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Abstract 

 

Modeling and Risk Assessment of Glacial Lake Outburst Floods 

(GLOFs): A Case Study of Imja Tsho in the Nepal Himalayas 

 

Jonathan Matthew Lala, M.S.E. 

The University of Texas at Austin, 2017 

 

Supervisor:  Daene C. McKinney 

 

The Himalayas of South Asia are home to many glaciers, which are retreating 

because of climate change and leaving in their wakes large lakes.  These lakes are held in 

place by naturally deposited and inherently unstable moraine dams, which are at risk of 

overtop by impulse waves, commonly generated when avalanches or landslides enter the 

lake.  When an overtopping event causes catastrophic failure, a glacial lake outburst flood 

(GLOF) occurs.  The Imja glacier is experiencing the highest mass loss rate in the Mount 

Everest region, contributing to the expansion of Imja Tsho, a lake with several villages 

downstream.  A GLOF from the lake can bring catastrophic damage to these villages, 

threatening both property and human life and creating a need to understand the processes 

that trigger these floods.  The process chain for an avalanche-induced GLOF was 

modeled numerically, using the output of one subprocess as input into the next.  First, the 

volume and momentum of various avalanches entering the lake were calculated using 

RAMMS.  Next, the subsequent waves were simulated using BASEMENT software and 

validated with empirical equations to ensure the proper transfer of momentum from the 
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avalanche to the lake.  BASEMENT was then used to model moraine erosion and 

downstream flooding, which yielded a map of risk areas downstream.  Moraine erosion 

was calculated for two geomorphologic scenarios: a site-specific scenario using field 

data, and a worst-case scenario based on past literature and applicable to lakes in the 

entire region.  Neither case resulted in flooding outside the river channel at downstream 

villages. The worst-case scenario resulted in some moraine erosion and increased 

channelization of the lake outlet, which yielded greater discharge downstream but no 

catastrophic collapse.  The site-specific scenario generated similar results, but with very 

little erosion and a smaller downstream discharge.  Results indicated that Imja Tsho is 

unlikely to produce a catastrophic GLOF in the near future; however, some risk exists 

within the river channel, necessitating continued monitoring of the lake.  Furthermore, 

these models were designed for ease and flexibility so that they can be adopted by a wide 

range of stakeholders and appropriated for other lakes in the region. 
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Chapter 1:  Introduction 

1.1  BACKGROUND 

The Hindu Kush - Himalaya Region contains more glacial ice and perennial snow than 

any other region on earth outside the polar regions, and supplies water via its rivers to nearly a 

quarter of the earth’s population (ICIMOD 2011). Though much of this ice thaws each spring 

and reaches these rivers, some remains trapped in lakes and ponds located in remote valleys.  

While these glaciers are undeniably significant in sustaining the massive populations of South 

and East Asia, they also provide some of the best gauges for understanding regional and global 

climate change (Wang et al. 2017).  Mass loss on both debris-covered and clean glaciers has 

been observed in most of the Himalayas, and glacial lake formation has been increasing since the 

1960s (Bolch et al. 2008).  In glaciers where surface slope is small, meltwater and rain tend to 

pool in small ponds, which act as a heat sink for solar radiation and accelerate glacial melt 

(Mertes et al. 2016).  Eventually, these small ponds become the large glacial lakes found 

throughout the Hindu Kush - Himalaya Region. 

While glacial mass loss is a long-term water resource problem, climate change and 

glacial lake formation pose more immediate threats to locals.  Two thirds of the glacial lakes in 

Nepal are held in place by natural moraine dams, which are inherently unstable (ICIMOD 2011). 

Catastrophic events, such as an avalanche or landslide entering a glacial lake, are capable of 

causing tsunami-like waves that could overtop these moraines and trigger a glacial lake outburst 

flood (GLOF). The ensuing GLOF could have a devastating impact on both property and human 

lives downstream.  Furthermore, climate change is exacerbating glacial retreat and mass loss, 

making a major avalanche event more likely (Benn et al. 2012).  In the Mount Everest region 

alone (see Figure 1), glacier mass loss averages around 0.32 m yr-1, with the Imja-Lhotse Shar 

Glacier losing an average of 1.56 m yr-1 in recent years—the largest loss in the region (Benn et 

al. 2012, Thakuri et al. 2016).  
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Figure 1: Overview of Mount Everest region (Watanabe et al. 2009) 

The Imja-Lhotse Shar Glacier is also home to Imja Tsho, a lake whose size and proximity 

to populated areas has made it one of the highest-priority lakes for mitigation studies in Nepal, 

and the subject of a project by the Nepalese Army to construct outlet works and lower the lake 

level (ICIMOD 2011).  The lake itself is retained by a terminal moraine to the west, bounded by 

lateral moraines to the north and south, and directly adjacent to the calving front of the glacier to 

the east.  While calving ice presents some danger of wave generation, by far the most dangerous 

aspect of Imja Tsho in the future is the presence of hanging ice on the surrounding mountains.  

These overhangs are up to 50 m thick and can produce avalanches of up to 6.7 × 106 m3, which 

can generate impulse waves upon enter the lake and initiate a chain reaction of erosion and 

subsequent discharge at the terminal moraine (Benn et al. 2012, Rounce et al. 2016).  Imja Tsho 
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is expanding eastwards towards most of the hanging ice, putting it within a rockfall trajectory in 

the next decade and an avalanche trajectory by 2035 (Rounce et al. 2016).  Because of the 

presence of the village of Dingboche on the Imja Khola—a small river originating at the west 

end of the lake—8 km downstream, it is necessary to examine a worst-case scenario to determine 

a potential catastrophic loss of lives and property.  Figure 2 provides an overview of the study 

area, including the lake at various years, and extending from the high mountains east of the lake 

to the village of Dingboche in the west. 

 

Figure 2: Overview of study area 

The single morphological feature that withholds the lake is the terminal moraine, 

deposited by the receding glacier, comprising of boulders, gravel, and sand (see § 2.4.2  

Hydrodynamic Wave Simulation and Erosion with BASEMENT).  The moraine is relatively 

wide compared to others in the region, extending approximately 600 meters westward from the 

lake (Figure 3).  Between the lake and the start of the Imja Khola channel is a series of ponds and 



 4 

mounds that potentially reduce the risk of a GLOF by absorbing energy and storing water from 

an overtopping wave.  Because of this, rapid discharge would more likely be the result of erosion 

within the outlet channel, rather than the entire surface of the moraine.  

 

Figure 3: Longitudinal profile of the terminal moraine (Hambrey et al. 2008) 

1.2  OBJECTIVES 

The objective of this paper is to model the GLOF process chain from avalanche to 

downstream impacts.  This requires an understanding of many different sub-processes, including: 

1. Avalanche generation and propagation 

2. Wave generation, propagation, and runup 

3. Moraine erosion and subsequent downstream flooding 

Understanding these mechanisms will assist in the wider goal of helping local villages 

adapt to climate change. 

Previous GLOF models of Imja Tsho have generally relied on assumptions that cannot be 

guaranteed in an avalanche scenario.  Somos-Valenzuela et al. (2015) computed inundation at 

the downstream village of Dingboche for various lake surface lowering scenarios, but assumed 

dam breaching that would require a slow melting of the ice core within the damming moraine, 
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seepage, and piping through the dam.  Similar studies at other lakes in the Khumbu Region failed 

to include debris flow or erosion in their models (Cenderelli and Wohl 2001, Dwivedi 2007), 

even though such factors are major contributors to downstream inundation (Osti and Egashira 

2009). Shrestha et al. (2013) did include debris flow in a GLOF model of Tsho Rolpa, but 

assumed moraine failure would be due to seepage rather than wave overtopping.  Recent studies 

have yielded more complex models regarding multiphase debris flows; the open-source 

r.avaflow can simulate an avalanche-induced GLOF process chain in a single model, but it is still 

in development and has yet to be calibrated by observed real-world data (Mergili et al. 2017).  In 

comparison to most past literature, modeling an avalanche-induced GLOF process chain 

provides analysis on the usefulness of lake lowering schemes, since the moraine freeboard 

(vertical distance between lake level and moraine peak) is one of the most important parameters 

in determining dynamic moraine failure (Heller et al. 2009, Emmer et al. 2016).  Indeed, a 

similar lake lowering scheme for Lake 513 in Peru increased the freeboard from less than 1 m to 

20 m, preventing catastrophic flooding in the city of Carhuaz when an avalanche-induced wave 

overtopped the moraine (Carey et al. 2012).  The project saved many lives, confirming the 

effectiveness of lake lowering projects and the benefit of international aid in preventing disaster.  

It is the goal of this paper to provide a comprehensive set of models that will similarly evaluate 

the benefit of lake lowering at Imja Tsho.  Additionally, the model presented here uses methods 

that are relatively computationally inexpensive, allowing for easy reproduction at other lakes or 

for other scenarios. 

This paper is presented as follows: Chapter 1 provides an introduction to this paper; 

Chapter 2 presents a detailed methodology for modeling an avalanche-induced GLOF; Chapter 3 

describes the application this methodology to Imja Tsho; and Chapter 4 contains the conclusion 

and discusses potential future work. 
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Chapter 2: Methodology 

2.1  INTRODUCTION 

Glacial lake hazards are determined from a variety of climatic and geographic factors, of 

which increasing climate variability is paramount, since it reduces the stability of glaciers, 

snowpack, and bedrock and hence increases the frequency of avalanches (Fischer et al. 2012).  In 

areas like the Nepal Himalaya where climate is measurably variable, ice slopes are steep, and 

there is an abundance of seismic activity, an avalanche is one of the most likely GLOF triggers 

(Somos-Valenzuela et al. 2016, Rounce et al. 2016).  Since avalanche-induced GLOFs are a 

chain of individual events, there are two general options for characterizing them in the absence 

of true integrative modeling: modeling each event and using their outputs as inputs for the next 

process in the chain, or approximating events so that the chain can be simulated in a single model 

run (Worni et al. 2014).  The methodology used in this paper presents a hybrid approach: 

modeling the avalanche in a single model, and then using its output as the input for an 

environmental flow software that takes into account the subsequent wave, moraine erosion, and 

downstream flooding.  Both models are numerically based and are relatively computationally 

inexpensive.  Additionally, they feature user-friendly graphical user interfaces (GUIs) that 

facilitate knowledge transfer and easy reproduction or adaptation to new scenarios. 

2.2  AVALANCHE MODELING WITH RAMMS 

Avalanches are increasingly common in the Mount Everest region (Benn et al. 2012, 

Fischer et al. 2012), making them among the most likely triggering mechanisms of a GLOF.  

Impulse waves generated by mass movement into lakes are especially common in alpine regions, 

which have steep valleys, a wide range of slide volumes, and high impact velocities (Heller et al. 

2009).  In the Mount Everest region, hanging ice can be up to 50 m thick and total avalanche 

volume can reach 6.7 × 106 m3 (Rounce et al. 2016).  For a realistic GLOF scenario to be 

computed, the source and trajectory of an avalanche must first be determined. 
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Ice cover near Imja Tsho was previously identified by Rounce et al. (2016) with Landsat 

imagery using a ratio of NIR (near-infrared) and SWIR (short wave infrared) bands with a 

threshold of 2.2 (Huggel et al. 2004).  Any ice-covered land with a slope between 45º and 60º 

was considered avalanche-prone; slopes above this limit are generally too steep to allow for mass 

accumulation (Osti et al. 2011).  Finally, the initial block of mass to be released was determined 

using a variable kernel filter, grouping avalanche-prone pixels together if 90% of the surrounding 

pixels are also avalanche-prone (Rounce et al. 2016). 

Avalanches were modeled using RAMMS (Rapid Mass Movements Simulation) Debris 

Flow Module, developed by the Swiss Institute for Snow and Avalanche Research (Bartelt et al. 

2013).  RAMMS uses the Voellmy-Salm finite volume method to solve the depth-averaged 

equations governing mass flow in two dimensions, with second-order accuracy (Christen et al. 

2010).  Its simple GUI and few required inputs contribute to its ease of use, enabling knowledge 

transfer to potential stakeholders in GLOF and avalanche-prone areas.  RAMMS – Debris Flow 

also outperforms more computationally intensive software, such as FLO-2D, because of its 

ability to model entrained material in a mass flow (Worni et al. 2014).  The basic required inputs 

include: (1) a DEM in ASCII format; (2) the initial avalanche release area and its depth; and (3) 

parameters for debris density, solid phase friction, and turbulent friction.  In place of a block 

release, RAMMS also allows for a defined release hydrograph from the initial release area. 

RAMMS uses the Voellmy-fluid friction model, based off the Voellmy-Salm method, 

which solves for mass balance and depth-averaged momentum balance equations (Christen et al. 

2010).  The mass balance is given as 

 𝜕𝑡𝐻 +  𝜕𝑥(𝐻𝑈𝑥) +  𝜕𝑦(𝐻𝑈𝑦) =  �̇�(𝑥, 𝑦, 𝑡) (1) 

where 𝐻 is the flow height, 𝑈 is the flow velocity, and �̇� is the mass production source term 

(positive for entrainment and negative for deposition).  Likewise, the depth-averaged momentum 

equations are 
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 𝜕𝑡(𝐻𝑈𝑥) +  𝜕𝑥 (𝐻𝑈𝑥
2 + 0.5𝑔𝑧𝑘𝑎

𝑝
𝐻2) +  𝜕𝑦(𝐻𝑈𝑥𝑈𝑦) =  𝑆𝑔𝑥 −  𝑆𝑓𝑥 (2) 

 ∂t(HUy) + ∂x(HUxUy)  +  ∂y (HUy
2 + 0.5gzka

p
𝐻2)  =  Sgy −  Sfy (3) 

where 𝑔 is gravitational acceleration, 𝑘𝑎/𝑝 is the earth pressure coefficient, and 𝑆𝑔 and 𝑆𝑓 are 

gravitational and frictional force, respectively.  The Voellmy friction further defines 𝑆𝑓 as 

 𝑆𝑓𝑥  =   𝒏𝑈𝑥
[𝜇𝑔𝑧𝐻 +

𝑔𝑈2

𝜉
] (4) 

 𝑆𝑓𝑦  =   𝒏𝑈𝑦
[𝜇𝑔𝑧𝐻 +

𝑔𝑈2

𝜉
] (5) 

where 𝒏𝑈 is the normal vector in the direction of flow, 𝜇 is the velocity-independent dry-

Coulomb friction term, and 𝜉 is the velocity-dependent turbulent friction term.  The friction 

terms 𝜇 and 𝜉 can also be referred to as solid phase and turbulent friction, respectively, as 𝜇 

dominates when flow is slow and 𝜉 dominates when flow is rapid (Bartelt et al. 2013).  For the 

case study presented in this paper, values of 𝜇 = 0.12, 𝜉 = 1000 m/s2, and 𝜌 = 1000 kg/m3 were 

used, which agree with values used in previous GLOF-producing avalanche models (Schneider 

et al. 2014, Somos-Valenzuela et al. 2016). 

2.3  GEOGRAPHIC DATA AND LAKE PROJECTIONS 

Currently, there is no realistic large avalanche scenario that can enter the lake; however, 

the lake is expanding eastwards such that it will be within an avalanche trajectory around 2035 

(Rounce et al. 2016).  In order to create an accurate future model, it is necessary to first predict 

the future geography and bathymetry of the lake.  Lake expansion rates were measured using 

Landsat imagery over 15 years (2000-2015), in which the normalized difference water index 

(NDWI) was used to differentiate water from land (Rounce et al. 2016).  The expansion rates of 

each 10-year interval within the period were then averaged to estimate the true expansion rate, 

which was applied to create lake projections for the next five decades.  The lake level was 

assumed to remain constant in future projections, since it has remained relatively constant in the 

past (Rounce et al. 2016). 
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Future lake extents and bathymetry were determined from the GlabTop2 model, which 

estimates ice thickness using an empirical relation of surface elevation and slope to average basal 

shear stress (Lisbauer et al. 2012, Frey et al. 2014).  The ice thickness was subtracted from the 

surface elevation to determine bedrock elevation and overdeepenings into which the lake can 

expand, while glacier flowlines were used to guide the direction of expansion (Rounce et al. 

2016).  Current lake bathymetry was taken from a sonar survey conducted in 2012, which was 

calibrated with results from GlabTop2 to predict lake bathymetry for future scenarios (Somos-

Valenzuela et al. 2014, Rounce et al. 2016).  This bathymetry was manually mosaicked to a 

regional 3.57-m resolution SETSM (Surface Extraction from TIN-Based Searchspace 

Minimization) DEM, to be used in the GLOF model (King et al. 2017). 

2.4  GLOF MODEL 

Many different methods have been used to characterize the wave generated by an 

avalanche into a lake.  Most rely on numerical or empirical methods, as analytical methods often 

cannot capture the complexity of subaerial wave generation (Yavari-Ramshe and Ataie-Ashtiani, 

2016).  Furthermore, most models characterize the wave as a tsunami, given its generation by 

sudden displacement and propagation within relatively shallow water.  Numerical models 

generally rely on the 2-D shallow water equations or Boussinesq-type equations, whereas 

empirical models rely on simplified geometries and are best used as validation for complex 

numerical simulations (Somos-Valenzuela et al. 2014b).  While Boussinesq models account for 

nonlinear effects such as dispersion, their computational cost is higher and their application to 

real situations often provides no significant benefit over the shallow water equations (Murty and 

Kowalik 1993).  Conversely, the simplicity of 2-D shallow water equations allows for inclusion 

of sediment transport, erosion, and deposition without excessive computational time—an 

advantage used by BASEMENT (Basic Simulation Environment for Computation of 

Environmental Flow and Natural Hazard Simulation; Vetsch et al. 2017).  BASEMENT is a free 
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Computational Fluid Dynamics (CFD) package developed by ETH Zurich and is available 

online, making it ideal for stakeholders in developing countries who lack funds to purchase 

commercial software.  The methodology of this paper uses BASEMENT for all subsequent 

phenomena in the GLOF process chain following the avalanche.  Validation will be determined 

with the empirical Heller-Hager wave model, which model wave generation and runup in 

reservoirs (Heller et al. 2009). 

2.4.1  Empirical Wave Model 

The Heller-Hager model is a combination of analytical and empirical equations that 

model impulse wave generation, propagation, and runup resulting from mass movement into a 

reservoir.  While the method relies on simplified assumptions about the geometry of lakes, it has 

been used to successfully model some real-world events, and hence is useful as a validation 

measure for more complex hydrodynamic models (Somos-Valenzuela et al. 2014b).  Because of 

the rather complex geometry of Imja Tsho, the Heller-Hager model was used simply to compare 

wave heights with BASEMENT results; terminal moraine runup was ignored. 

The Heller-Hager method takes avalanche characteristics (width, thickness, density, and 

lake entry angle and velocity) generated from RAMMS to determine the characteristics of the 

ensuing impulse wave.  Wave height is determined from the equation (Heller et al. 2009) 

 𝐻(𝑥) =  
3

4
[𝑃 (

𝑥

ℎ
)

−
1

3
]

4

5

ℎ (6) 

where 𝑥 is the distance from impact (m), ℎ is the still water depth at impact (m), and 𝑃 is the 

impulse product parameter, itself defined as 

 𝑃 =  𝐹𝑆
1

2𝑀
1

4 [𝑐𝑜𝑠 (
6

7
𝛼)]

1

2

 (7) 

where 𝐹 = 𝑉𝑠/(𝑔ℎ)1/2 is the avalanche Froude number, 𝑉𝑠 is the impact velocity (m/s), 𝑆 = 𝑠/ℎ 

is the relative slide or avalanche thickness, 𝑠 is the actual slide thickness (m), 𝑀 = 𝜌𝑠∀𝑠/

(𝜌𝑤𝑏ℎ2) is the relative slide mass, ∀𝑠 is the slide volume (m3), 𝑏 is the slide width, and 𝛼 is the 
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slide impact angle in degrees.  These results were used as calibration; waves in BASEMENT 

simulation of the same order were generally accepted as more accurate, but occasionally 

parameters were changed to more closely match the Heller-Hager results (see § 2.4.2  

Hydrodynamic Wave Simulation and Erosion with BASEMENT). 

2.4.2  Hydrodynamic Wave Simulation and Erosion with BASEMENT 

All processes following an avalanche event were modeled by BASEMENT, from wave 

generation to downstream inundation.  BASEMENT is a 2-D hydrodynamic model that 

simulates “water flow, sediment and pollutant transport and according interaction in 

consideration of movable boundaries and morphological changes,” making it ideal for dam 

breach simulations in addition to water flow (Vetsch et al. 2017).  These wide-ranging abilities 

allow it to model much of the GLOF process chain and make it “one of the most complete and 

integral GLOF modeling approaches currently available.” (Worni et al. 2014).  Futhermore, the 

software is completely free and downloadable online, making it accessible to a wide variety of 

parties.  BASEMENT solves the 2-D shallow water equations (SWEs), defined as the following 

(Vetsch et al. 2017) 

 𝜕𝑡ℎ + 𝜕𝑥(�̅�ℎ) + 𝜕𝑦(�̅�ℎ) =  0 (8) 

 

𝜕𝑡�̅� + �̅�𝜕𝑥�̅� + �̅�𝜕𝑦�̅� + 𝑔𝜕𝑥ℎ

= −𝑔𝜕𝑥𝑧𝐵 −
1

𝜌ℎ
𝜏𝐵𝑥 −

1

𝜌ℎ
𝜕𝑥[ℎ(𝜏�̅�𝑥 + 𝐷𝑥𝑥)] +

1

𝜌ℎ
𝜕𝑦[ℎ(𝜏�̅�𝑦 + 𝐷𝑥𝑦)] (9) 

 

𝜕𝑡�̅� + �̅�𝜕𝑥�̅� + �̅�𝜕𝑦�̅� + 𝑔𝜕𝑦ℎ

= −𝑔𝜕𝑦𝑧𝐵 −
1

𝜌ℎ
𝜏𝐵𝑦 −

1

𝜌ℎ
𝜕𝑥[ℎ(𝜏�̅�𝑥 + 𝐷𝑦𝑥)] +

1

𝜌ℎ
𝜕𝑦[ℎ(𝜏�̅�𝑦 + 𝐷𝑦𝑦)] (10) 

where ℎ is the water depth (m), �̅� and �̅� are the depth averaged velocities in the x and y 

directions, respectively (m/s), 𝑧𝐵 is the bottom elevation (m), 𝜌 is the water density (kg/m3), 𝑔 is 

gravitational acceleration (m/s2), 𝜏𝐵 is the bed shear stress (N/m2), 𝜏̅ is the depth averaged stress 
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(N/m2; viscous for same subscripts and turbulent for differing subscripts), and 𝐷 is a momentum 

dispersion term. 

BASEMENT also models sediment transport, which allows it to characterize moraine 

erosion and dynamic outlet channel discharge.  The primary governing parameters of sediment 

transport are defined as follows (Vetsch et al. 2017). 

Critical shear stress, the threshold for which a grain class can be moved, is defined as 

 𝜏𝐵𝑐𝑟
= 𝜃𝑐𝑟(𝜌𝑠 − 𝜌)𝑔𝑑𝑔 (11) 

where 𝜃𝑐𝑟 is the critical Shields parameter (see Shields 1936) and 𝑑𝑔 is the grain diameter.  

Specific bed load flux of grain class 𝑔 is evaluated via the Meyer-Peter and Müller (MPM) 

equation 

 𝑞𝐵𝑔
=  𝛼√(𝑠 − 1)𝑔𝑑𝑔

3(𝜃𝑔 − 𝜃𝑐𝑟,𝑔)
𝑚

 (12) 

where 𝛼 is a bed load factor (generally set to 8), 𝑚 is the bed load exponent (generally 1.5), 𝜃𝑔 is 

the effective dimensionless shear stress for grain class 𝑔, 𝑠 is the specific density, and 𝑔 as a 

standalone term is gravitational acceleration (m/s2).  The MPM equation can be altered as the 

MPM-Multi equation, taking into account multiple grain sizes, by using the hiding function 

 𝜉𝑔 = {
[𝑙𝑜𝑔(19)/𝑙𝑜𝑔(19𝑑𝑔/𝑑𝑚)]

2
  𝑑𝑔/𝑑𝑚 ≥ 0.4

 𝑑𝑚/𝑑𝑔                                        𝑑𝑔/𝑑𝑚 < 0.4
 (13) 

where 𝑑𝑚 is the mean grain diameter of the mixture.  The dimensionless critical shear stress then 

becomes 

 𝜃𝑐𝑟,𝑔 = 𝜃𝑐,𝑟𝑒𝑓𝜉𝑔 (14) 

where 𝜃𝑐,𝑟𝑒𝑓 is either a fixed value (often 0.047) or the critical Shields parameter of the mean 

grain size. 

The above formulas cover the primary parameters of sediment transport, but 

BASEMENT can simulate a wide variety of other processes (e.g. subsurface flow) relevant to 

geotechnical analysis.  Because this paper analyzes dynamic failure due to surface erosion, the 



 13 

additional processes are not analyzed in simulations, although they may be used for future 

analysis of hydrostatic moraine failure (e.g. piping, ice core melt). 

To run a simulation, BASEMENT requires inputs for geometry (DEM and other location 

information), morphology (including soil characteristics), and hydraulics.  The bathymetry of 

Imja Tsho and geography of the downstream region was taken from the DEM described in § 2.3.  

BASEMENT is coupled with the free geographic information software QGIS, which allows for 

the creation of triangular topographic meshes (Triangulated Irregular Networks, or TINs).  TINs 

are used by BASEMENT in place of traditional raster DEMs, which are often ill-suited for 

hydrodynamic modeling (e.g. false sinks are less common in TINs since surfaces are sloped, 

whereas any pixel with a value lower than its surroundings creates a sink in a raster DEM).  Soil 

data was taken from a field sample collected near the outlet of the lake in April 2017.  Because 

the lakebed likely consists mainly of ice or rock (Somos-Valenzuela et al. 2014a), erosion was 

disregarded except near the terminal moraine. 

Hydraulic inputs primarily relate to the avalanche hydrograph at the inflow boundary.  

The inflow for this model was determined from the RAMMS avalanche output.  For each 

timestep in the avalanche simulation, the total volume of avalanche material within the lake 

boundaries was determined.  Because the avalanche material was of the same density as water (𝜌 

= 1000 kg/m3; see Schneider et al. 2014, Somos-Valenzuela et al. 2016), volume was determined 

as a 1:1 ratio (i.e. 1 m3 of avalanche material entering the lake corresponds to 1 m3 of water 

entering at the inflow boundary). 

BASEMENT distributes inflow evenly along a user-defined boundary, whereas the 

avalanche enters the lake at various rates along the shore.  Defining the inflow boundary is thus a 

critical calibration measure.  The center of mass of the avalanche along the lakeshore was chosen 

as the inflow boundary, and the width of the boundary was set so that wave heights in 

BASEMENT agreed with those from the Heller-Hager model.  In the case that the determined 

width produced an unstable result (inflow velocity exceeded 200 m/s, or the minimum depth of 
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0.01 m was not reached), the hydrograph was altered until stable conditions were reached.  

Generally, this required the inflow volume to increase and inflow time to decrease by the same 

scale factor, so that momentum could be altered without changing the total volume entering the 

lake (see Figure 4; in this example, the discharge for each point value is doubled and its time 

halved).   BASEMENT also allows for manual adjustment of the slope at the inflow boundary, 

although this does not greatly affect the simulation.  If the hydrograph is adjusted, the width is 

readjusted to again match wave heights with the Heller-Hager model. 

 

 

Figure 4: Comparison of original inflow hydrograph with hydrograph altered by a factor of 

2.0 

Once wave characteristics are calibrated, simulations are run long enough to allow for 

moraine overtopping and downstream flooding.  Two erosion models were incorporated into 

BASMENT for separate simulations: single-grain MPM and MPM-Multi (see above).  MPM-

Multi used soil characteristics from a sample taken near the outlet of the lake, representing more 

site-specific data.  The MPM-Multi model, however, simulates hiding and armoring processes 

that can lead to unrealistically low levels of erosion (Vetsch et al. 2017).  Conversely, the single-

grain MPM model ignores these processes, and can lead to an overestimation of erosion; 
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furthermore, a very small grain size, generally the d10 value of the soil matrix, can be used to 

create a worst-case scenario for moraine stability (Somos-Valenzuela et al. 2016).  Finally, a 

correction factor can be used to increase or decrease the rate of bedload transport; values 

between 0.5 (low transport) and 1.7 (high transport) are generally realistic, while a value of 2.0 

provides the most conservative estimates (Somos-Valenzuela et al. 2016). 

Currently there is no general information on soil mechanics for wetted and submerged 

slopes throughout Nepal, which impedes the application of a generalized worst-case scenario for 

lakes in the Khumbu Region.  However, GLOF modeling in the Peruvian and Patagonian Andes 

has provided a wealth of data on the subject, so it is possible to approximate data from field 

observations.  Moraine material at Imja Tsho bears a strong resemblance to that at Ventisquero 

Negro (see Worni et al. 2012), with maximum slopes around 80º, similar grain size distributions 

(d10 ≈ 1 mm, d50 = 15-20 mm), and a noncohesive, unconsolidated mix of boulders, sand, and 

gravel, which would yield similar values for failure angles of dry and deposited sediment.  

Similarly, studies of glacial lakes in the Peruvian Andes have determined submerged slope 

failure angles to be between 35º and 40º (Novotný and Klimeš 2014).  Studies at Tsho Rolpa, a 

glacial lake only 45 kilometers from Imja Tsho, confirm an internal friction angle of 35º for 

wetted sediment (Shrestha and Nakagawa 2014).  Table 1 summarizes the values taken from 

these studies as inputs for the soil matrix in BASEMENT. 
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Table 1: Geomorphic parameters used to define soil matrix in BASEMENT simulations 

 

 

2.4.3  Downstream Impact and Hazard Identification 

BASEMENT simulations, once calibrated, are run until the debris flow passes well 

beyond the villages determined for hazard identification.  Simulations for Imja Tsho were run for 

up to 9500 s after avalanche entry, which provided sufficient time-dependent data on flooding at 

the village of Dingboche, 8 km downstream of the lake outlet.  A lack of recorded avalanche data 

in the region makes probability analysis unreliable; however, general likelihoods can be 

determined, since ice and snow thickness and surface slopes are known (see § 2.3).  These 

likelihoods can be analyzed alongside flooding intensities for various avalanche sizes to 

determine a semi-quantitative hazard identification system based on that of Raetzo et al. (2002).  

The system defines hazard as a product of flood intensity and likelihood (or probability, if there 

is sufficient data).  Flood intensity is directly proportional to avalanche intensity, which is 

defined in one of three degrees: (1) high: risk of injury to humans or animals inside buildings; 

risk of collapse or heavy damage to buildings; (2) medium: risk of injury to humans or animals 
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outside buildings; risk of some damage to buildings; and (3) low: small risk of injury to humans 

or animals inside or outside buildings; building damage generally superficial.  Quantitatively, 

flood intensity can be defined as the product of maximum velocity and maximum depth for a 

given area (Schneider et al. 2014).  Table 2 and Table 3 summarize this classification system. 

 

Table 2: Flood intensity classification 

 

 

 

Table 3: Flood hazard classification 
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Chapter 3: Results 

3.1  AVALANCHE SIMULATIONS 

Avalanche scenarios were computed for two initial starting locations, based on the 

method described in § 2.2.  Results of these simulations are shown in Table 4 and Figure 5 and 

Figure 6. 

Table 4: Results for various avalanche scenarios in 2045 
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Figure 5: Deposition from the two large avalanche scenarios 

 

 

Figure 6: Lake inflow hydrographs for large avalanche scenarios in 2045 
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By 2025, Imja Tsho will be within range of a large avalanche from the east, and by 2035, 

the lake will be within range of large avalanches from both the east and southeast.  Small 

avalanche simulations never resulted in debris entering the lake, while medium avalanche 

scenarios will not reach the lake for at least four decades.  Because any scenario requires a large 

amount of mass to enter the lake in order to generate a high wave, and because of uncertainty in 

predicting events far in the future, this paper analyzes post-avalanche processes only for the two 

large avalanche scenarios. 

3.2  LAKE SIMULATIONS 

Momentum transfer from the avalanche into the lake always created waves that ran up the 

terminal moraine, but generally only large avalanches from 2045 and beyond resulted in 

significant discharge at the outlet of the lake.  Wave height attenuation is dramatic in the first 

third of its traverse due to the rapid increase in lake depth; height stabilizes as the lakebed slowly 

begins sloping upward; finally, runup near the terminal moraine results in a slight increase in 

height (see Figure 7).  Because of some expected attenuation due to the use of 2-D shallow water 

equations, wave heights were calibrated so that the amplitudes in both BASEMENT and the 

Heller-Hager empirical model matched near the center of the lake, after the lake depth stabilizes 

and begins to slope upwards.  Although this results in an abnormally high wave near the 

avalanche entry in BASEMENT, it creates more reasonable results at the terminal moraine, 

which is the focus of any GLOF study.  Generally, the time from avalanche entry to moraine 

runup and outlet discharge was around 3 minutes. 
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Figure 7: Maximum wave amplitude across lake for large avalanche entering from southeast 

(left) or northeast (right) in 2045 

Wave characteristics for the southeast avalanche scenario more closely matched that of 

the Heller-Hager results, likely because of a direct line of propagation from avalanche entry to 

the terminal moraine.  Conversely, avalanche entry from the northeast arm of the lake resulted in 

an indirect trajectory that required some refraction before reaching the terminal moraine (see 

Figure 5).  The resulting loss of energy, combined with a smaller initial impulse (see Figure 6), 

yielded a smaller runup at the terminal moraine relative to the southeast avalanche scenario. 

3.3  MORAINE EROSION AND DISCHARGE 

Erosion and discharge at the terminal moraine was determined for 2000 seconds 

following the avalanche’s entrance into the lake, after which discharge from the lake stabilizes.  

Two cross sections were analyzed: one at the lake outlet, where the terminal moraine rises above 

the lake, and one downstream of the terminal moraine within the Imja Khola channel (see Figure 

8).  As expected, the general regional scenario for morphology resulted in more erosion and a 

higher discharge at the terminal moraine (Figure 9-Figure 12).   
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Figure 8: Location of cross sections near terminal moraine 

 

 

Figure 9: Discharge at lake outlet (Cross Section 1) 
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Figure 10: Surface elevation profile at lake outlet (Cross Section 1) 

 

 

Figure 11: Discharge at Imja Khola channel (Cross Section 2) 
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Figure 12: Surface elevation profile at Imja Khola channel (Cross Section 2) 

Note the periodic nature of discharge at the lake outlet, due to the leading and trailing 

waves caused by the avalanche (Figure 9).  After approximately 15 minutes, discharge stabilizes 

to nearly zero, indicating a lack of catastrophic moraine failure.  This is verified in Figure 10, in 

which erosion at the outlet never exceeds 5 meters. 

In contrast to the lake outlet, the river channel downstream of the moraine has relatively 

little discharge, discharging no more than 270 m3/s for the worst-case scenario and less than 100 

m3/s for the multiple-grain simulation (Figure 11).  The more stable discharge suggests that the 

outlet ponds on the terminal moraine act as reservoirs that dampen peak flooding, further 

protecting downstream villages from catastrophic flooding.  Reduced discharge also results in 

minimal erosion in the river channel; values in the single-grain simulation never exceed 1 meter, 

while the multiple-grain simulation results in no measureable erosion at all (Figure 12).   

3.4  DOWNSTREAM FLOOD HAZARD 

In both scenarios, flooding reached the village of Dingboche approximately an hour after 

the avalanche entered the lake, providing an ample window for evacuation if avalanches are 

closely monitored.  Fortunately, however, floodwater was confined to the river channel in all 
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scenarios (Figure 13).  Scouring and deposition of the channel was also simulated but negligible.  

While these results indicate no threat to structures, channel flooding still poses a small threat to 

humans and livestock working or grazing near the river, highlighting the need for monitoring in 

the present as well as the future.  Even so, the majority of the channel is only of low hazard 

(Figure 14), confirming that Dingboche is safe from catastrophic flooding for the next three 

decades. 

 

Figure 13: Maximum water depth (left) and flow velocity (right) at Dingboche 
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Figure 14: Hazard level at Dingboche 
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Chapter 4: Conclusions 

The objective of this paper was to model a GLOF process chain from its origin as a slope 

failure to its downstream impacts.  The steps in achieving this were threefold, namely by 

understanding: 

1. Avalanche generation and propagation 

2. Wave generation, propagation, and runup 

3. Moraine erosion and subsequent downstream flooding 

Avalanche generation and propagation was modeled with RAMMS, a debris flow 

modeling software developed by the Swiss Institute for Snow and Avalanche Research and the 

Swiss Federal Institute for Forest, Snow and Landscape Research (Bartelt et al. 2013).  Results 

indicated that only the largest realistic avalanches (6 million m3 or greater) will results in large 

amounts of mass entering the lake, and even these scenarios will not pose risk for at least two 

decades.  However, further field data on avalanche data would be beneficial in calibrating model 

results, which are based on limited historical data. 

Wave generation and propagation was simulated with BASEMENT, a free environmental 

flow modeling software developed by ETH Zürich, the Swiss Federal Institute of Technology 

(Vetsch et al. 2017).  Because of the difficulty in accurately representing the transfer of 

momentum from the avalanche to the lake, wave characteristics were calibrated with the Heller-

Hager models, which consist of both analytical and empirical equations (Heller et al. 2009).  

Conservation of mass was achieved by scaling the inflow hydrograph’s time and discharge by 

inverse factors (e.g. doubling the discharge and halving the time for each data point), allowing 

momentum to be changed without artificially increasing the lake volume.  Careful calibration 

was able to create a reasonable match between the BASEMENT and Heller-Hager models.  

Future work, however, should consider the effects of a more variable bathymetry—which the 
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Heller-Hager model cannot simulate—and hydrodynamic wave models other than the 2-D 

shallow water equations employed by BASMENT. 

Moraine erosion and downstream flooding was also modeled using BASEMENT.  Two 

morphologic scenarios were chosen: a generalized worst-case scenario for the entire region, and 

a case-specific scenario unique to Imja Tsho.  The former assumed a single grain diameter for all 

erodible soils, based on both field data and past literature, which yielded exaggerated erosion at 

the terminal moraine.  The latter, meanwhile, used soil data from a soil sample taken at the 

terminal moraine of Imja Tsho.  While both scenarios utilized the Meyer-Peter and Müller 

(MPM) model for erosion, the multiple grain scenario used a modified version that included 

armoring and hiding functions and resulted in substantially less erosion at the terminal moraine.  

Both models indicated that flooding in Dingboche will be confined to the river channel, 

indicating that the village is safe for the next three decades.  There is still a small risk, however, 

for humans working and livestock grazing near the river.  Future work should continue to 

monitor the lake and its expansion, to gather more field data on avalanche dynamics, and to 

weigh the costs and benefits of additional lake lowering projects. 

Overall the results presented in this paper have generated good news for the villages 

below Imja Tsho, confirming that the lake’s current and foreseeable morphology and geography 

prevents catastrophic collapse from an overtopping wave.  Even so, routine monitoring will be 

useful to detect changes in the lake or surrounding ice that deviate from current predictions.  

Furthermore, the dynamics of an avalanche in the region should be verified with additional field 

data, which is currently scarce.  Finally, although Imja Tsho is determined to be relatively safe, 

these methods were designed to be replicated at other lakes in the Khumbu Region, many of 

which lack the safeguards present at Imja Tsho, such as a wide moraine complex and distance 

from hanging ice.  Future work, then, should address all of these concerns, so that limited aid 

resources can be allocated to the most cost-effective projects. 
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