (Gautam and
Kharbuja 2005), while such exercises are scarcely car-
ried out for high mountain catchments (Cenderelli and
Wohl 2001, 2003). The present analysis, however, does
not focus on the probability of a lake outburst, but on
assessing the extent of resulting floods and identifica-
tion of the areas susceptible to damage if a GLOF event
occurs.

Glaciers and glacial lakes in the Sagarmatha region
The inventory of glaciers and glacial lakes in Nepal pre-
pared by ICIMOD (International Centre for Integrated
Mountain Development) has shown that glacial lakes
are increasing in number and volume due to thinning
and recession of glaciers (Mool et al 2001). It shows
that the Sagarmatha region is perhaps one of the most
extensively glaciated regions of Nepal (Figure 1). The
inventory, based on the reference period from the late
1960s to the early 1970s, recorded 194 glaciers in the
region occupying an area of 379.25 km2 with a volume
of 43.33 km3 of ice. Ngojumba, Khumbu, and Bhote
Koshi are the largest glaciers in the region. The num-
ber of glacial lakes recorded was 377, occupying a total
area of 8.34 km2, with a minimum mapped lake size of
424 m2. Three lakes—Imja, Dig Tsho, and Lumdin
Tsho—were identified as potentially dangerous. Dig
Tsho burst out once, on 4 August 1985.

Study area

In the present study, assessment of GLOF hazard was
carried out for Imja and Dig Tsho lakes. The assessment
of Dig Tsho was done mainly to validate the model out-
puts, using data from the 1985 GLOF. The assessment
was done for the downstream areas of the lakes within
the boundaries of the national park and buffer zone.

Glacial lake outburst
floods (GLOFs) are
common natural haz-
ards in the Himalaya.
These floods, usually
of large magnitude,
can severely affect
fragile mountain
ecosystems and their
limited economic
activities. In this

study, GLOF hazard in the Sagarmatha region (national
park and buffer zone) was assessed using dam break
and hydrodynamic modeling. The available data from
the Dig Tsho GLOF of 1985 were used to validate many
of the model outputs. The technique was further
applied to GLOF hazard assessment of Imja Lake, the
largest and potentially most dangerous glacial lake in
the region. The peak outflow discharge of an Imja GLOF
is estimated at 5463 m3/s. The peak discharge attenu-
ates to about 2000 m3/s at the boundary of the buffer
zone at about 45 km from the outburst site. Finally, a
GLOF vulnerability rating map was prepared and an
assessment of vulnerable settlements was carried out.
The study was found to be a cost-effective means of
obtaining preliminary information on the extent and
impact of possible GLOF events—information that is
useful for developing plans for early warning systems
and implementing management plans.
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Dig Tsho Lake
Dig Tsho is located at 27o52′25′′N and 86o35′37′′E, at an
elevation of 4365 m, in a sub-basin of the
Nangpo–Tsangpo area in Bhote Koshi Valley. The lake
is fed by the Langmuche Glacier, which originates at
5400 m at the foot of the northeast face of Tangri Ragi
Tau (6940 m) and is extensively nourished by avalanch-
es falling off this rock face. The glacier snout is exposed
to heavy solar radiation, which has contributed to the
rapid retreat and thinning of the snout in recent
decades (Vuichard and Zimmermann 1987).

The development of Dig Tsho was analyzed based
on a series of satellite images, some of which are
shown in Figure 2. The Corona image of December

1962 shows a lake with a size of 0.2 km2. By 1983 this
surface had grown to about 0.6 km2, which is about
0.1 km2 larger than that suggested by Vuichard and
Zimmermann (1987) before the outburst. The lake is
believed to have been full to its rim just before the
outbreak in 1985. The moraine before the breach was
60 m high at its lowest point. The outer slope of the
moraine dam is covered with vegetation, while the
inner slope is bare and unstable, a characteristic com-
mon to moraine dams in contact with a lake. The nat-
ural outlet probably ran through the lowest point in
the end moraine. The images of 1992 and 2000 sug-
gest the lake might have grown slightly after the out-
burst and stabilized at an area of around 0.35 km2. A

FIGURE 1  Glaciers and glacial lakes in Sagarmatha region. (Map by authors)
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recent field assessment by an ICIMOD team in Octo-
ber 2006 showed a wide outlet, the bottom of which
was almost at the level of the valley floor, limiting the
possibility of further increase of the lake and future
outburst.

Imja Lake
Imja Lake is located at the toe of Imja Glacier, at
27°59′17′′ N and 86°55′31′′ E in the easternmost part of
the Sagarmatha region. Imja, Lhotse Shar and Ambu-
lapcha are the parent glaciers of Imja Lake. The termi-
nus of Imja Glacier is at about 5010 m. Unlike Dig
Tsho, Imja Lake did not exist in the early 1960s: the
Corona image of 1962 shows only some small
supraglacial ponds (Figure 2). The lake started growing
thereafter and attained an area of 0.3 km2 in 1975.

Growth was quite rapid, with area in 1983 at 0.56 km2,
in 1989 at 0.63 km2, and in 2000 at 0.77 km2.

A study of the expansion process of the lake (Sakai
et al 2005) showed that the expanding portion was con-
centrated near the glacier terminus. According to a
field survey in 2001, the area of the lake had attained
0.83 km2 (Yamada 2003), which is close to the 0.82 km2

measured in the IRS LISS3 image of March 2001. The
mean depth of the lake in 2001 was 41 m and the maxi-
mum depth was 90 m. The volume of water stored in
the lake was estimated at about 35.8 million m3.

The lake is contained by lateral moraines on the
north and south, and an end moraine on the west. The
600-m-wide end moraine has an extensive dead ice core
that is often exposed, particularly in the vicinity of the
outlet. Watanabe et al (1994, 1995) reported rapid melt
of the debris-covered ice and significant changes in the
outlet position. Enlargement and merger of intermedi-
ate ponds in the course of the outlet may cause the lake
shoreline to migrate outwards, reducing the width of
the dam considerably. This is likely to be a mechanism
that could lead to the outburst of the lake.

Methodology

Extraction of geometric and hydraulic information
As it was not possible to survey the detailed geometry in
the field, all topographic information required for the
study was derived from a digital elevation model
(DEM). A DEM with a 5-m grid was derived by interpo-
lating 40-m-interval contour data prepared by the Sur-
vey Department of Nepal; the geometric and hydraulic
information was extracted using HEC-GeoRAS (USACE
2003). The stream centerline was established from the
DEM. The banks were digitized based on topographic
maps and IKONOS images with 4-m multispectral reso-
lution and 1-m panchromatic resolution. The reach
lengths to be considered for GLOF simulation started at
the outlet of moraine dams and terminated at the
boundary of the buffer zone. The reach length thus
derived was 35.82 km for Dig Tsho and 45.22 km for
Imja. River cross-sections were established at 200 m
intervals. Altogether, 171 cross sections were delineated
for Dig Tsho GLOF simulation and 209 for Imja GLOF
simulation. About 1700-m-wide cross-sections were tak-
en, the maximum width HEC-GeoRAS could accept for
the DEM resolution used.

Lake information
The bathymetry and the detailed topographic informa-
tion for the Imja Lake moraine dam were derived from
the results of the bathymetric survey of 2001, conduct-
ed jointly by a Japanese glaciological expedition in
Nepal and the Nepalese Department of Hydrology and
Meteorology (Yamada 2003). This information was not

FIGURE 2  Growth of Dig Tsho and Imja lakes. (Maps by authors)
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available for Dig Tsho; therefore only the surface area
information and maximum depth were used. The analy-
sis was based on average water level and seasonal fluctu-
ations were not taken into consideration.

Dam breach
The geometric data for the Dig Tsho moraine dam were
taken from the DEM. As the information regarding
geotechnical parameters for both lakes was lacking,
these parameters were adapted, similar to the Tsho Rol-
pa GLOF case study (DHM 1996). NWS-BREACH (NWS
1991) was used to simulate the outburst hydrographs.
The model is based on coupling the conservation of
mass of reservoir inflow, spillway outflow, and breach
outflow with the sediment transport capacity of the
unsteady uniform flow along erosion-formed breached
channel. It is applicable for both man-made and artifi-
cial dams. The growth of breach is dependent on the
dam’s material properties such as particle size distribu-
tion, unit weight, friction angle, and cohesive strength,
but does not consider non-homogeneity of the dam
material. The outflow hydrograph was obtained
through a time-stepping iterative solution not subject to
numerical stability or convergence difficulties.

Flood routing
After the GLOF hydrograph was derived from the
breach model, the nature of flood propagation in the
downstream areas was simulated using NWS-FLDWAV
(NWS 1998). It was based on an implicit finite-differ-
ence solution of the complete one-dimensional Saint-
Venant equations of unsteady flow, coupled with an
assortment of internal boundary conditions for simulat-
ing unsteady flows controlled by a wide spectrum of
hydraulic structures. The model is capable of simulat-
ing both Newtonian (water) and non-Newtonian
(mud/debris) flows and may freely change with time
and location from subcritical to supercritical, or vice
versa. Local partial inertial mixed flow technique (NWS
1998) improves the stability of the model when model-
ing through a mixed-flow situation. In the present
study, flow variations were assumed to be constant with-
in individual reaches and between calculation points.
The flow hydrograph from NWS-BREACH (Figure 3A)
and Manning’s n were derived based on IKONOS
images provided as inputs for the model.

Flood map
While NWS-FLDWAV simulated the GLOFs successfully,
its outputs were limited to numeric results and line
graphs. These numeric outputs were fed into the HEC-
RAS model set up under steady flow conditions. All the
cross-sections included in NWS-FLDWAV were considered
as flow change points in HEC-RAS steady flow data, and
the peak discharges at these cross-sections were given as

flow input at the respective points. This resulted in rela-
tively smooth highest flood levels (HFLs) along the river
reaches. The HFL data for all cross-sections were export-
ed back to HEC-GeoRAS, which has its internal algo-
rithms to generate inundation and flood depth maps.

FIGURES 3A–3C  A) Flow hydrographs from NWS-BREACH for Dig Tsho and Imja
Lake; B) Peak flow and maximum flood depth due to simulated Dig Tsho GLOF;
C) Peak flow and maximum flood depth due to simulated Imja Lake GLOF.
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Results and discussion

Dam breach
For this study, only 1 scenario of dam breach was con-
sidered. The peak flood discharges of both GLOFs were
almost equal, whereas the outflow duration of Imja out-
burst was considerably longer (Figure 3A), which was
probably due to the large width of its moraine dam.
The peak outflow of Dig Tsho simulation was signifi-
cantly larger than those proposed in earlier studies
(Vuichard and Zimmermann 1987; Cenderelli and
Wohl 2001, 2003). Cenderelli and Wohl (2001, 2003)
used a step-backwater model, with the major assump-
tion that the flow was subcritical and approaching
supercritical. Discrepancies with the present study
could be due to the different methodologies and
assumptions made. The simulated peak flood was an
estimate on the higher side, but subsequent discussion
clarified that the peak flow could not be as low as indi-
cated by Vuichard and Zimmermann (1987).

Flood routing
The peak flow and maximum flood depth along the river
reaches are shown in Figures 3B and 3C. Again, there is a
sharp contrast between the Dig Tsho and Imja GLOF out-
flow attenuation along the river. In the case of Dig Tsho,
the peak discharge at a distance of 10 km is about 2800 m3/s,
only about half the peak outflow at the breach site. The peak
flow attenuation thereafter is much less, and at the
boundary of the Sagarmatha region the peak flow is
about 2100 m3/s. On the other hand, the attenuation of
Imja Lake GLOF is greatly dampened. The peak dis-
charge of 5400 m3/s at the outlet of the lake is consider-
ably sustained through the river reach up to 30 km, fol-
lowing a convex curve which is attributed to the relatively
spread outflow hydrograph of Imja outburst.

In the case of the peak flood depth along the rivers,
there is quite a lot of scatter over the river reaches, as

higher depth of flooding occurs at narrow river sec-
tions. The peak flood depth is greater in the case of
Imja GLOF, by about 2 m on average. The divergence
in peak flood depth is even greater 16 km before the
boundary. After this the flood depths for the 2 GLOFs
are of comparable magnitude.

The peak flood depth for Dig Tsho GLOF simula-
tion was compared with the field data collected after the
1985 Dig Tsho GLOF. One such measurement was col-
lected by Maskey (1997), while the other was collected
by the Nepal Electricity Authority (NEA 1998). The
comparison between the simulation and the NEA obser-
vation is presented in Figure 4. There is a reasonable
match between simulation and the observed data up to a
distance of 18 km. Thereafter, up to 24 km, the observa-
tion shows rather high flood depth, up to 13 m. Simula-
tion also suggests maximum flood depth around this
reach, although the magnitude is not greater than 8 m.
Observation data are virtually non-existent after 24 km.
Manning’s n was increased by 0.02 over a reach between
10 km and 25 km. A significant increase in HFL occurs
between 18 and 24 km, the peak flood depth being com-
parable to observed data. This shows the sensitivity of
the model to the roughness coefficient and the impor-
tance of right choice for accurate simulation. It is note-
worthy that the comparability of simulated and meas-
ured flood depths indicates that the peak flow simulated
by the NWS-BREACH model was not exceptionally over-
estimated as compared to Vuichard and Zimmermann
(1987) and Cenderelli and Wohl (2001, 2003).

Flood maps
The spatial distribution of flooding was analyzed by
preparing inundation maps for HFL along the river
(Figure 5). These maps show the spatial extent as well
as depth of flooding along the river reach. The flood
arrival time and discharge at different locations from
the 2 GLOF simulations are given in Table 1. Although
the available data from the past GLOF event at Dig
Tsho helped to validate the results of the model output,
these results should be viewed with caution, keeping in
mind the limitations due to data constraints such as the
information derived from the DEM, which is not able to
capture all the intricacies of the topography. Also, the
model parameters such as geotechnical data and
hydraulic information play an important role in the
model results. One instance of model sensitivity to Man-
ning’s n has been demonstrated in this study. Since the
model parameters were either estimated or taken from
similar studies, there will certainly be some effects on
the accuracy of the results.

GLOF vulnerability assessment
The methodology developed by Reynolds Geo-Sciences
(RGS 2003) was adopted with slight modification for vul-

FIGURE 4  Comparison between simulated and observed flooding from Dig
Tsho GLOF.
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FIGURE 5  Simulated flood map due to Imja Lake GLOF at different reaches. (Maps by authors)
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Place Time (min) Discharge (m3/s) Flood depth (m)

Dig Tsho GLOF

Dig Tsho outlet 0.0 5610 6.2

Langmuche 4.80 4986 4.2

Kamthuwa 9.00 3592 5.3

Hungmo 13.20 3300 4.6

Thame 21.60 2897 5.4

Larja Dovan (confluence) 30.00 2577 5.5

Nakchung 60.60 2145 5.2

Imja Lake GLOF

Imja Lake outlet 0.0 5461 4.2

Dhusum (Chukung) 8.8 5242 3.8

Dinboche 13.9 5094 5.8

Orso 18.8 4932 5.5

Panboche 21.3 4800 7.6

Larja Dovan (confluence) 34.8 3223 6.9

Bengkar 38.8 2447 6.6

Ghat 46.4 2355 5.7

Nakchung 55.0 2166 3.8

Vulnerability rating maps Scoring criteria Vulnerability Index score Weighting

Map 1: Compactness Glacial deposit 1

2Cohesive sediment 2

Loose sediment 3

Map 2: Slope map 0–2° 1

12–11° 2

> 11° 3

Map 3: River meandering Inside bend of a meander 1

1Straight 2

Outside bend of a meander 3

Map 4: Land use Scrub/forest, no human activities 0

3

Pasture 1

Agriculture, commercial forestry 2

Infrastructure 2.5

Settlement 3

TABLE 2  GLOF vulnerability rating scheme (based on RGS 2003).

TABLE 1  Flood arrival time and
discharge from Dig Tsho and Imja
Lake GLOFs.
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nerability assessment and mapping. Inputs into this
scheme were topography (slope), geology and geomor-
phology (compactness), hydrology (river meandering),
and land use. A secondary landslide susceptibility map
was not used in the present study due to lack of adequate
data. Certain factors are considered to be more impor-
tant than others in determining vulnerability. For exam-
ple, land use—particularly in settlement areas—is more
critical to vulnerability than channel gradient, which
tends to have an indirect effect by influencing erodibility.
This importance is reflected in a weighting system
applied to the vulnerability rating maps (Table 2).

The weighted score for each map was summed with-
in each zone to produce an overall vulnerability score
for any location within the area. The range between the
minimum and maximum overall vulnerability scores was
divided equally into 3 categories, representing low, mod-
erate, and high vulnerability. These rankings were then
plotted on the final summary vulnerability rating map.

A buffer of 50 m from the edges of the flood maps
was created and the vulnerability zones within these
buffer areas were analyzed. A visual assessment of dif-
ferent settlements was made by superimposing the vul-
nerability map over the 1-m IKONOS panchromatic

TABLE 3  Settlements vulnerable to Imja Lake GLOF.

Settlement

Description# Name

1 Dhusum (Chukhung) Whole village within flood zone.

2 Dinboche Part of agricultural land and a few houses within flood zone. Almost all agricultural
land in northeastern part and half in southern part in highly vulnerable zone.

3 Churo Agricultural land in highly vulnerable zone.

4 Orso Agricultural land along riverbank in highly vulnerable zone.

5 Syomare Agricultural land and some houses in highly vulnerable zone.

6 Panboche Part of agricultural land along riverbank in highly vulnerable zone.

7 Milingo Edge of agricultural land along riverbank in highly vulnerable zone.

8 Deboche Some houses on edge of cliff along riverbank in highly vulnerable zone.

9 Jorsalle Some houses and agricultural land along riverbank in highly vulnerable zone.

10 Chhumo Some houses and agricultural land along riverbank in highly vulnerable zone.

11 Bengkar Some houses, trails, and agricultural land along riverbank in highly vulnerable zone.

12 Ngombuteng Some houses and agricultural land along riverbank in highly vulnerable zone.

13 Rangding Houses and agricultural land in flood zone and highly vulnerable zone.

14 Phakding Agricultural land along riverbank in flood zone and highly vulnerable zone.

15 Sano Gumela Agricultural land along riverbank in highly vulnerable zone.

16 Chhermading Some houses and agricultural land along riverbank in highly vulnerable zone.

17 Chhuthawa Some agricultural land along riverbank in flood zone.

18 Ghat Some agricultural land and trails along riverbank in highly vulnerable zone.

19 Lhowa Some agricultural land along riverbank in highly vulnerable zone.

20 Nakchung Some agricultural land along riverbank in highly vulnerable zone.
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images. The list of the settlements in highly vulnerable
areas is given in Table 3. Most of the settlements have
agricultural land along the river banks with some scat-
tered houses, primarily in highly vulnerable zones. An
overlay of the trails on the flood map shows that about
5.8 km of the trails are highly vulnerable. The major
segments are located near Dinboche, Orso, Larja Dob-
han, and Bengkar, where the trails run through the
flood plains. Since there is great variation among the
tourists traveling along the trails during different sea-
sons and at different times of the day, assessment of vul-
nerability for human life is difficult.

Conclusion

This study is an attempt to use a hydrodynamic model
coupled with geo-informatics for pre-processing and

post-processing of data to simulate GLOF impact in
Himalayan catchments. Although a number of limita-
tions to this study were discussed earlier, the results
have shown that studies such as this can be a cost-
effective means of obtaining preliminary information
on the extent and impact of possible GLOF events in
areas like Sagarmatha, where detailed fieldwork is dif-
ficult and expensive. The model outputs also provide
information on flood arrival time, discharge, and
depth, which is important for devising early warning
systems.

The vulnerability maps generated through such
exercises provide a scientific basis for identifying who is
vulnerable and which infrastructure and agricultural
land is most likely to be affected. This information can
be of great value in developing better options for man-
agement plans and their implementation.
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