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Abstract. In recent decades, the Tsho Rolpa glacial lake has witnessed a significant increase in its surface
area. Situated in the Eastern Himalayas at an elevation of 4552 ma.s.l. (meters above sea level), this lake has
drawn attention due to the potential risks of glacial lake outburst floods (GLOFs). To comprehensively study
and prepare for future GLOF events from Tsho Rolpa, advanced modeling techniques were employed, utilizing
the National Weather Service BREACH (NWS-BREACH) and Hydrologic Engineering Center’s River Analysis
System (HEC-RAS) models. The assessment included the evaluation of dam breach scenarios, especially 20 and
40 m breaches, using the NWS-BREACH model to estimate breach hydrographs. This analysis revealed peak
flow rates ranging from 8198 to 26 662 m?> s~! for the respective breaching scenarios. Additionally, considering
a change in the lake area over 20 to 40 years, the peak flow ranged from 8226 to 10662 m>s~! for the 20m
breach scenario. The peak flow estimates obtained from NWS-BREACH were subsequently integrated into the
HEC-RAS model to simulate peak discharge and flood heights at varying distances downstream of the lake
outlet. To understand the consequences of a GLOF, the impact on downstream areas was assessed through flood
inundation maps, and precautionary measures are recommended.

1 Introduction accelerate glacier recession. Sometimes, this leads to potent
terminus calving into the lake, which is even reported to be
a climate-independent glacier ice-loss mechanism, thereby

Glaciers are highly sensitive to climate change due to their  making the glacier terminus increasingly unstable. This pro-

relatively quick response to temperature variation: climate
cooling results in glacier advance, whereas warming leads
to glacier retreat. Therefore, glaciers are excellent indicators
of climate change, which has recently had a significant im-
pact in high-mountain glacial environments. Hence, recent
glacial retreats and concomitant glacial lake formation/ex-
pansion in mountain areas serve as an example and infal-
lible evidence of climate change. Glacial wastage or reces-
sion, most often of debris-covered glaciers, causes climate
warming due to exposed low-albedo surface area, and the re-
sulting formation of glacial lakes and their expansions are
intertwined. In other words, glacial wastage initially creates
an environment conducive to glacial lake formation and en-
largement. In the later stages of glacial wastage, supraglacial
and proglacial lakes create conditions that can enhance and

cess of glacier terminus ice calving into the glacial lake can,
in turn, trigger a glacial lake outburst flood (GLOF), among
other glacial lake failure mechanisms such as suddenly high
discharge from a seepage point, the collapse of a moraine
by a huge ice and snow avalanche into the lake, or an earth-
quake. In light of this situation, understanding the response
of glaciers and glacial lakes to rising air temperatures has be-
come an essential aspect of water resource management as
well as the management of GLOF disasters.

In 2010, there were 5701 glacial lakes in the Third Pole
region, which includes the Pamir-Hindu Kush—Karakoram—
Himalayan system and the Tibetan Plateau (Zhang et al.,
2015). Landsat 8 Operational Land Imager (OLI) data from
2014 revealed more than 8200 glacial lakes and an overall
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lake area of more than 830km? (Chen et al., 2017). These
glaciers are melting rapidly, leading to the formation of new
glacial lakes and the expansion of existing moraine-dammed
lakes. Some debris-covered glaciers have supraglacial lakes
at their termini that are surrounded and dammed by the
moraine formed during the Little Ice Age. Those glacial lakes
emerged during recent decades and are now also expanding,
mainly by calving at their termini. Understanding the behav-
ior of glaciers and glacial lakes is a vital aspect of GLOF
disaster management. Moreover, tracking glacial lake evolu-
tion and the study of the morphology around them is impor-
tant for estimating GLOF danger from the lakes. Mitigation
and prevention of GLOF hazards are urgent issues that need
to be addressed in the context of water resource development
and conservation in the Himalayas. However, the recession of
glaciers and the concomitant formation/expansion of glacial
lakes may not be synchronous in the entire region. Differ-
ences in many influencing factors, such as the climatic vari-
ability, local topographic effects, and thickness and spatial
distribution of debris cover, lead to differences in the size,
number, distribution, and type of glacial lakes as well as dis-
parity in the recessional behavior of glaciers (e.g., faster/s-
lower retreat or even the existence of advancing glaciers).
Within the Hindu Kush—Himalayas region, the eastern part
contains the highest number of glacial lakes; the lakes in
this area are larger in size and the majority are proglacial
in nature. In contrast, in the western part of the region, most
lakes are supraglacial, less numerous, and smaller. In Nepal,
the eastern part also has more and bigger glacial lakes. Tsho
Rolpa is the biggest glacial lake in Nepal. The main objec-
tive of this study is to estimate the discharge and inundation
scenarios downstream if a GLOF occurred under present or
future (40 years from 2021) conditions.

2 Study area

Tsho Rolpa glacial lake is located in the Rolwaling Valley,
Dolakha District, in the central Nepal Himalayas (27°52'N,
86°28' E; 4546 ma.s.l., meters above sea level) and forms
the headwaters of Rolwaling Khola, a tributary of the Tama
Koshi River (Fig. 1). The lake had been rapidly expanding
on the terminal part of the debris-covered Trakarding Glacier
from at least 1958 (surface area 0.23 km?), when the Survey
of India performed a topographic survey, to the late 1990s
(surface area 1.55km? in 1999), when mitigation work was
carried out (Chikita et al., 1999; ICIMOD, 2011). The lake
has been considered to be the most potentially dangerous
glacial lake in Nepal, especially before engineering work was
carried out in 2000 to lower the lake water level and reduce
the level of risk with respect to a possible GLOF (ICIMOD,
2011).
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3 Data and methods

The flood hydrograph is an important input parameter in
GLOF modeling. The other input parameters required are the
digital elevation model (DEM), the surface area of the glacial
lake, the maximum depth of the lake, and the volume of wa-
ter in the lake. Furthermore, different characteristics of the
dam, such as the top and bottom elevation of the dam, the
width of the dam’s crest, the dam’s maximum height, and the
slopes of the dam’s faces play an important role in determin-
ing the flow hydraulics over the dam. The material proper-
ties of the dam affect the rate of structural erosion; therefore,
these will also be taken as input parameters (Westoby et al.,
2014). The ALOS PALSAR DEM has been used to create
a terrain model to set up the modeling and inundation map-

ping.

3.1 GLOF modeling

The GLOF modeling process includes breaching the moraine
dam, its maximum discharge at the time of breaching, the dis-
charge and water level at different locations downstream, and
the creation of a flood inundation map for the downstream
area. Risk analysis can be done after this information has
been established. Table 1 shows the input parameters used
in the Tsho Rolpa GLOF modeling. The research design is
the same as that shown in Fig. 2 of Maskey et al. (2020).
The Froehlich (1995) model is used to estimate the maxi-
mum discharge at the time of dam breaching, the National
Weather Service BREACH (NWS-BREACH) model is used
to breach the dam, and the Hydrologic Engineering Center’s
River Analysis System (HEC-RAS) 2-D model is used to cre-
ate the flood inundation map for the downstream area.

3.2 The NWS-BREACH and HEC-RAS models

The NWS-BREACH model has been used to predict the
breach characteristics (size, shape, and time of formation)
and the breach outflow hydrograph in this study. The esti-
mated peak discharge from the NWS-BREACH model is ver-
ified with the Froehlich model (Froehlich, 1995). Very sim-
ilar values were found; hence, the peak discharge from the
NWS-BREACH model is adopted in this study. It was as-
sumed that the flow reaches its peak discharge following a
linear rise before decreasing over the same period of time.
The parametric model uses empirical observations of previ-
ous dam failures, such as the breach width—depth relation,
the time of breach formation, and the breach depth, to de-
velop the outflow hydrograph.

However, observations of such parameters are not existent
for moraine dams, rendering the parametric approach infeasi-
ble. In this regard, the breach erosion model has some advan-
tages over the parametric breach model, as the critical prop-
erties used by the model are measurable or can be estimated
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Figure 1. Location map of the study area showing the Tsho Rolpa glacial lake in the Dolakha District, Nepal. A map of Nepal is shown in
the inset. Publisher’s remark: please note that the above figure contains disputed territories.

Table 1. Input parameters used in Tsho Rolpa GLOF modeling.

Parameter Unit Tsho Rolpa
glacial lake
Moraine dam data
Surface area of glacial lake km? 1.65
Volume of water in glacial lake Mm3 87.2
Maximum depth of lake m 133.5
Top elevation of dam ma.s.l. 4546
Toe elevation of dam ma.s.l. 4521
Width of dam crest m 50
Length of dam crest m 315
Maximum height of moraine m 216
Slope of upstream face of dam l:z 1:4
Slope of downstream face of dam  1:z 1:3
Dam material properties
Grain size (D50%) mm 10
Porosity % 30
Cohesiveness (¢) KNm—3 0
Internal friction angle (¢) degree 35

* A total of 50 % of grains have an average size smaller than 10 mm and 50 % are
bigger.

within a reasonable range from a qualitative description of
dam materials.

The HEC-RAS 2-D model is used in modeling GLOF in-
undation. The details of the NWS-BREACH and HEC-RAS
models are adopted from Maskey et al. (2020) in this study.
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Figure 2. Variation in the area of the Tsho Rolpa glacial lake from
1959 to 2021 and beyond. The dotted line shows a trend line.

4 Results and discussion

Based on available data for the Tsho Rolpa glacial lake from
1959 to 2021 (from ICIMOD until 2011 and from Google
Earth satellite images thereafter until 2021), its projected
area in 2040 and 2050 is shown in Fig. 2. A linear expan-
sion of the lake area is considered. With these areas in 2040
and 2050, the volume of water in the lake is estimated, and
GLOF modeling is carried out. The area of the lake was 0.23
and 1.65km? in 1959 and 2021, respectively, based on previ-
ous reports. Using linear expansion, the area of the lake will
be 2.33km? in 30 years and 2.53 km? in 40 years.

The possible breaching time and peak floods are esti-
mated for breaching scenarios of 20 and 40 m using the
NWS-BREACH model. The estimated peak discharges are
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Figure 3. Variation in the peak discharge from the NWS-BREACH
model for a respective 20 and 40 m breach in the Tsho Rolpa glacial
lake moraine.
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Figure 4. Distribution of the flood water height for a respective 20
and 40 m breach in the Tsho Rolpa glacial lake moraine.

8198m®s~! in 4h 10min and 26662 m®s™! in 4h 30 min
for the 20 and 40 m breaching scenarios, respectively, as
shown in Fig. 3. Similarly, the maximum estimated flood
heights are 11.4m at 20km downstream of the lake and
14.7 m at 185 km downstream of the lake for the 20 and 40 m
breaching scenarios, respectively, as shown in Fig. 4. The
peak discharge due to the 20 m breach was comparable with
the GLOF modeling of ICIMOD (2011), in which the peak
discharge was estimated to be 7242 m?3 s~!; this is a reason-
able value with respect to the lower surface area and volume
of water in 2009 compared with that in 2021. However, the
timing of peak discharge in the present study is a little too
high, possibly due to the high volume of water at present.
Moreover, the flood height is lower than the aforementioned
previous study, possibly due to changes in the river morphol-
ogy at present. The peak flood height due to a 40 m moraine
breach at around 185 km downstream of the lake is mainly
due to the river cross section.

The inundation map due to a Tsho Rolpa GLOF for a 20 m
breach in the 2021 lake scenario generated using HEC-RAS
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Figure 5. Inundation map of Tsho Rolpa GLOF for a 20 m breach
in the 2021 lake scenario. Maximum flood depth is shown in the
legend.

is shown in Fig. 5. The maximum flood height is only 1.5 m.
The NWS-BREACH modeling is also carried out to estimate
the peak discharges for a 20 m breach in 20, 30, and 40 years
(from 2021) to check the future GLOF scenarios. The esti-
mated peak discharge for a 20 m breach scenario in 40 years
is 10662 m> s~!, as shown in Fig. 6. The estimated peak dis-
charge in 40 years from the 2021 scenario is increased by
2464 m3 s~1, which seems to be reasonable compared to its
0.88 km? area increase.

5 Conclusion

GLOF modeling of the Tsho Rolpa glacial lake has been
carried out successfully and has provided estimates of the
peak discharges in the 2021 lake scenario and for 20, 30,
and 40 years from 2021. In the extreme case, in which a
40m lake outlet is breached, the estimated peak discharge
is 26662m3s~! 185km downstream in Sunkoshi River,
Udayapur District. This point is about 25 km downstream of
the confluence of the Dudh Koshi River in Sunkoshi; hence,
a GLOF in the Dudh Koshi River basin can cause a com-
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Figure 6. Peak discharges in 20, 30, and 40 years (from 2021) de-
rived from the NWS-BREACH model for a 20 m breach in the Tsho
Rolpa glacial lake moraine.

pounding effect if an outburst flood occurs at the same time.
At that time, the estimated maximum flood water height is
14.66 m in the Sunkoshi River. Although a GLOF due to the
20 and 40 m breaching scenarios showed a sufficient lead
time for early warning and human evacuations, mainly due
to a long stretch of the river, there might be ponding during
water transit due to possible landslides or debris carried by
the flood water. Therefore, precautionary measures, such as
community-based GLOF early-warning systems and mecha-
nisms allowing close observation in the case of GLOF events,
should be established in GLOF-prone regions.

Data availability. The ALOS PALSAR RTC DEM from 2015
is used in this study. The dataset was developed by the Japan
Aerospace Exploration Agency (JAXA) and other collaborators. We
downloaded the data on 6 April 2024 from https://asf.alaska.edu/
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al., 2024).
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