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Abstract 

Glacial lake outburst floods (GLOFs) pose significant threats to downstream infrastructure and commu-

nities and are considered the most hazardous glacial phenomena globally. GLOFs can occur with mini-

mal forewarning and reach extreme magnitudes due to their capacity to entrain sediments, thereby 

altering their flow behavior. Since the 2000s, several models have been developed to address the dy-

namic and complex behavior of GLOFs in terms of inundation extents and runout distances. This thesis 

investigates the capability of the numerical single-phase model RAMMS to replicate these characteris-

tics. To assess the inundation extent and flow heights of GLOF simulations, the study sites of 

Weingarten Lake in Switzerland and South Lhonak Lake in India were analyzed. The findings demon-

strate that RAMMS can accurately replicate GLOF inundation extents, performing comparably with 

other models such as HEC-RAS or r.avaflow. Furthermore, the study underscores the critical influence 

of applied Digital Elevation Model (DEM) and input volumes on modeling outcomes. The scope of the 

simulations in this study was constrained by limited computational power and data availability. Alt-

hough the single-phase RAMMS version applied in this research successfully models GLOF characteris-

tics, it remains limited to a single process within the cascading event chain and cannot independently 

replicate flow transitions. However, the upcoming two-phase version of RAMMS Is expected to address 

this limitation. Future research should focus on examining this elevated GLOF model. Additionally, a 

comprehensive literature review of friction parameters used in previous GLOF studies with RAMMS 

could help modelers select appropriate values for predictive simulations. 
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1 Introduction 

1.1 Context 

Throughout the globe, the impact of climate change has led to the retreat of glaciers and will be pre-

cipitating significant depletion of glacier ice in the years to come (Zemp et al., 2015). The receding of 

mountain glaciers is one of the most dependable indicators of shifting patterns in the Earth’s climate 

(Kumar and Murugesh Prabhu, 2012). In high mountain terrains, the risk of glacial-related hazards in-

creases due to melting glaciers. Glacial lakes pose significant challenges due to their high water volume 

content and fragile structures, as they can threaten villages and infrastructure located several kilome-

ters along potential outflow routes. They can form through different processes such as over deepening 

in former glacier beds due to glacier retreat, which allows meltwater to collect as glacial lakes. In addi-

tion, glacial lakes can also be formed through dammed moraines (Richardson and Reynolds, 2000) or 

via the growth and coalescence of supraglacial ponds on debris-covered glaciers (Benn et al., 2012). 

The expansion of glacial lakes is promoted by positive feedback effects through calving and subaqueous 

melting, causing additional melt and retreat of the glacier (King et al., 2019). Sudden drainage of Glacial 

lakes occurs due to an impulse, where large water volumes can be released leading to glacial lake out-

burst floods named GLOFs (Harrison et al., 2018). The impulsive initiation phase can differ from a mass 

movement-induced impulse wave, an extreme precipitation event causing overtopping of the dam to 

ice dam degradation (Clague and Evans, 2000; Westoby et al., 2014; Rounce et al., 2016). 

GLOFs have the potential to be highly damaging, often striking with minimal forewarning, leading to 

substantial destruction of infrastructure and property resulting in widespread loss of life. According to 

Taylor et al. (2023), 15 million people globally are endangered today by the impacts of potential GLOFs. 

People in high-mountain Asia are especially exposed to GLOFs, where 1 million live within 10 km of a 

glacial lake (Taylor et al., 2023). However, the impact of GLOFs varies considerably worldwide. Over 

the past 70 years, several thousand individuals have lost their lives due to GLOFs in the Cordillera Blanca 

alone, with the majority of fatalities occurring from a small number of incidents (Emmer et al., 2020). 

Controversy, GLOF activity in European Alps over the past millennium has directly resulted in 393 

deaths (Carrivick and Tweed, 2016). The ongoing melting of glacier ice and the consequent growth of 

glacial lakes, driven by climate change, thus present a significant global natural hazard.  

Not only natural factors favor the risk of GLOFs but also socio-economic. This can be illustrated in the 

Hindu Kush-Karakoram-Himalaya (HKKH) where population and economic growth are trending in catch-

ment areas where potential GLOFs are located (Taylor et al., 2023). Houses and other infrastructures 

are built closer to river valleys, leading to a loss of vegetated river banks, reducing the natural buffer to 

flooding. This trend is observed generally in the HKKH, where the inexistence of expansion regulations 

and poorly built infrastructure increases the risk to GLOFs (Ziegler et al., 2014). The coupling of the 

climate-driven expansion of glacial lakes and socio-economic development amplifies the exposure to 

GLOFs. Addressing this challenge aligns with the United Nations Sustainable Development Goals 

(SDGs), particularly Goal 11 (sustainable cities and communities), Goal 13 (climate action) and Goal 15 

(life on land). Especially Goal 11 emphasizes disaster risk reduction, highlighting the need for 
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sustainable urban planning that balances growth while preventing unnecessary construction in GLOF-

prone areas. 

The term GLOF has been used differently in literature. Some authors refer to GLOF as an event of com-

promising a series of different, cascading processes (e.g. Worni et al., 2014), whereas some refer to 

different types of outburst floods from glacial sources (e.g. Westoby et al., 2014). In this study, the 

definition of a GLOF refers exclusively to the flow behavior and propagation.  

 

1.2 Problem Statement 

Outburst floods originating from glacial lakes consist of extremely mobile mixtures of water and sedi-

ment. They have the potential to travel long distances, ranging from tens to hundreds of kilometers, at 

velocities exceeding tens of kilometers per hour (Iverson, 1997; Worni et al., 2014). As the flow distance 

increases, valley characteristics such as topography, vegetation and sediment availability become in-

creasingly influential (Richardson and Reynolds, 2000). The flood volume and peak discharge can triple 

or more compared to initial values due to erosion and the incorporation of sediment, making these 

events highly dynamic (Mergili et al., 2011). GLOFs can change their fluid and solid content from 10%, 

classified as a mudflow, to 60% for a granular debris flow (Hungr, Leroueil and Picarelli, 2014). This 

change leads to flow transitions with significant fluctuations as they propagate downstream. Such tran-

sitions are determined by sediment deposition and bulking processes, influenced by the slope of the 

flood path and mixing the flow with stream water called dilution (Smith and Lowe, 1991). Generally, 

sediment is entrained on steep slopes and deposited in shallow slopes (Iverson et al., 2011). The hy-

drographs of GLOFs undergo attenuation as the slopes flatten and extend in duration as they flow 

downstream (Cronin et al., 1999), making GLOFs highly dynamic and challenging to comprehend. 

A persistent problem in mountain regions is modeling and predicting the possible inundation and dep-

osition area of GLOFs (Emmer et al., 2022). Water floods are well understood and model results based 

on the one-dimensional St. Venant equations or two-dimensional SWE (shallow water equation) can 

therefore be considered reliable (Worni et al., 2014). However, when sufficient amounts of sediments 

are entrained into a flow, process descriptions are based in part on empirical relations. Therefore, sim-

ulations of hyperconcentrated flows and debris flows are generally less accurate than simulations of 

pure water flows, due to their more complex behavior influenced by additional sediment parameters 

(Worni et al., 2012). However, several existing modeling software such as HEC-RAS (e.g. Sattar et al., 

2021), r.avaflow (e.g. Zhang, Wang and An, 2025) or RAMMS (e.g. Frey et al., 2018) are used today to 

model GLOFs in various regions across the globe. Since it is challenging to define the parameters of a 

GLOF, especially if there is small data available, potential GLOF sites have to be calibrated first at other 

sites or through retrospective simulations of past events. This methodology is commonly used in liter-

ature (e.g. Mergili et al., 2011; Frey et al., 2016; Iribarren Anacona et al., 2018) and poses a challenge 

to generate realistic simulations and predictions. However, the modeling and prediction of GLOF play a 

crucial role in natural hazard engineering and designing adaptation measurements.  
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In the scope of this study, GLOF simulations are conducted with the software RAMMS for two case 

studies in different geographical settings in Switzerland and Sikkim Himalaya. The simulation results, 

especially the inundation extent and flow heights are exploited and discussed with other modeling 

software available namely HEC-RAS and r.avaflow. The goal of the thesis is not only to exploit the GLOF 

sites in Switzerland and Sikkim Himalaya but also to the model performance of RAMMS regarding 

GLOFs. Moreover, the comparison to the other models allows making statements about the strengths 

and weaknesses of each model. Equations and calculation domains of each model are not exploited, 

as the focus lies more on the performance of the model in a practical view. The thesis aims to help 

practical engineers in the decision-making process regarding models for the GLOF sites under investi-

gation.  

 

1.3 Research Question 

An analysis of models is essential for future hazard management regarding GLOFs. A more accurate 

simulation model enables engineers to formulate effective adaptation and mitigation strategies, pro-

tecting infrastructure and human lives. Consequently, the following research question arises:  

• To what extent can the present modeling tools, such as RAMMS, effectively replicate the com-

plex flow dynamics and transformation processes of glacial lake outburst floods (GLOFs) across 

diverse geographical settings? 
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2 Scientific Background 

2.1 Causes and Cascading Processes of GLOFs 

The causes and cascading processes of GLOFs are interconnected and complex, influenced by climatic, 

hydrological, geological and anthropogenic factors. Ongoing climate change leads to retreating glaciers 

and the formation of glacial lakes, as the expected frequency and magnitude of GLOFs will increase. 

Glacial lakes occur in the alpine and high-mountain regions around the globe. According to Grove 

(2019), a greater part of lateral and terminal moraine complexes impound present-day glacial lakes 

were formed in the so-called Little Ice Age. This period is a globally-synchronous time where glacial 

advance occurred between the 15th and the end of the 19th century. Glacial lakes form between the 

glacier terminus and the moraine, when the moraine is sufficiently consolidated and stable. For this 

development, an over-deepened glacier bed is required (Frey et al., 2016). The permeability of the 

moraine determines the growth of the lake, the volume increases until piping or overtopping occurs 

(Worni et al., 2014). However, the lake's volume can naturally be regulated through seepage through 

the moraine structure or over the dam crest (Costa and Schuster, 1988) or through technical adapta-

tions as done in at the Lago Effimero in the Monte Rosa region in Italy (Voigt et al., 2010).  

The extent of the glacial lakes is strongly variable and can differ regarding the geographical setting of 

the surrounding environment. GLOFs are distinctive occurrences that take place in various geographical 

regions, exhibiting different manifestations. For instance, Jökulhlaup events are occurring in Iceland, 

characterized by glacial lake outburst floods triggered by volcanic subglacial activity (Hungr, Leroueil 

and Picarelli, 2014). Conversely, in Huaraz (Chile), glacial lake outburst floods were initiated by ice mass 

movement flowing into glacier lakes (Frey et al., 2018; Motschmann et al., 2020; Meyrat et al., 2024). 

Nevertheless, GLOFs include a sequence of processes, structured into three key phases: trigger mech-

anism and the resulting wave propagation or piping through the dam (Phase 1, Figure 1), dam breach 

initiation (Phase 2, Figure 1) and the actual flood from the glacial lake (Chapter 2.1.3). These key phases, 

in turn, encompass distinct mechanisms that can be identified (Worni et al., 2014). 

In this study the focus is on a European and an Asian GLOF event, thus the investigation centers on 

GLOF initiated by mass movement or dam breaches. The following Sections 2.1.1 – 2.1.3 elaborate on 

the primary and subordinate mechanisms involved in GLOFs. Since the study focuses on flood propa-

gation and its modeling approaches, only brief explanations are provided for the trigger and the breach-

ing or overtopping processes.  
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Figure 1: Picture of Griesssee near Klausenpass (Canton Uri, Switzerland) as a visualization of potential triggers, conditioning 

factors, and key phases in a GLOF event according to Richardson and Reynolds (2000). Potential triggers for a GLOF are: A) 

glacier calving; B) icefall from hanging glacier; C) rock/ice/snow avalanches; E) ice-cored moraine degradation; F) rapid input 

from glacial water from supra-, en- or subglacial sources; G) seismic activity. Conditioning factors for dam failure, especially 

for seismic activity: a) great lake volume; b) decreased width-to-height dam ratio; c) degradation of permafrost ice in moraine 

structure; d) limited dam freeboard. Key phases in GLOF events are: 1) Propagation of waves in the lake and piping through 

dam; 2) breach initiation and formation; excluded is the the propagation of the flood itself. The picture is obtained from Stefan 

Simmen 17.06.2019 (URL: https://www.urnerzeitung.ch/zentralschweiz/uri/gletschersee-sorgt-fur-bange-stunden-

ld.1128445, last access: 20.04.2024) 

 

2.1.1 Trigger Mechanism of GLOFs 

GLOFs are complex natural hazards that can be triggered by several mechanisms and governed by var-

ious conditioning factors. Figure 1 presents a visualization through the glacial lake Griesssee near 

Klausenpass in Uri of potential triggers, conditioning factors and key phrases in a GLOF event described 

by Richardson and Reynolds (2000). 

Several potential triggers can result in a GLOF event, which include glacier calving (A), icefall from hang-

ing glaciers (B), rock, ice and snow avalanches (C), ice-core moraine degradation (E), rapid input from 

glacial meltwater from supra-, en- or subglacial sources (F) and seismic activity (G). Among these, mass 

movement triggers such as ice and rock avalanches or glacier calving are particularly significant. These 

https://www.urnerzeitung.ch/zentralschweiz/uri/gletschersee-sorgt-fur-bange-stunden-ld.1128445
https://www.urnerzeitung.ch/zentralschweiz/uri/gletschersee-sorgt-fur-bange-stunden-ld.1128445
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triggers can produce impulsive waves in the glacial lake, with their characteristics dependent on the 

volume and type of the triggering mass, its velocity and the angle of impact (Heller and Hager, 2011; 

Worni et al., 2014).  

Conditioning factors that incline a moraine-dammed lake to failure are also important in understanding 

GLOFs. Richardson and Reynolds (2000) identify conditioning factors such as large lake volume (a), a 

decreased width-to-height dam ratio (b), permafrost within the moraine structure (c) and limited free-

board (d). These factors in combination with potential triggers can significantly increase the likelihood 

of a dam failure and therefore of a GLOF, especially in response to seismic activity (G) (Osti, Bhattarai 

and Miyake, 2011). In moraine-dammed glacial lakes, the structural stability of the dam of the dam is 

further determined by the sedimentological composition and the potential presence of degrading per-

mafrost, which can undermine the dam over time (Westoby et al., 2014).  

Additional triggers for GLOFs, which are not highlighted in Figure 1, include dam settlement, internal 

erosion (piping) and temporary blockages of spillways due to ice or debris accumulation (Huggel et al., 

2004). Extreme weather events, for instance heavy precipitation, can further intensify these conditions 

by enhancing spillway erosion and increasing lake levels (Clague and Evans, 2000). Understanding trig-

ger mechanisms and their conditioning factors is essential for assessing GLOF hazards and implement-

ing mitigation strategies in vulnerable GLOF environments.  

 

2.1.2 Dam-Breach Mechanisms 

As GLOFs can develop through dam-breaching it is important to understand briefly the dynamics and 

fundamentals of a dam-breach. The stability of and dam consisting of moraine material is strongly de-

pendent on its geometry, internal structure, material properties and the distribution of particle sizes 

(Richardson and Reynolds, 2000). According to Massey et al. (2010), the failure of a moraine dam oc-

curs when its material strength is surpassed by driving forces. These forces included shear stresses 

induced by overtopping flows or displacement waves. Overtopping is considered the most common 

trigger for moraine dam breaching (Richardson and Reynolds, 2000) and initiates dam erosion which 

can lead to increased forces that progressively help the dam breach (Singh, 1996). The eroded sedi-

ments are transported within the outflow as bedload. The dam-breaching process is irreversible and 

leads to partial or total emptying of the glacial lake.  

 

2.1.3 Flood Propagation and Behavior 

Sudden drainage of large water volumes during GLOF events in high mountain terrain leads to sediment 

entrainment into the flow. The interaction between particles governs the behavior of the flow, making 

it crucial to understand the key parameters that influence sediment content, particle type and size 

(Iverson, 2009). Glacier lake outburst floods can exhibit long runout distances, which makes the flows 

highly unsteady. This variability is influenced by factors such as topography, vegetation and sediment 

availability. Over the routing of the event, the flow can transition from a hyper-concentrated to a 
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sediment-laden debris flow (Worni et al., 2012), influenced by the slope gradient of the route and the 

dilution of the flow by downstream streams (Smith and Lowe, 1991). However, sediment-laden flows 

achieve far greater runout distances than clear water flows. This is due to increased momentum af-

forded by the combination of fluid and solid forces as well as the continuing addition of material 

through bed and bank erosion (Iverson, 1997).  

2.1.3.1 Sediment Entrainment in GLOF Events 

Glacial Lake outburst floods can entrain huge amounts of sediment while flowing down the outflow 

valley. The degree of sediment entrainment relies on the availability of unconsolidated sediments in 

the riverbed and the velocity of the flow. Bolch et al. (2012) identify the slope gradient of the riverbed 

as the primary factor controlling the mass flow. If the average channel slope gradient is lower than 10 

degrees, the flow typically entrains fewer sediments and can cease if the slope gradient is too gentle 

(Huggel et al., 2002; Westoby et al., 2014). This indicates that the composition of GLOFs can vary, with 

flows transitioning into debris flows as they erode material from both the lateral sides and the riverbed 

(Narama et al., 2018).  

Flow characteristics are closely tied to the evolving solid content within the mass movement, with the 

highest flow height usually occurring at the front of the flow (McArdell, Bartelt and Kowalski, 2007). 

The front of the mass flow plays an essential role in sediment entrainment, as its height directly controls 

the erosive processes on the outflow bed (Schürch et al., 2011). This is highlighted by Berger, McArdell 

and Schlunegger (2011), who state that sediment entrainment predominantly occurs at the front of 

the flow, where basal shear stress is significantly increased due to larger solid fractions and higher flow 

depth (Stock and Dietrich, 2006). Therefore flow depth has a crucial impact on sediment entrainment 

and flow characteristics, channel geometry and slope angle further influence the flow dynamics. As a 

result, GLOFs can experience transitions, with flatter channels or reduced flow momentum leading to 

a potential stop of the mass flow (Schürch et al., 2011). 

The combined effects of sediment entrainment factors can enhance floods into large, destructive debris 

flows (Huggel et al., 2003). Such transformations can result in peak flow volumes and discharges by a 

factor of three (Mergili et al., 2011), underscoring that GLOFs are highly unpredictable. This escalation 

is driven through positive feedback mechanisms, where increased solid fractions enhance erosion, 

leading to higher velocities and further sediment entrainment into the mass flow (Breien et al., 2008). 

To conclude, runout distances and flow momentum are substantially influenced by these processes 

(Westoby et al., 2014). 

Terrain properties also play an essential role in determining sediment entrainment and flow behavior. 

Iverson et al. (2011) highlight that wet terrain generally enhances mass flow propagation, whereas dry 

terrain hinders flow development. The dynamic interplay between erosion and deposition during mass 

flow further complicates predictions in flow propagation. The alternating patterns of sediment entrain-

ment and deposition result from geomorphic landforms and frictional forces, which produce spatial 

variability in flow characteristics along the outflow channel (Carrivick et al., 2010). 
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Overall, the sediment entrainment process in GLOFs is determined by a complex interplay of factors, 

including channel slope, sediment availability, flow height and terrain characteristics. Together these 

factors influence the evolution of GLOFs, resulting in significant variations in flow behavior and pre-

senting challenges in analyzing outflow propagation and therefore prediction.  

2.1.3.2 Behavior of Sediment-Laden Flows 

GLOFs can undergo transition during their propagation, changing from pure water flows to hyper-con-

centrated or debris flows as they entrain sediment and interact with water sources beyond the glacial 

lake water itself (Figure 2). The definition of these transitions poses a challenge, as the behavior of 

mass movements during GLOF events depends on various factors such as trigger mechanism, velocity, 

composition and environmental conditions (Coussot and Meunier, 1996). These factors make it chal-

lenging to distinguish between different flow types during the event, as the characteristics of the flow 

change multiple times during the GLOF propagation due to channel topography and the amount of 

available sediments (Westoby et al., 2014). These highly dynamic transitions can occur at various sec-

tions along the flow path, complicating the description and modeling of GLOF events (Coussot and 

Meunier, 1996; Meyrat et al., 2023). 

One key distinction between different types of sediment-laden flows is the concentration of solids in 

the flow. As water flows out of the glacial lake, the flow initially consists of primarily water with small 

amounts of sediments. As sediments are entrained during the flow, the flow transitions into a hyper-

concentrated flow, characterized by a solid fraction of less than 25% regards the volume (Coussot and 

Meunier, 1996). If the solid fraction exceeds 50%, the flow can be classified as a debris flow, which can 

consist of up to 90% solids in extreme cases with large sediment availability within the flow path (Cous-

sot and Meunier, 1996). Mudflows are classified by the same proportion as debris flow, although with 

higher amounts of fine sediments compared to coarse sediments (e.g. boulders, rocks) of debris flows 

(Cui et al., 2010). The ratios between the solid and liquid phases in the flow vary along the flow prop-

agation, with the front of the flow generally containing greater concentrations of solid materials, while 

the tail becomes more liquid (Meyrat et al., 2023). Pierson (2020) emphasizes that the front of debris 

flows often is the most intense, characterized by the highest flow depth and the coarse solids, which 

significantly contribute to the flow's erosive power (Hungr, 2000). However, when the front of the de-

bris flows cease, the flow can continue with particle sizes tend to decrease. This dewatering process 

can result in a mudflow, characterized by its fine sediments and the high liquid content (Cui et al., 2010). 

The behavior of debris flows and other mass movements during a GLOF event remains challenging to 

classify and predict due to multiple factors driving the solid-fluid ratios and sediment entrainment 

along the outflow path. Although several studies provide the classification of different mass flows 

(Coussot and Meunier, 1996; Hungr, Leroueil and Picarelli, 2014), the distinction between them re-

mains difficult. Especially during rapid flow transitions, these uncertainties complicate the modeling 

and prediction of GLOFs. 

Depending on the scale and characteristics of the GLOF event, debris flows are typically shorter than 

other mass movements, potentially lasting from several minutes to hours (Coussot and Meunier, 1996). 
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Pierson et al. (1996) identify two key characteristics of debris flows that impact their behavior: first, 

the velocity discrepancy is minimal between solid and liquid particles, and second, the entire mass 

moves uniformly. These features allow debris flows to be modeled with a simplified single-phase model 

such as RAMMS (Bartelt et al., 2017). However, due to the varying characteristics of the outflow chan-

nel and the changing solid-liquid ratio, it is challenging to simulate debris flow or other mass move-

ments with a single-phase model (Meyrat et al., 2022). This challenge is particularly of interest when 

modeling GLOF events, where flow transitions can occur quickly between different mass movement 

types.  

 

 

Figure 2: Conceptualized outflow of a GLOF event. The initial overflow or dam breach leads to a highly water-concentrated 

outflow which entrains sediment from the dam itself and later downstream. Occurring transitions from hyper-concentrated 

flows to debris flows can change several times depending on the available amount of erodible material and the topography. 

After stopping the sediment-laden mass flow, phase separation occurs, leading to a phase separation between the solid and 

fluid phase. 

 

2.2 GLOF Modeling Approaches 

The modeling and simulations of GLOFs have evolved since the early 2000s. Initial modeling efforts 

primarily focused on simple empirical models, such as the single-flow-direction (MFS) model (Huggel 

et al., 2003). These early models were well-suited for small-scale applications and provided valuable 

insights into GLOF examination. Over time, more sophisticated models have been developed, applying 

physically based simulation tools tailored to individual cascades of the GLOF process chain. This ap-

proach has been demonstrated in several studies (e.g. Worni et al., 2014), highlighting the growing 

complexity and adjustment of GLOF modeling techniques. 
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Building on these advancements, the introduction of two-phase (Pudasaini, 2012) and later the three-

phase (Pudasaini and Mergili, 2019) mass movement models has been a significant step in the field. 

These models enable the comprehensive representation of GLOF characteristics by accounting for in-

teractions between liquid and solid phases. The latest trend in GLOF modeling is moving toward inte-

grating all components of the process chain within a single simulation step (Emmer et al., 2022). This 

integrated approach, requiring the application of only one model (e.g. r.avaflow), not only reduces the 

complexity but also lowers the costs. The financial benefit makes these models highly interesting for 

private companies and institutions by minimizing the requirements for software licenses.  

Despite these advancements, several difficulties can be addressed in the current state of the art. As 

underscored by (Emmer et al., 2022), the definition of GLOF scenarios and balancing physical accuracy 

with practical applicability remain key concerns in the field. One of the main challenges lies in the tran-

sition from successful retrospective simulations of past events to robust predictions for future scenar-

ios. In the context of GLOF risk management, worst-case scenarios are generally prioritized. However, 

defining which scenarios represent plausible worst-case input values versus conservative scenarios re-

mains a subject of debate (Worni et al., 2014). 

Significant progress has been made in understanding the processes of GLOFs, including multi-phase 

flows, sediment entrainment and deposition, interactions between mass movement and lakes, and 

phase separation in debris flows (Pudasaini, 2020; Pudasaini and Fischer, 2020; Meyrat et al., 2023). 

Furthermore, traditional depth-averaged models are being increasingly complemented and sometimes 

challenged by machine learning techniques and comprehensive 3D models. While these advanced 

models can simulate the phenomena with high realism (e.g. Gaume et al., 2018), their computational 

demands currently limit their operational use for complex, long-runout distances. However, this limi-

tation is expected to diminish over the coming years and decades as computational capabilities will 

improve (Emmer et al., 2022).  

 

2.2.1 Overview of Existing GLOF Models 

This thesis applies the RAMMS software to model GLOF propagation and compares it with simulation 

results conducted with HEC-RAS and r.avaflow (see Chapter 5.1). While RAMMS and HEC-RAS are suit-

able for modeling the flood propagation of GLOFs, r.avaflow offers a more comprehensive solution, 

covering the entire process chain of GLOF events, including the triggering and breaching processes. 

Other specialized models, such as those for dam breaching (Singh, 1996) or impact wave modeling 

(Heller, Hager and Minor, 2008), also offer GLOF process modeling but fall outside the scope of this 

thesis and are not further discussed.  

There are various existing modeling tools, ranging from empirical approaches to physically-based dy-

namic models, which can be used to model GLOFs. Unlike empirical models, advanced physical models 

can capture complex flow behaviors, accounting for fluid-solid interactions and varying flow dynamics 

(Worni et al., 2014). These models are based on mass and momentum conservation principles, incor-

porating numerical methods and flow resistance quantification to solve partial differential equations. 
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In addition, they take into account the floodplain and channel geometries of the GLOF (Manville, Major 

and Fagents, 2013). GLOF modeling tools are generally categorized based on their dimensionality 

(Worni et al., 2014; Westoby et al., 2014), therefore the following sections provide an overview of one-

dimensional and multi-dimensional models. 

2.2.1.1 One-Dimensional Models 

In contrast to GIS models (Huggel et al., 2003), one-, two- and three-dimensional models attempt to 

calculate the modified Navier-Stokes equations (Batchelor, 2000). One-dimensional models are based 

on the St-Venant or so-called shallow water equations (SWE) of de Saint-Venant (1871). The specific 

details of these equations are beyond the scope of this thesis. However, one-dimensional models often 

rely on the step-backwater method, which automates and numerically adapts the slope-area technique 

(Westoby et al., 2014). This method generates energy-balanced water surface profiles based on dis-

charge, channel roughness and geometry. Additionally, they can provide cross-sectionally averaged ve-

locities and discharge values (Brunner, 2002). 

The cross-sectional profiles can be derived from field surveys or satellite images. These models can 

simulate subcritical, supercritical or mixed flow regimes and incorporate initial boundary conditions, 

such as input hydrographs or downstream water profiles based on past flood events. This approach is 

typically used for GLOF reconstruction (e.g. Kershaw, Clague and Evans, 2005), as the dynamic behavior 

of GLOFs poses challenges to accurate modeling. Flow velocities, high discharge rates, erosion and sed-

iment transport further complicate simulations. Due to often limited direct measurements of GLOF 

events, hydrographs can be obtained from downstream locations where flow conditions enable easier 

data collection (Richardson and Reynolds, 2000). Popular one-dimensional models used in modeling 

GLOFs include for instance HEC-RAS (1D) (e.g. Brunner, 2002; Carling et al., 2010). 

2.2.1.2 Multi-Dimensional Models 

Two-dimensional models rely on a depth-averaged version of the shallow water equation, integrating 

the Reynolds-averaged Navier-Stokes equations over flow depth (Chanson, 2004). In contrast to one-

dimensional models, which only capture flow in a single direction, two-dimensional models allow for 

multi-directional simulations (Pitman et al., 2013). Their ability to model hydraulic jumps and transi-

tions between different flow regimes makes them particularly valuable for simulating the turbulent and 

dynamic behavior of GLOFs. The two-dimensional models are especially useful for modeling non-New-

tonian flow behaviors, where debris entrainment from moraine dams and valley beds significantly al-

ters flow rheology (Rickenmann et al., 2006; Stolz and Huggel, 2008). Widely used two-dimensional 

models include IBER (IBER, 2010) and FLO2D (O’Brien, Julien and Fullerton, 1993). 

Three-dimensional models are the only models capable of solving the full Navier-Stokes equations 

(Westoby et al., 2014), allowing for detailed modeling of velocity distributions across flow depth and 

width. Despite their ability to capture the complex flow behavior of GLOFs, high computational power 

and the lack of high-resolution DEMs currently limit their practical application. However, future ad-

vances in computational power are expected to reduce these limitations, making three-dimensional 

models more accessible for both practical and research applications (Emmer et al., 2022). 
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2.2.1.2.1 HEC-RAS for GLOF Simulations 

The software HEC-RAS (Hydrologic Engineering Center’s River Analysis System) is a free, open-source 

software for modeling water flow. The U.S. Army Corps of Engineers developed the application and 

supports one-dimensional and two-dimensional flow simulations, enabling the analysis of complex hy-

draulic systems. The implemented two-dimensional modeling capabilities allow the simulations of un-

steady water flow scenarios, making it useful for floodplain management, dam breaches and sediment-

laden flows like GLOFs (HEC-RAS User’s Manual, 2025). Later is applied in several GLOF studies (e.g. 

Klimeš et al., 2014; Sattar et al., 2021; Hazra and Krishna, 2022; Yu et al., 2024) for modeling dam-

breaching and outflow processes. 

A considered strength of HEC-RAS is the integration ability of one- and two-dimensional modeling 

within a single simulation. For instance, users might apply one-dimensional modeling to great river 

channels while exploiting two-dimensional modeling for detailed analysis of areas with complex flow 

dynamics. The software lies down to advanced numerical methods, solving the shallow water equa-

tions (SWE), which are fundamental for simulating unsteady flow dynamics. According to the HEC-RAS 

User’s Manual (2025), the software offers two primary solvers for the SWE, the Eulerian-Lagrangian 

(ELM-SWE) and the Euler Method (EM-SWE). The ELM-SWE handles the advection terms effectively, 

generating stability and accuracy in complex flow scenarios. Whereas the EM-SWE discretizes the gov-

erning equations over a fixed spatial grid, fitting for a wide range of hydraulic modeling. Users can 

incorporate digital elevation terrains and land cover data to create realistic simulations over different 

kinds of landscapes.  

Generally, HEC-RAS is known for its accessibility and easy application for engineers and researchers and 

hydraulic modeling, as there is a lot of knowledge freely accessible. The performance of HEC-RAS is 

compared with other models in Chapter 5.1.1, including the results of the South Lhonak GLOF (Sattar, 

Goswami, et al., 2021) with the simulations conducted in this study with RAMMS. 

2.2.1.2.2 R.avaflow for GLOF Simulations 

The software r.avaflow is an open-source software that is GIS-supported and designed for modeling 

complex mass flows. It is known for its ability to model cascading mass flows, including rapid mass 

movement such as avalanches, debris flows and landslides making the software highly interesting for 

modeling GLOFs. R.avaflow has been used in various GLOF case studies across the globe (e.g. Mergili 

et al., 2020; Rinzin et al., 2024; Zhang, Wang and An, 2025).  

The software uses advanced numerical schemes, including the scheme named NOC-TVD (Wang, Hutter 

and Pudasaini, 2004), and employs models such as the Voellmy-type and the elevated version of the 

Pudasaini multi-phase model (Pudasaini and Mergili, 2019). These models enable r.avaflow to simulate 

processes such as dispersion, sediment entrainment, phase transformations and deposition. Therefore 

the initial mass distribution is defined through hydrographs and the base is built through a raster map 

(e.g. digital elevation map). The software incorporates features for conducting parameter sensitivity 

analysis by exploiting multi-core environments to run multiple simulations simultaneously. The results 

can be visualized through generated layers, maps, diagrams and further explored by using 3D tools like 

Paraview, Unreal Engine and Blender enabling immersive virtual reality experiences. R.avaflow offers 
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different versions to accommodate various user preferences and system environments. For example, 

r.avaflow 4.0W offers a stand-alone alternative for Windows users, while 4.0G is available for Linux 

users with integrated GRASS GIS. Both software versions are open source and provide equivalent func-

tionalities.  

The user's manual offers practical guidance and there is also a web interface available with an inte-

grated manual called r.avaflow.direct which offers the simulation process step-by-step instructions 

(Mergili, 2014).  

Overall, r.avaflow is known for its usage in various system environments and its ability to model cas-

cading processes in complex terrains. The performance of r.avaflow regarding GLOF simulations is com-

pared to the simulations conducted in this study with RAMMS in Chapter 5.1.2.  

 

2.3 Overview of the Study Areas 

2.3.1 South Lhonak Lake (Sikkim Himalaya) 

The area of interest lies in Sikkim, a federal state of India (Figure 3, left panel). Geographically, Sikkim 

is situated to the west of Nepal and the north of Bangladesh. In comparison to other Indian states, 

Sikkim is relatively small in size and inhabitants. The state is further divided into four districts, with 

North Sikkim which is notable for several glacial Lakes as well as the Lake of interest South Lhonak. 

The glacial Lake South Lhonak is located in the Teesta Basin, Sikkim, Himalaya (27°54’20’’N and 

88°10’20’’). At an elevation of 5’200 m a.s.l. the lake lies at the front of the South Lhonak glacier (Figure 

4, A), which had a total area of 12.5 km when last mapped in 2019 (Sattar, Goswami, et al., 2021). 

According to Sattar et al. (2021), the glacier changed its length from 6.4 km to 5.1 km and its overall 

area shrank by approximately 0.96 km2. With retreating glaciers, the South Lhonak Lake significantly 

grew from 0.42 km2 in 1990 to 1.35 km2 in 2019 (Kumar and Murugesh Prabhu, 2012; Sattar et al., 

2021). The lake is dammed by a moraine which is about 500 m as it gets narrow towards the north, 

where also the surface outflow is located. The damming morain is cut through by the surface outflow 

in the north-northeast direction and the main valley is oriented towards the east. Sharma et al. (2018) 

measured the crest height of the frontal section of the damming moraine, located south of the outflow 

channel and found it to be 7 m above the lake level. This portion of the moraine features a hummocky 

surface, suggesting the presence of ice in the dam. Additionally, several small lakes, likely formed by 

thermokarst processes and filled with precipitation, dot the moraine surface, which lacks any vegeta-

tional cover (Sattar, Goswami, et al., 2021). 

According to Sattar et al. (2021), the South Lhonak Lake outflow flows into the Goma Channel, which 

36 km downstream joins the Zemu River. Further downstream, the outflow joins the Lachen River at 

Hema 40 km away from the South Lhonak Lake. The outflow valley is moderately populated until the 

first major town Chuangthang with the Teesta Stage III hydropower dam is located 62 km downstream. 

Sattar et al. (2025) state that Chungthang has more than 10’000 inhabitants and over 1’900 households 
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(Figure 4, B). According to Sattar et al. (2021), the village has seen rapid growth over the years, espe-

cially since the construction of the hydropower station (see Appendix D)). The hydropower station was 

built due to the increased demand for energy with the growing urbanization in the South Lhonak Valley 

and the constant discharge generated from the glaciers in the catchment area. Moreover, the hydro-

power station is expected to attract more small-scale industries, fostering economic growth in the re-

gion. However, population growth could lead to building houses and infrastructure closer to the riv-

erbed, increasing the risk of floods reaching vulnerable constructions (Sattar et al., 2025).  

 

 

Figure 3: Overview of the study area in the federal state of Sikkim, India. The left panel shows the Sikkim within India (red box), 

while the right panel visualizes a detailed view of Sikkim with its district boundaries.  

 

The geological framework of Sikkim Himalaya consists of lithologically arranged units in a regional fold 

pattern (Neogi, Dasgupta and Fukuoka, 1998). Lesser Himalayan rocks including low-grade metapelites 

and interbedded metapsammite are predominantly in the central area of Sikkim. In contrast, a Higher 

Crystalline Complex, consisting of medium to high crystalline rocks is occurring in the northern part of 

Sikkim Himalaya (Nath, 2005). The outflow channel of the South Lhonak Lake is characterized by steep 

slopes on the sidelines of the channels and varied land cover. The terrain is complex with a paleo-

glaciomorphic feature crossing the channel. Sattar, Goswami and Kulkarni (2019) elaborated on the 

flow channel in their study with satellite imagery. They managed to identify a surface depositional land-

form in the form of a lateral moraine. The moraine crosscuts the outflow channel at 15.5 km down-

stream the South Lhonak Lake. Sattar, Goswami and Kulkarni (2019) state that it is important to know 

such morphologic phenomena, as they can act as a topographic barrier and minimize the impact of a 

flood. 



25 
 

 

 

Figure 4: Overview of Sikkim with its district visualized on the left. The yellow and purple outline shows the area of interest. 

The right panels provide close-up views of Noth Sikkim, with South Lhonak Lake (A) and the village of Chungthang (B). Satellite 

imagery is sourced from ESRI.  

 

2.3.1.1 Climate of Sikkim Himalaya 

The region of Sikkim lies in the eastern part of the Himalayas and is subject to complex weather pat-

terns due to significant altitude variations, as the elevations range from 280 m to 8’586 m above sea 

level. The weather in the region is influenced by the convergence three of climatic systems: dominated 

by the monsoon of the southwest, the limited winter rain from the Mediterranean from the west and 

the north-east monsoon (Kumar et al., 2020). This tri-junction of climatic influences underlines the 

complex weather of Sikkim Himalaya. 

From May to October, during the monsoon and summer periods, Sikkim experiences the majority of its 

annual precipitation. The climate varies across the different altitudinal zones, with higher elevations 

receiving more rainfall. The highest temperatures are recorded in summer between June and August, 

while the coldest temperatures, along with snowfall, occur during the winter months of December to 

January (Kumar et al., 2020). Sikkim is located in a transitional zone between the Arabian Sea branch 

and the Bay of Bengal branch of the Indian monsoon. Due to its location, heavy orographic rainfall can 

occur during the monsoon season. Furthermore, the topography, including the aspect and elevation of 

the valleys, plays a significant role in determining the distribution of rainfall.  

2.3.1.2 Reported GLOF Events of South Lhonak Lake 

Until the autumn of 2023, no GLOF event at South Lhonak Lake has been recorded. However, there 

were concerns about a potential GLOF. In the Sikkim Himalaya, there are 14 glacial lakes potentially 
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vulnerable to GLOFs out of 320 (Raj, Remya and Kumar, 2013). According to Yu et al. (2024), the South 

Lhonak Lake is one of the 14 and a potential hazard with a high probability of flowing out. Kumar and 

Murugesh Prabhu (2012) presented a report to the Government of Sikkim, indicating that the lake 

outlet shows evidence of a previous GLOF. In addition, Sattar, Goswami and Kulkarni (2019) investigated 

the glacial lake and modeled its outflow with the software HEC-RAS. Later Sattar et al. (2021) mapped 

three scenarios of potential GLOF in their work at Chungthang, being conscious of a potential GLOF 

event happening in the future. However, the suggested implementation of an early warning system 

seemed to be ignored. 

In the autumn of 2023, several floods occurred from the South Lhonak Lake, resulting in 55 fatalities, 

74 missing people and over 7’025 displaced individuals (Sattar et al., 2025). The floods from the 4th 

and 5th of October 2023 were caused by the failure of a lateral moraine north of the South Lhonak 

Lake, generating wave impulses that led to a dam breach (Yu et al., 2024). The lateral moraine collapsed 

due to heavy rainfall when the area of Sikkim received more than double its normal rainfall (Yu et al., 

2024). Satellite images of the Indian Space Research Organisation’s RISAT-1A show that the surface of 

the south Lhonak Lake decreased by 100 hectares (Figure 6). At Chungthang the dammed lake was at 

full capacity the days before the event (Figure 3). During the event, the gates of the Hydropower dam 

were opened too late, leading to the destruction of the dam. The dam failure led to high water levels 

further down the valley. The Teesta River rose by 4.6 to 6.1 m on average, flooding many areas in Man-

gan, Gangtok, Pakyong, and Namchi districts in Sikkim, and Kalimpong, Cooch Behar, Jalpaiguri and 

Darjeeling districts in West Bengal (Sattar et al., 2025). The flood also went onwards to Bangladesh, 

where hundreds of villages were affected along the Teesta River.  

 

 

This GLOF event highlights the critical necessity for introducing a robust early warning system. Alerts 

on time could have facilitated the earlier opening of the hydropower station gates, potentially lowering 

   Satellite image of before the GLOF event Satellite image 10 days after the GLOF event 

  

Figure 5: Satellite images from the village Chungthang captured before and after the GLOF event on the 4th of October 2023. 

The dammed lake is at full capacity with the dam intact (left), while the right pictures highlight the inundation outlines and 

the destroyed dam. The images are adapted from the BBC report (URL: https://www.bbc.com/news/world-asia-india-

67678440, last access: 30.04.2024) 

https://www.bbc.com/news/world-asia-india-67678440
https://www.bbc.com/news/world-asia-india-67678440
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the impact of the flood. In addition, proactive measures such as keeping the lake at a lower water level 

could have enhanced the capacity to function as a retention basin, breaking the outflow peaks. Such 

adaptations would have reduced the downstream impact of the GLOF event, supporting greater pro-

tection for vulnerable villages. The high magnitude of the event is underscored by the fact that its ef-

fects were observed in Bangladesh, approximately 400 km from the Glacial Lake South Lhonak. This 

demonstrates the far-reaching consequences of the event and highlights the importance of compre-

hensive risk management strategies in high-altitude, alpine regions.  

 

 

Figure 6: Satellite Images of the South Lhonak Lake pre- and post-GLOF event, highlighting the huge loss in water area respec-

tively volume. The images are adapted from the BBC report (URL: https://www.bbc.com/news/world-asia-india-67017845, 

last access: 25.04.2024), originally from ISRO, India’s space agency.  

 

2.3.2 Weingarten Lake (Valais, Switzerland) 

The area of interest for this study lies in the Canton of Valais, specifically the commune of Täsch, located 

in the southern part of Valais (Figure 7). The village holds 1’200 inhabitants and features significant 

infrastructure including parking facilities for tourists visiting Zermatt. According to the local hazard map 

(URL: https://www.vsgis.ch/, last access 22.12.2024), Täsch is threatened by several natural hazards 

such as snow avalanches, floods and debris flows. Later occurred in combination with a GLOF event 

that happened in 2003 from the Glacial Weingarten Lake. 

The glacial lake Weingarten is situated below the Täschhorn and the Alphubel in the Alps of Valais 

(46°06’35”N and 7°83’91”S). At an elevation of 3’056 m a.s.l., the lake lies east of the Weingarten Glac-

ier, which covers an area of approximately 0.42 km2, according to the Swisstopo map (URL: map.geo.ad-

min.ch, last access: 11.07.2024). The Lake is formed at the end moraine of the deposited material from 

the 1850 glacial maximum. The blue shading illustrated in Figure 8 indicates the glacial maximum extent 

of the year 1850, whereas the light blue represents the 1973 glacial maximum, and the turquoise the 

https://www.bbc.com/news/world-asia-india-67017845
https://www.vsgis.ch/
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current extent. According to the Swisstopo map, the glacier changed its area from 0.8 km2 in 1973 to 

0.42 km2 today (Figure 8). The lake's surface outflow is oriented westward, cutting through the dam-

ming moraine with a bedrock depth of 70 to 120 m (Huggel et al., 2003). 

 

 

Figure 7: Overview of the glacial Weingarten Lake outflow downstream to Täsch. The left panel shows the study area (red box) 

within Switzerland, while the right panel shows a detailed view of the outflow path. Part A represents the outflow section with 

unconsolidated material, whereas Part B indicates the section with solid material. Satellite imagery is sourced from ESRI. 

 

 

Figure 8: Glacier extent changes for Weingarten Glacier over the years, with maximum extents visualized for the years 1850 

(dark blue), 1973 (light blue), and 2016 (turquoise) based on data from Swisstopo (URL: https://map.geo.admin.ch/, last 

access: 20.08.2024). The red outline depicts the location of Weingarten Lake. The glacier extent layers are obtained from 

(URL: https://www.glamos.ch/downloads#inventories/A50d-01, last access: 22.08.2024), and the background is an ESRI sat-

ellite image.  

https://map.geo.admin.ch/
https://www.glamos.ch/downloads#inventories/A50d-01
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The river bed is divided into two parts, A and B (Figure 7), because of its differences in morphology. 

Part A consists of the outflow of Weingarten Lake to the village of Täschalp, as this section consists of 

very unconsolidated moraine material. The damming material originates from the Alphubel and Täsch-

horn mountains, located east of Weingarten Lake. The moraine has a 700 m long slope which is up to 

36° steep (Huggel et al., 2003) and consists of loose material of crystalline rock, primarily Gneis from 

the Briançonnais unit (see Appendix B)). At this elevation and orientation, permafrost is widespread 

and its thickness is decreasing (see Appendix C)). Part B describes the flow propagation from Täschalp 

downwards to Täsch. The morphology of the riverbed consists of less sediments and more rough ma-

terial such as blocks and boulders in comparison to part A. The outflow of the Weingarten Lake flows 

into Rotbach which 2 km later joins the Täschbach at the Täschalp. Further downstream in the village 

of Täsch the Täschbach merges with the Matter Vispa.  

2.3.2.1 Climate of Valais Switzerland 

The climate in Valais is characterized by variable and localized conditions, typical for the Alpine region. 

Generally, the climate is influenced by the Atlantic and even more by the Mediterranean Sea. The 

Rhone Valley reports the highest number of heat days per year in Switzerland. According to (Nauser, 

2016), the heat days are averaging approximately 16 days during the period 1981-2010, and currently 

exceeding 20 days annually.  

Precipitation in Valais varies significantly between the wet high mountains and the dry valley floors, 

influenced by its complex high topography and local climatic factors. For instance, the average annual 

precipitation in the central part between Sion and Visp drops below 600 mm, highlighting Valais’s 

unique climatic characteristics compared to other regions of Switzerland. Central Valais is the driest 

region in the country, with less rain during the summer half-year (April-September) compared to the 

winter half-year, a pattern which is reversed in other parts of Switzerland. The region also experiences 

more frequent and pronounced dry periods, with greater year-to-year variability in precipitation, with 

Visp recording minimal annual rainfall below 400 mm (Nauser, 2016). 

Extreme weather events, particularly warm extremes, summer heatwaves, and dry periods in summer 

and autumn, are expected to become more frequent in the future. While extreme cold temperatures 

in winter will become less common according to Nauser (2016). The development of heavy precipita-

tion events, including intense snowfalls and associated avalanche risks, remains highly uncertain in the 

short to mid-term. However, in the long term, heavy precipitation in spring and autumn and dry peri-

ods, especially in summer, are projected to increase. 

2.3.2.2 Reported GLOF Events of Weingarten Lake 

In literature, there is one GLOF event for Weingarten Lake recorded which happened on the 25th of 

June 2001. Despite any significant rainfall around that time recorded, a debris flow had significant dam-

age to buildings and other installations in Täsch. The cost of the damages was about 12 million EUR 

(Hegg et al., 2002). Luckily, no fatalities occurred, thanks to the evacuation of 150 people in Täsch. 

Persons who observed the debris flow in Täschalp alarmed the people in Täsch just in time.  
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According to Huggel et al. (2003), inspections after the event at Weingarten Lake revealed that the 

shoreline was 0.4 to 0.5 m above the water level. Based on the lake size of 16’000 km2, it is estimated 

that the amount of water overtopping the dam was between 6’000 and 8’000 m3. Elevated air temper-

atures and during days before the event led to a high meltwater flow into the lake.  

The following scenario was drawn from Huggel et al. (2003), based on the intact drainage channel and 

the presence of the shoreline. The lake was likely dammed by a blockage of water caused by pieces of 

lake ice and snow deposits. At the time of the event, the lake was partially covered by snow and ice 

due to seasonal snow and ice cover at that elevation. The higher water levels could have led to in-

creased hydraulic pressure in the moraine dam body which eventually caused piping processes. This is 

highlighted by the observation of the outer side of the moraine. The outburst did not lead to a dam 

breach, as there was not a full erosive cut-through observed, even though the water volume was 

enough to initiate a debris flow. The amount of debris deposited in Täsch was estimated between 

20’000 and 50’000 m3.  
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3 Methodology 

3.1 RAMMS Software for GLOF Simulations 

The software RAMMS is a numerical modeling tool and was developed by the Institute for Snow and 

Avalanches (SLF), an organization within the Swiss Federal Institute for Forest, Snow and Landscape 

Research (WSL). Originally designed for simulating snow avalanches, RAMMS has since been extended 

and adapted to model debris flows (Christen, Kowalski and Bartelt, 2010; Bartelt et al., 2017). The soft-

ware is widely used for research on natural hazards, mitigation planning and hazard mapping. It is ap-

plied globally by academic institutions, governmental authorities and private-sector natural hazard bu-

reaus. In the context of GLOF modeling, RAMMS is frequently applied to simulate triggering mecha-

nisms such as rock or snow avalanches that may impact glacial lakes (e.g. Sattar et al., 2021). Although 

originally developed for debris flow modeling, RAMMS has also been successfully used for simulating 

the hydrodynamic routing of GLOFs, as demonstrated by various scholars (e.g. Mergili et al., 2011; Frey 

et al., 2016; Iribarren Anacona et al., 2018; Sattar et al., 2022)  

According to Christen, Kowalski and Bartelt (2010) and Bartelt et al. (2017), the software lies down to 

the following parameters. Mass transfer from the release zone to the deposition zone is calculated 

within the three-dimensional terrain framework, using numerical depth-averaged equations of mo-

tions. The frictional behavior is described by using the Voellmy-fluid model. This model separates fric-

tional resistance into two components: a turbulent friction parameter ξ [m s-2] and a Coulomb friction 

parameter μ [-] (Salm, Burkhard and Gubler, 1990; Salm, 1993). The velocity-dependent turbulent fric-

tion parameter ξ regulates frictional resistance during high-speed mass movement. In contrast, the 

velocity-independent coefficient μ predominates during slow motions (Frank et al., 2015). Erosive pro-

cesses can be simulated using the integrated entrainment model, which is crucial during flow transfor-

mations, as they often occur when modeling GLOFs. The erosion is influenced by the shear stress and 

the erosion rate, according to Bartelt et al. (2017). To simulate the discharge of a mass movement, the 

software allows users to start the simulation with a block release or by defining an input hydrograph to 

control discharge over time (Bartelt et al., 2017).  

As multiple scholars describe the underlying equations and assumptions (e.g. Christen, Kowalski and 

Bartelt, 2010; Frank et al., 2017), this thesis will not delve into the detailed mathematical formulations 

behind the software. Instead, the study focuses on evaluating the performance and practical applica-

tion of the new RAMMS, particularly in terms of model output accuracy and efficiency regards GLOF 

modeling.  

 

3.1.1 Key Features of the Upcoming Two-Phase Model in RAMMS 

The SLF is currently developing a new RAMMS software which is almost finished and soon be available 

for users. As Chapter 3.1 explained, the existing RAMMS version treats debris flow as a single, homog-

enous phase. Adapted from the snow avalanche modeling, it enables the simulation of run-out 
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distances, pressures and velocities. The new version, however, introduces the capability to simulate 

dewatering and sedimentation processes, allowing the modeling of flow transitions from debris flows 

to hyper-concentrated flows. These different flow types can soon be simulated within a single model 

step.  

The new features in upcoming RAMMS-Version are being developed and examined at the WSL in Bir-

mensdorf and Davos. The most significant innovation is introducing a dilatant two-phase debris flow 

model, as proposed in several studies (Meyrat et al., 2022; Meyrat et al., 2023; Meyrat, Bartelt and 

McArdell, 2023). Meyrat et al. (2023) conceptualize debris flow as a matrix of solid materials - rocks 

and boulders - within a muddy fluid. However, Meyrat et al. (2023) make a key distinction by separating 

the muddy fluid into two fractions, the intergranular fluid and the so-called free fluid (see Figure 9). 

The intergranular fluid is bonded to the solid matrix, filling the void space between the rocks and boul-

ders. This combination is considered as the first layer of the debris flow and is building the nose of it. 

The free fluid, understood as the second layer of the debris flow, is not bonded to the solid matrix and 

can flow independently of the first layer (Meyrat et al., 2022). During the flow, the rocky particulate 

material undergoes shearing, which triggers dilatant movements, altering the solid-fluid concentration 

of the first layer and subsequently affecting its density.  

 

 

Figure 9: Visualisation of the two-phase layer approach adapted from Meyrat et al. (2023). The first layer consists of solid 

material with bonded intergranular fluid, while the second layer represents the free fluid. The blue line depicts the boundary 

between the solid phase at the front, consisting of boulders and rocks, and the free fluid phase a the tail of the mass flow. 

 

The dilatant two-layer phase approach is being tested at the Illgraben (Valais, Switzerland) study site, 

where the model has successfully replicated an event involving dewatering and sediment processes 

with high accuracy. The results of Meyrat et al. (2023) demonstrate that friction decreases with 
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increasing volumetric fluid concentration. The extent of this reduction is influenced by factors such as 

pore pressure and the agitation in solid particles. Quantifying these effects is challenging, as they ren-

der friction in debris flows highly nonlinear. 

3.1.1.1 Expected Advantages of the Two-Phase Model 

The introduction of the two-phase layer approach in mass flow modeling has several advantages over 

the currently in RAMMS implemented single-phase models. This approach, which distinguishes be-

tween the solid matrix and free fluid phase enables a more accurate and detailed representation of the 

complex dynamics within debris flows, as shown by Meyrat et al. (2024). 

The two-phase layer approach provides a more accurate prediction of debris flow behavior by account-

ing for the distinct interactions between solid and fluid components (Meyrat et al., 2022). The currently 

implemented single-phase model in RAMMS treats debris flows as a homogeneous mixture (Bartelt et 

al., 2017), oversimplifying the internal dynamics. By differentiating between the solid matrix and the 

free fluids, the two-phase model captures the variability in flow characteristics. In particular, the simu-

lations of flow transitions are enhanced. For instance, the two-phase model should be able to represent 

transitions from debris flows to hyper-concentrated. These transitions are often recognized in GLOF 

events with a long-distance outflow, as they can change several times during the natural setting. During 

these transitions, changes in water, sediments and slope angle can occur, which can only be captured 

by two-phase models. In addition, the model is expected to simulate sedimentation and dewatering 

processes, which are crucial to deposition patterns of mass flows. Not only is this important for the 

final deposition of sediments during a GLOF event but also during an event, as the mass flow can de-

water and behave as a hyper-concentrated flow and later form a debris flow. The model enables real-

istic behavior of sediment settlement and allows for independent movement of the fluid phase. In 

comparison to the one-phase models, these processes are neglected and inadequately represented.  

 

3.2 Model Setup and Configuration 

The general setup of the model RAMMS to simulate GLOF events involves several steps, ensuring the 

generated simulations' reliability. The description of the process of configuring the model, including 

choosing the input parameters, the calibration and the validation as well as the preparation of simula-

tion scenarios.  

3.2.1 Hydrograph Setting and Input Data 

The software RAMMS allows the initiation of a simulation with either a block release or a hydrograph. 

A block release scenario can be simulated when a mass, like a snow avalanche, starts to slide at the 

time of initiation (Bartelt et al., 2017). This option fits simulations where the depth of the potential 

gliding, continuous layer is known and in the absence of great water volumes, often referred to rock 

avalanches or dry granular flows (Hungr, Leroueil and Picarelli, 2014). The block release is usually used 

in GLOF literature to simulate triggering events for snow-, rock- and ice avalanches (e.g. Lala, Rounce 

and McKinney, 2018; Somos-Valenzuela et al., 2016). According to the RAMMS user manual, it can also 
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distinguished between unchanneled and channelized debris flows. Whereas it is recommended to use 

a block release for an unchanneled and a hydrograph for a channelized debris flow (Bartelt et al., 2017). 

In the case of GLOF modeling, deploying a hydrograph fits better with the characteristics of a GLOF 

outflow event. GLOFs often occur in large-scale valleys with high water volumes and channelized tor-

rents (e.g. Meyrat et al., 2024). In addition, discharges at certain locations are often known, because 

of landmarks, observations, photography or GPS. RAMMS Users can determine both the volume of 

water entering the system and the amount discharged at the release, as well as for subsequent time 

intervals. 

For RAMMS simulation of GLOFs initiated with an input hydrograph, knowledge about the discharge at 

a given location is required (Bartelt et al., 2017). Knowledge can be obtained, when the discharge at a 

given location is known, through measured flow heights and corresponding channel cross-sections. The 

estimated total volume is known with empirical relationships between total volume and maximum dis-

charge of Rickenmann (1999). The hydrograph options require the number of discharges as well as the 

velocity for each, defined time step. The hydrograph setting in RAMMS lays down a simplified equation 

clarified in Rickenmann (1999), which describes the flow velocities of debris flows in dependence of 

discharge and slope. 

In the scope of this thesis, two approaches to define the input hydrograph are applied. At the Täsch 

site, outflow volumes are known as the water level of the glacial Weingarten Lake were examined be-

fore and after the event (see Chapter 2.3.2). Whereas in South Lhonak reports of the flow height during 

the event are known for a defined location through reports (see Chapter 2.3.1). With the equation of 

Rickenmann (1999), it is possible to define a hydrograph through both approaches in RAMMS. This 

reduces the difficulty for practical users to define water volumes with small data available. Moreover, 

the implemented equation simplifies and optimizes the efficiency of conducting the simulations. 

 

3.2.2 Topographic Data Processing (DEM) 

According to Bartelt et al. (2017), the topographic data is the most important input parameter for 

simulations with RAMMS. The accuracy and resolution of the DEM significantly influence the simulation 

results (Westoby et al., 2014). To generate reliable modeling outputs, Bartelt et al. (2017) recommend 

that all important terrain features be integrated and represented into the DEM before applying simu-

lations. In addition, all georeferenced datasets, including the DEM, must be applied in a Cartesian co-

ordinate system, as RAMMS does not support degree-based coordinate systems. The software is capa-

ble of several DEM formats, including ESRI ASCII, ASCII XYZ and GeoTIFF. 

Given that the DEM is one of the most influential input parameters for modeling with RAMMS, careful 

processing is required, especially when working with low-powered systems. The general topographic 

data processing workflow applied in this thesis consists of several key steps, as illustrated in Figure 10: 

1. Generating raw DEM: The first step involves acquiring and selecting the most suitable DEM for 

the study area, considering the factors of data availability and resolution. 
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2. Processing DEM: The acquired DEM undergoes reprocessing, including shading adjustments, 

gap-filling, and resampling to a coarser resolution if necessary to balance computational de-

mands with result accuracy. 

3. Framing: Definment of calculation area by framing the DEM focusing on the specific region of 

interest, ensuring that unnecessary data is excluded regards the computational demand. 

4. Cutting: Further refinements involve cutting the DEM to the exact area needed for simulation 

(e.g. channel bed), reducing computational power and enabling to run simulations on low-

powered systems such as standard laptops.  

5. Refinement: Finally, the DEM undergoes a refinement process, addressing any remaining gaps, 

no-value areas or sinks to improve the model outputs. This is done after several model simula-

tions. 

 

  

Figure 10: Schematic overview of the DEM processing workflow. The process includes 5 key steps: Generating raw DEM (1), 

processing DEM (2), framing (3), cutting (4) and refinement (5), ensuring a suitable input for RAMMS simulations.  

These processing key steps are important in preparing the DEM for accurate simulations, as they act 

beneficial for optimizing computational efficiency while maintaining the data quality. Details on the 

specific processing techniques applied to the DEMs in this study are provided in Chapter 3.3.1 for the 

Weingarten Lake site and 3.4.1 for the South Lhonak site. 

 

3.2.3 Calibration and Validation of the Model 

Calibration and validation are important steps in generating reliability of the model simulations for 

GLOFs, especially when limited empirical data is available. This section shows the general process for 

calibration and validation and focuses on two case studies conducted in this thesis. 

Model calibration involves the best-fit approach, adjusting model parameters to improve the relation-

ship between simulated results and observed data. This enables the model to reflect the real-world 

processes under examination. This approach has been successfully conducted in several studies (e.g. 

Cao and Carling, 2002; Mergili et al., 2011; Frey et al., 2016). In the context of GLOF modeling, finding 

the best fit is often challenging due to the lack of measured data such as discharge records. Therefore, 

calibration can rely heavily on secondary data sources, such as eyewitness accounts, deposition vol-

umes or satellite imagery. For GLOF modeling, key parameters include the input hydrograph, DEM and 

friction coefficients that determine the flow behavior. These parameters can be adjusted using the trial-
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and-error approach, tuning them until the model best reproduces the past event. In retrospective GLOF 

modeling, for example, parameters like friction coefficients are tuned to simulate the flow’s character-

istics, such as flow heights or inundation extents.  

For the Weingarten Lake and South Lhonak case studies, calibration is based on site-specific literature 

(Huggel et al., 2003; Huggel et al., 2004; Sattar et al., 2021), as well as secondary data such as reported 

outflow volumes and deposition. Despite the lack of direct discharge records, these sources provided 

crucial information on peak discharges and total outflow estimates. For the South Lhonak site, addi-

tional qualitative data were adapted from local reports and news articles, which helped to calibrate the 

model despite being not precise (Chapter 2.3.1.3). Given the unique characteristics of both sites, cali-

bration is focused on tuning the friction coefficients μ and ξ to reflect the specific conditions of the 

Weingarten and South Lhonak Lake outflow valley. The default values μ = 0.2 and ξ = 200 m/s2 for these 

parameters in RAMMS were initially used (Bartelt et al., 2017). However, these settings are recom-

mended for debris flows with small specific information, and therefore need to be adapted to reflect 

the more water-saturated GLOF routings at both sites. In particular, higher values for ξ and lower values 

for μ are found to replicate the most accurate simulations of the past events, as detailed in the baseline 

simulations sections 3.3.1 for Weingarten Lake and 3.4.1 for South Lhonak Lake. 

To validate and further calibrate the model, satellite imagery and photographs can be used to compare 

model outputs with observed flood extents and deposition patterns of past events. This visual compar-

ison helps to ensure that the model accurately captures the spatial distribution and flow dynamics of 

the sediment-laden flows, tuning friction coefficients to match the observed flow height and inunda-

tion extent along the outflow path.  

Calibration of models is not only important for retrospective GLOF analysis but also provides valuable 

insights for predictive modeling on other potential GLOF sites with similar characteristics. By tuning 

friction coefficients and input hydrograph to the best fit of past events, these calibrated models serve 

as a baseline for evaluating the risk of future GLOFs or back-calculations of past events. Therefore, it is 

recommended that model parameters are well described in GLOF sites under examination. While the 

calibration process helps to reduce uncertainty in retrospective modeling, it is important to 

acknowledge the limitations of this technique. As discussed in Chapter 5.3.2, the lack of precise data 

and the uniqueness of events result in some degree of uncertainty, which can influence the accuracy 

of models.  

 

3.3 Simulation Scenario Weingarten Lake 

The glacial lake Weingarten presents a persuasive case study for the simulations of GLOFs due to its 

history of a past event and the mitigation measurements currently in place. This section outlines the 

methodologies and considerations involved in providing realistic simulations for the lake outflow, lev-

eraging state-of-the-art digital elevation models and the modeling tool RAMMS.  
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The scenario definition aims to understand the GLOF behavior under varying conditions, providing in-

sights into simulation setup and hazard mitigation. This is carried out by calibrating the baseline sce-

nario to the GLOF event of 2001 and exploiting alternative scenarios with modified input parameters, 

investigating the sensitivity of these parameters and the factors influencing the flow dynamics and the 

inundation extent.  

 

3.3.1 DEM Processing and Preparation 

The DEM applied in the simulations is accessed from the Swiss Government of Topography (URL: 

https://www.swisstopo.admin.ch/de/hoehenmodell-swissalti3d, last access: 17.05.2024). The DEM is 

called swissALTI3D and describes the Swiss surface without any vegetation and construction. The model 

is actualized every 6 years for the whole of Switzerland, meaning one-sixth of the Switzerlands area is 

actualized yearly. The structure can be provided as a 2 m or 0.5 m raster, whereas the latest is utilized 

for the simulations with RAMMS in this study. The provided data contains completed tiles with an area 

of 1 km2. As the area of the outflow of the Weingarten Lake is several kilometers long, the tiles are 

merged within the software QGIS.  

After the GLOF event of 2001, explained in Chapter 2.3.2.2, two dams were installed in the outflow 

routing of the glacial Weingarten Lake (see Appendix A)). One was built in 2006 above the Täschalp at 

2’250 m a.s.l.. The dam protects the houses of Täschalp and reduces the outflow volumes from 

Weingarten Lake before entering the Täschbach. The construction of the dam allows the outbreak of 

the Rotbach during an extreme event in a designated runout zone, depositing the material where no 

houses or infrastructure are endangered. The second dam is located at the fan apex of the Täschbach, 

above the village of Täsch at 1’472.7 m a.s.l.. The dam protects Täsch and holds back solid material in 

the river bed, allowing the water to travel further downstream. As the Baseline Scenario (Chapter 3.3.1) 

lays down to the GLOF event of 2001, the DEM had to be adapted in QGIS to the outflow topography 

of this time. Due to the lack of a precise DEM at that time, today's DEM was modified by excluding the 

dams to represent and approximate the terrain of 2001. 

The process of modifying the DEM to replicate the terrain during the past GLOF event involves several 

steps in QGIS, which are detailed in the following section. First, polygon shapefiles are drawn to delin-

eate the locations of the dams. The DEM is then cut by utilizing the “cut by layer mask” tool along the 

polygon shapefiles. As a result, the cut DEM contains nodata values in the corresponding areas of the 

dam locations, which allows for interpolation to represent the terrain of that time. The interpolation of 

the nodata areas is performed by utilizing the QGIS tool “r.fillnulls” (URL: https://grass.osgeo.org/grass-

stable/manuals/r.fillnulls.html, last access: 08.08.2024), which fills pixels with no value in the input 

rater and provides a completed output raster. The tool “r.fillnulls” uses the bilinear interpolation 

method, which calculates the value of a null cell by taking a weighted average of the values of its four 

nearest neighbors in the grid. In this method, values closer to the null cell have a greater influence on 

the final interpolated value, while more distant values contribute less. 

https://www.swisstopo.admin.ch/de/hoehenmodell-swissalti3d
https://grass.osgeo.org/grass-stable/manuals/r.fillnulls.html
https://grass.osgeo.org/grass-stable/manuals/r.fillnulls.html
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Furthermore, the interpolated DEM was tested with success through initial model simulations using 

RAMMS. Nevertheless, the validation was based only on the behavior of the simulated outflow. As a 

result, the DEM remains an uncertain variable, due to the approximation of the terrain at that time of 

the past event. 

3.3.2 Baseline Scenario Setup 

The Baseline Scenario of Täsch represents a retrospective simulation of the GLOF event that happened 

in 2001. The goal of the Baseline Scenario is to provide a solid, realistic scenario that can be adapted 

to different scenarios with various input values. However, as this thesis aims to investigate to what 

extent RAMMS can model GLOF events, the Baseline Scenario was calibrated qualitatively and no quan-

titative sensitivity analysis of friction parameters has been made on the Baseline Scenario itself. How-

ever, multiple simulations were conducted to explore the best fit of parameters regarding the past 

GLOF event. Precisely, the Baseline Scenario was calibrated regarding photographs (Figure 11) and the 

volumetric estimation of the outflow of Huggel et al. (2003). The parameter values used for the basis 

simulation are presented in Table 1.  

 

 

Figure 11: Overview of the deposited debris flow material in Täsch. The dashed black line represents the maximum deposi-
tion extent in Täsch of the Weingarten GLOF event in 2001. The picture is adopted from Huggel et al. (2004). 

 

The relatively small-scale GLOF in Täsch allows for a detailed simulation of the entire outflow path. To 

optimize computational efficiency, the resolution of the simulation was increased to 5 meters. This can 

be adjusted directly in the RAMMS software. Initially, a 0.5 m DEM was used for the simulations. While 

this finer resolution, would provide more precise results (Westoby et al., 2014), it was not feasible for 

this study due to the significant increase in computational demand that comes with a higher resolution. 

RAMMS calculates the mass flow for each cell, smaller cell sizes improve accuracy, but they also require 

more computational resources, which were not available in this study.  
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The input hydrograph parameters lie down to the numbers considered by Huggel et al. (2003). They 

estimated an outflow of the Weingarten lake of 6’000-8’000 m3. In this Baseline Scenario, 8’000 m3 is 

chosen for the hydrograph volume, as it fits best to the event from 2001. Regarding the relationship 

between the maximum peak discharge and maximum volume of Rickenmann (1999), the peak dis-

charge is set right at the input hydrograph with 178.400 m3/s. For the simulation, the hydrograph is 

located directly under the Weingarten Lake, as the highest volumes are expected to emerge right at 

the beginning of the lake outflow.  

The density is set to 2’000 kg/m3 for mass movement, which is the recommended default value for a 

debris flow (Bartelt et al., 2017). As Huggel et al. (2003) stated a range of deposited volume in Täsch 

of 20’000 to 30’000 m3, the GLOF is considered a debris flow in this baseline simulation. Hungr, Leroueil 

and Picarelli (2014) describe debris flows as very rapid to extremely rapid surging flow of saturated 

debris in a steep channel, with strong entrainment of material from the flow path. This is true for the 

first part of the outflow path above Täschalp, where great amounts of sediment are available (Huggel 

et al., 2003). The material consists of unconsolidated moraine material, which holds small cohesion. 

This is taken up in the simulations with an erosion polygon in this section of the flow path (Figure 7, 

Part A). However, the erosion polygon is set to the default values as there was no field survey conducted 

(Table 1). In contrast, in the second part after Täschalp, the river bed consists of big boulders and blocks 

that are considered as not erodible (Figure 7, Part B). Therefore no erosion polygon is applied in the 

simulations for the second part of the GLOF routing in Täsch.  

 

Table 1: Input parameter values of the basis simulation for the Weingarten Lake. 

Parameter Value 

Simulation resolution [m] 5  

Stopping criteria [%] 5 

Density [kg/m3] 2000 

Lambda [-] 1 

Hydrograph volume [m3] 8000 

Inflow direction [°] 180 

Time to peak discharge [s] 1  

Peak discharge [m3/s] 178.400  

μ [-] 0.200 

ξ [m/s2] 4000 

Erosion polygon 

Maximal eroded rate  0.025 

Shear factor 0.100 

Critical shear 1.00 

Limit erosion 0.00 
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To calibrate the Baseline Scenario to the real event, multiple simulations were made to simulate the 

real event. The simulation is compared to the real event and the parameters are set to get the nearest 

to the real event with the “best fit” approach (Cao and Carling, 2002). For this, available literature 

(Huggel et al., 2003; Huggel et al., 2004) about outflown water volumes and the picture of the depos-

ited material in Täsch (Figure 11) were used to ensure a realistic baseline model. The values of the 

friction parameters μ and ξ are set to 0.20 and 4’000 m/s2, respectively. A high-value ξ is chosen, as this 

parameter regulates the frictional resistance during high-speed movement, expecting to match the 

high flow velocities during the real event mentioned by Huggel et al. (2003). The μ value is set to the 

default value μ = 0.2 because the GLOF outflow is described as a debris flow. However, the discrepancy 

of ξ to the default does not affect the simulations significantly, indicating a low sensitivity of the friction 

parameter ξ.  

 

3.3.3 GLOF Event Scenarios for Weingarten Lake  

The goal of defining scenarios is to exploit the different input volumes, density and mitigation meas-

urements and their behavior regarding the inundation extent and flow heights occurring. To achieve 

this, scenarios with different input hydrographs, density and mitigation measurements are chosen (see 

Table 2), based on the reports of the real event observed in 2001. The other parameters, such as the 

friction parameters ξ and μ or DEM, are based on the Baseline Scenario and remain unchanged (see 

Table 1). This also includes the location setting of the hydrograph, right under Weingarten Lake. 

 

 

In Scenario 2 the input volume is decreased to 6’000 m3, as stated by Huggel et al. (2003), this is the 

minimum volume released during the observed event in 2001. The inundation extent and flow heights 

are expected to be smaller regarding the baseline scenario. 

Scenario 3 relates strongly to the Baseline Scenario as the input hydrograph values are kept the same. 

However, the density is decreased to 1’000 kg/m3 to exploit the flow behavior of a more fluid mass 

flow in comparison to the Baseline Scenario. As the default value of 2’000 kg/m3 relates strongly to 

debris flows, a value of 1’000 kg/m3 relates more to a water flow.  

Scenario 4 includes the same input parameters and friction coefficients as Sc3. However, for Sc4 today's 

terrain is used as the input DEM, representing the adaptation measurements in the terrain model. The 

Scenario Hydrograph 

volume [m3] 

Peak Discharge 

[m3/s] 

Density 

[kg/m3] 

DEM * 

Baseline Scenario 8’000 178.40 2’000 Without Dams 

Sc2 6’000 140.00 2’000 Without Dams 

Sc3 8’000 178.40 1’000 Without Dams 

Sc4 8’000 178.40 1’000 With Dams 

Table 2: Summarized input parameters for the scenario simulations in Täsch. *: The DEM without dams represents the DEM 
from 2001 which was modified in QGIS by excluding the obstacles from the terrain, whereas with dams represent today's 
terrain. 
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goal of this scenario is to make statements about GLOF dynamics with the implemented dams at 

Täschalp and the fan apex in front of Täsch. The results of the scenario simulations are presented in 

Chapter 4.2 and further discussed in Chapter 5.2. 

 

3.4 Simulation Scenario Lake Lhonak 

This chapter provides a detailed exploration of GLOF simulations in the South Lhonak region, leveraging 

RAMMS to model and study the flood dynamics and potential risks. The objective is to provide a com-

prehensive understanding of the methodology, varying event conditions and scenario development 

using the latest version of RAMMS. The gained insights aim to contribute to future research and im-

prove GLOF hazard assessments with RAMMS from a modeling point of view.  

3.4.1 DEM Processing and Preparation 

The digital elevation model (DEM) is a fundamental input parameter for simulations procured with 

RAMMS (Bartelt et al., 2017). To ensure the accuracy and reliability of the simulations, a detailed meth-

odology is followed to process and prepare the DEM of South Lhonak using QGIS.  

The DEM utilized for the simulations in this study is obtained from the USGS Earth Explorer platform 

(URL: https://earthexplorer.usgs.gov/, last access: 16.07.2024), specifically from NASA’s SRTM3 

SRTMGL1 satellite dataset. The dataset is identified as N27E088.SRTMGL1 was originally collected be-

tween February 11th and 21st in the year 2000 and was recently updated on the 30th of November 2023. 

Since RAMMS requires DEMs in the Cartesian coordinate system, the original projection of WGS84 was 

reprojected to the WGS 84 N84 coordinate system using the software QGIS. To improve the under-

standing and interpretability of the terrain, a hillshade layer was generated within the RAMMS soft-

ware.  

To increase the precision of the simulations, the original DEM resolution was resampled from 30 m to 

12.5 m. This resampling was done by using the tool “Warp (reproject)” in QGIS, with the target resolu-

tion set for both the X and Y axes. Bilinear interpolation was chosen as the resampling method, as it 

averages the values of the surrounding pixels, generating a smooth and continuous dataset suitable for 

modeling GLOF events. The updated resolution was confirmed by inspecting the metadata of the DEM 

and the performance of the initial debris flow simulations with RAMMS. A higher resolution is essential 

for accurate modeling because RAMMS performs calculations for each cell, as smaller cell sizes lead to 

a more detailed representation of the terrain and therefore for the simulations (Westoby et al., 2014). 

The level of detail is particularly important for the studies of localized mass flows, such as GLOFs, as 

the flow dynamics are captured in narrow valleys and other complex terrains. 

Because of the computational demands of working with large GLOF areas and therefore with large 

datasets, the DEM was clipped to focus on the Chungthang village. Initially, the DEM encompassed a 

60 km stretch of the valley from the South Lhonak Lake to Chungthang, containing approximately 

30’000 cells. However, the availability of a standard laptop was unable to process simulations of this 

scale of dataset. By reducing the area of interest to the Village of Chungthang, the computational load 

https://earthexplorer.usgs.gov/
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was lowered to approximately 5’000 cells. The reduction of cells not only allowed for manageable sim-

ulations but also enabled the use of a finer resolution of 12.5 m, as opposed to the coarser 100 m 

resolution used for the entire Teesta Valley from the South Lhonak Lake to Chungthang.  

The DEM resolution was considered to meet simulation quality criteria. According to Bartelt et al. 

(2017), the resolution should be at least four times smaller than the width of the channel being mod-

eled. For the Teesta River, with a channel width of approximately 70 to 80 m in the 1 km calculation 

domain of Chungthang, the 12.5 m resolution fits this requirement. This ensures that the terrain fea-

tures are captured accurately by the DEM.  

Further refinements were made to the DEM, addressing potential errors. First RAMMS simulations 

were made to identify issues such as sinks or depressions in the river bed. This again was cross-vali-

dated with satellite imagery of the riverbed. Any erroneous sinks were corrected using the GRASS GIS 

tool “r.fill.dir”, which produces a depressionless DEM. These corrections ensured the accurate repre-

sentation of the terrain without distortions that could compromise simulation results.  

To model the dammed lake around Chungthang, a polygon shapefile was created. Based on satellite 

imagery, an elevation attribute of 1’574 m a.s.l. was attributed. The polygon was integrated into the 

DEM using the QGIS tool “cut by layer mask” and the “rastercalculator” was used to establish a uniform 

elevation for the lake. The following expression ensured the lake surface was flat and impermeable:  

("DEM_mit_rfilldir” < 1574) * 1574 + ("DEM_mit_rfilldir " >= 1574) * " DEM_mit_rfilldir " 

Equation 1: Applied equation with the rastercalculator in QGIS for generating a flat area, which represents the lake in the 

DEM. 

This step ensured that the mass movement did not sink into the dammed lake during simulations. Alt-

hough this behavior is unrealistic, it is assumed that the mass movement would float slightly over the 

lake or remain suspended at least during the initial stages of entering the dammed lake. Given that 

Chungthang is surrounded by the lake, this dynamic increases the risk of inundation, especially if the 

lake is at full capacity.  

3.4.2 Baseline Scenario Setup 

The Baseline Scenario of Lhonak represents a retrospective simulation of the GLOF propagation that 

happened on the 4th and 5th of October 2023. The goal of the Baseline Scenario is to provide a solid, 

realistic simulation that can be adapted to different scenarios with varying input volumes. However, as 

this thesis aims to investigate to what extent RAMMS can model GLOF outflow events, the Baseline 

Scenario was evaluated and calibrated qualitatively on reports and satellite images and no quantitive 

sensitivity analysis has been conducted on the baseline scenario itself. The Baseline Scenario was cali-

brated regarding journal articles mentioned in Chapter 2.3.1.1. The articles hold pieces of information 

from civilians who saw the floods. Moreover, satellite images from before and after the event helped 

the optimal parameters to fit the event observed (Figure 6). The parameter values used for the basis 

simulation are presented in Table 3. 
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The Baseline Scenario is limited to the village of Chungthang, as the computational power is too de-

manding to simulate the whole valley (Chapter 3.4.1). The village of Chungthang is of special interest 

because of its socio-economic development and the hydropower station damaged in the 2023 event. 

The hydrograph is set 500 m before the Teesta River reaches Chungthang.  

The hydrograph input parameters, namely the volume and the peak discharge are reconstructed from 

reports from the inhabitants of Chungthang of the 4th October event (see Chapter 2.3.1.1). A 6 m flood 

is reported and noted in a journal article (URL: https://www.bbc.com/news/world-asia-india-

67017845, last access: 25.04.2024). Regarding the common discharge equation Q [m3/s] = a [m2]*v 

[m/s], the peak discharge at Chungthang can be estimated. With a given channel width of approxi-

mately 80 m and 6 m height of the flood wave parameter a, the cross-sectional area of the flow (wetted 

area), is denoted with 480 m2. The velocity of the GLOF is down to assumptions from Meyrat et al. 

(2024) and Sattar, Goswami and Kulkarni (2019), who state a flow velocity of 6 to 9 m/s for their large-

scale GLOF simulations. For the Baseline Scenario in the present study, a velocity of 6 m/s is chosen. 

Putting all values in the discharge equation 2’880 m3/s results. RAMMS uses the equation of Ricken-

mann (1999) to calculate the peak discharge respectively the input hydrograph volume. Rickenmann 

(1999) describes the estimated total volume in combination with empirical relationships between total 

volume and maximum discharge. Because of this relationship the input hydrograph volume of 225’000 

m3 results regarding the wetted area and flow velocity.  

The density of the moving mass is set to 1’200 kg/m3, as the GLOF consists relatively small amount of 

solid material regarding the almost pure liquid outflow of the South Lhonak Lake. Despite the dam 

breach which entrains great amounts of solid material right from the start (Richardson and Reynolds, 

2000), the default density for debris flows of 2’000 kg/m3 is considered too high. The entrained breach 

material is assumed to have been deposited earlier on in the flow channel of the GLOF. 

 

Table 3: Input parameter values applied in RAMMS for the basis simulation of South Lhonak Lake. 

Parameter Value 

Simulation resolution [m] 12.5  

Stopping criteria [%] 5 

Density [kg/m3] 1’200 

Lambda [-] 1 

Hydrograph volume [m3] 225’000 

Inflow direction [°] 320 

Time to peak discharge [s] 1  

Peak discharge [m3/s] 2’873.20  

μ [-] 0.04 

ξ [m/s2] 500 

  

https://www.bbc.com/news/world-asia-india-67017845
https://www.bbc.com/news/world-asia-india-67017845


44 
 

The process of erosion is neglected in the simulations of South Lhonak, due to the lack of information 

on the geology of the valley as well as the availability of sediments in the river bed. The entrainment 

of the solids is therefore not further evaluated, as this would have been a vague parameter and affected 

the results strongly without fundamental information on erosion. 

Scholars from Iribarren Anacona et al. (2018) and Frey et al. (2018) show that setting ξ = 500 m/s2 

represents the turbulent friction during debris flow events accurately. The parameter μ = 0.04 is con-

sidered reasonable for hyperconcentrated flows according to Stricker (2010). Multiple simulations were 

applied with changes in ξ and μ values. However, in this Baseline Scenario, the parameters of ξ = 500 

and μ = 0.04 are chosen, as the simulations resulted in promising inundation extents and flow heights.  

 

3.4.3 GLOF Event Scenarios for South Lhonak Lake 

The objective of defining multiple GLOF scenarios is to examine how varying input volumes, based on 

the peak discharges, influence the inundation extent and flow heights at Chungthang. These scenarios 

are defined based on reports from the 2023 event, supplemented by velocity ranges observed from 

similar large-scale GLOF events globally (e.g. Frey et al., 2016; Meyrat et al., 2024).  

The four modeled scenarios (Sc1, Sc2, Sc3 and Sc4) visualized in Table 4 are built on the Baseline Scenario 

described in Chapter 3.4.2. The DEM of the riverbed topography and the hydrograph location remain 

the same as the Baseline Scenario. The friction coefficients ξ = 500 and μ = 0.04 are kept unchanged 

regards the Baseline Scenario to isolate the effects of varying flow parameters on inundation extents 

and flow heights. A similar scenario definition approach was successfully applied in the study of Sattar 

et al. (2021), demonstrating the validity of defining multiple scenarios for GLOF event examination. 

 

Scenario Velocity 

[m/s] 

Discharge 

[m3/s] 

Wetted Area 

[m2] 

Flow Height 

[m] 

Input volume* 

[m3] 

Sc1 8 3’840 480 6 319’000 

Sc2 6 4’800 800 10 420’000 

Sc3 8 6’400 800 10 590’000 

Sc4 8 7’680 960 12 730’000 

 

Table 4: Summarized parameters for the input hydrograph of the simulated scenarios. *: Input volume calculated utilizing 
the equation of Rickenmann (1999) within RAMMS. 

 

In Scenario 1, the flow velocity is increased to 8 m/s compared to the Baseline Scenario. Due to the 

absence of measured data from October 4th, this value aligns with literature, such as Sattar, Goswami 

and Kulkarni (2019), who documented velocities between 7.4 and 7.6 m/s for GLOF events in the 

Alaknanda basin, Uttarakhand, India. The flow height remains at 6 m, consistent with the Baseline 
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Scenario, resulting in a calculated discharge of 3’840 m³/s at Chungthang. The wetted area is estimated 

at 480 m2, corresponding to the assumed cross-section of the riverbed. 

Scenario 2 explores the influence of flow height, increased flow heights to 10 m are chosen, reflecting 

the vague eyewitness reports from the 4th of October 2023. With an assumed riverbed cross-section of 

80 m, the wetted area expands to 800 m2, leading to a peak discharge of 4’800 m³/s, while velocity is 

set to 6 m/s to examine a lower energy flow condition. 

Combining the parameters from Scenarios 1 and 2, Scenario 3 maintains the increased flow height of 

10 m while applying a higher velocity of 8 m/s, resulting in a peak discharge of 6’400 m³/s. The wetted 

area remains at 800 m2, consistent with the adjusted flow conditions.  

Scenario 4 demonstrates the most extreme conditions, with flow height assumptions increased to 12 

m, resulting in a wetted area of 960 m2. The velocity remains at 8 m/s, generating the highest discharge 

of 7’680 m³/s. This scenario provides an extreme case estimation for the potential GLOF impact at 

Chungthang. 
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4 Results 

4.1 Simulation Results for South Lhonak Lake 

The results of the South Lhonak GLOF simulations provide critical insights into the inundation patterns, 

flow heights, flow dynamics and sediment deposition characteristics at Chungthang. Applying the 

RAMMS model, four scenarios (Sc1 to Sc4) were developed in Chapter 3.4.3 to simulate the retrospec-

tive GLOF event of autumn 2023. The scenarios enable the comparison of observed event values with 

modeled outputs, underscoring the key differences in inundation extent, flow dynamics and heights. 

The following sections begin with an analysis of simulated flow heights and inundation extents, con-

tributing to a quantitative and visual comparison of the four scenarios to the real event. It examines 

the runout characteristics and flow behavior, stressing variables such as momentum, velocity, pressure 

and shear stress. This provides a deeper understanding of the GLOF behavior and its destructive po-

tential at Chungthang. Finally, the section evaluates the deposition patterns of sediments and discusses 

uncertainties within the simulation process, reflecting the model assumptions and the limitations of 

the input data.  

4.1.1 Inundation Extent and Flow Heights 

The results of the RAMMS simulations for the four scenarios Sc1 to Sc4 are shown in Figure 12, illus-

trating both the flow heights and the inundation extents at their maximum extents occurring during 

the flow. The flow heights are depicted with a color gradient, where violet indicates smaller depths 

from 0.2 m to 3 m and orange/red represents the highest depths, reaching a maximum of 18 m. The 

red, dashed line indicates the maximum inundation extent of the observed event of the 3rd of October 

2023, allowing the comparison of the simulation results with the real event.  

The simulated scenarios, Sc1 to Sc4, reveal notable variations in distribution and extent of inundation, 

underscoring the influence of differing input volumes on flood dynamics. Generally, the inundation 

expands from Sc1 to Sc4 progressively, with a significant increase in Sc3 and Sc4 compared to Sc1 and 

Sc2. This progression reflects the increased input volumes in the applied RAMMS simulations. 

Regarding the spatial distribution, the inundation patterns are concentrated in the main river bed and 

its adjoining floodplains. The upstream and downstream sections exhibit variations in inundation ex-

tent, reflecting the scenario-specific conditions (input volume) and the influence of the local topogra-

phy (DEM). The scenarios Sc3 and Sc4 inundated area extends more widely into the riverbeds surround-

ing terrain, affecting broader areas of the landscape compared to Sc1 and Sc2. While south of the riv-

erbed the inundation areas are similar across all scenarios, differences appear northwest, with greater 

inundation extents occurring in Sc3 and Sc4. This suggests that not only do these scenarios with higher 

input values involve higher flood discharges but also result in more widespread flooding affecting more 

infrastructure. Therefore, Sc3 and Sc4 underscore the increased risk to critical infrastructure and hu-

man settlements.  
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Figure 12: The red line is the maximum inundation area of the event on the 3rd of October obtained from satellite images 
after the event. Scenarios 1-4 the spatially distributed flow height. The red point indicates the location of the simulated flow 
heights in Figure 13.  

 

The overall inundation distribution remains consistent across all scenarios within the river bed. The 

varying extents reflect the system's sensitivity due to changes in input volumes. These results empha-

size the importance of considering a range of scenarios in flood risk assessment and provide valuable 

insights for informing mitigation strategies, land-use planning, and emergency response measures. 

The relationship between resulting flow heights and input volume in the simulation scenario Sc1 to Sc4 

reveals a strong linear trend, as indicated in Figure 13 by the regression line (dashed purple line). Flow 

heights increase with higher input volumes progressively, ranging from 8.64 m in Sc1 to 11.76 m in Sc4 

at the measuring point located south of Chungthang in the river bed (red point in Figure 12). This con-

sistent upward trend represents how the changes in input volumes directly influence the hydraulic re-

sponse of the model.  

High flow height hotspots are concentrated within the river channel, where the terrain constrains the 

flow, causing water levels to rise significantly, as indicated by the orange color in Figure 12. These areas 

experience the greatest rise in flow height and and volumes. However, flow heights out of the river bed 

are of special interest, as the infrastructure and settlements of Chungthang are affected. Especially, Sc4 

depicts flow heights between 0.2 m and 3 m, colored violet, affecting the village of Chungthang north-

west of the riverbed. Emphasizing the heightened exposure to GLOF risk in this urban and infrastruc-

tural zone. In contrast, lower flow heights in scenarios Sc1 and Sc2 result in more localized inundation 

patterns, with maximum flow heights confined to the river channel.  
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Figure 13: Relationship between input volume [m3] and simulated flow heights [m] for the applied scenarios 1-4 in the riverbed 
of Chungthang (red point in Figure 12). The green points are the observed flow heights, and the purple dashed line represents 
the linear regression line fitted to the data, illustrating the correlation between input volume and flow height.  

 

Overall, the results show a progression in both flow heights and inundation extents from Sc1 to Sc4, 

with Sc1 showing the lowest and Sc4 the most extensive inundation and highest flow depths. However, 

the results all show smaller extents than the real-world event. A comparison of the flow heights and 

the observed event seems to be challenging, as there is no data available regarding occurred flow 

heights. 

 

4.1.2 Flow Dynamics and Runout Characteristics at Chungthang 

The results of Scenario 4 (Sc4) are illustrated in Figure 14, displaying the spatial distribution of maximal 

momentum, maximum velocity, maximum pressure and maximum shear stress across the area of in-

terest. Every variable is represented with color gradients indicating the magnitude of the respective 

values.  

Maximum momentum combines both flow velocity and flow depth into a single measure, allowing 

insights into the force and energy carried by the water during a simulated event. Momentum indicates 

the potentially destructive force and energy of the water, which is of importance regarding risk assess-

ment. Moreover, the momentum allows us to make statements about the flow behavior of the GLOF. 

High momentum often occurs when the velocity and flow depth are increased, such as in more narrow 

channels, steep terrain gradients or constricted riverbeds. The maximum momentum, the top left 
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panel, is concentrated along the river bed and adjacent areas. In the upstream section of the river, 

northwest of Chungthang, higher momentum values are observed in areas where the cross-section is 

narrower. The momentum decreases gradually as the simulated flow moves downstream towards 

wider cross-sections and the dammed lake.  

 

 

Figure 14: Different variables are displayed for Scenario 4, with the maximal momentum (top left panel), maximal velocity 
(top right panel), maximal pressure (bottom left panel) and maximal shear stress (bottom left panel).  

 

The maximum velocity is shown in the top right panel of Figure 14 and provides information about the 

speed and dynamics of water flow during the simulated GLOF event. High-velocity areas typically occur 

where the water has the greatest kinetic energy. Allowing the analysis of the flow behavior of the water 

flow. For instance, how the water moves through different topography, how it accelerates in a narrower 

cross-section and how it slows down in wider, open floodplains. The simulated results of the maximum 

velocity follow a similar spatial pattern as the maximum momentum. The highest velocities occur along 

the river channel and in confined areas of the flow. Elevated velocities are occurring in the northwest 

of Chungthang in the upstream section of the area of interest. In the downstream section, before the 

river enters the dammed lake, the velocity is reduced across the broader floodplain. Lower velocities 

are noticeable in the dammed lake because the lake is considered a flat area in the DEM.  

The maximum pressure is shown in Figure 14 in the bottom left panel because the pressure directly 

relates to the force exerted by water during the flow. High-pressure areas not only allow statements 

about the flow behavior but also how flows can cause damage to infrastructure. The highest pressures 

are evident in the upstream section and along narrow parts of the floodplain, with pressure values 
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decreasing as the flow expands downstream. A few isolated areas with elevated pressure can also be 

seen further along the floodplain. Especially on the right edge of the riverbed high-pressure values are 

occurring, because the river changes slightly in its direction and centrifugal forces are higher.  

The maximum shear stress is directly related to the force exerted by flowing water on the river bed or 

the surfaces that are overflown. It can be seen as a key factor for erosion and sediment transport and 

is therefore important to understand the flow behavior and the potential erosion and deposition areas. 

In Figure 14 bottom right panel, two distinct areas of higher values can be seen. One section can be 

identified in the northwest and the other in the southwest part of the area of interest. Primarily the 

high values are concentrated in the river bed. The magnitude of the simulated flow is high just before 

the river joins the dammed lake, where values decrease. 

Overall, the maximal momentum, maximum velocity, and maximum pressure behave strangely, as in 

localized strings high values occur. This indicates that either RAMMS is not capable of simulating the 

exact variables or the DEM applied is leading to misinterpretation of the results. A precise interpreta-

tion of these simulations is therefore not possible.  

 

 

Figure 15: Maximum deposition [m] displayed at the Village of Chungthang for Scenario 4. 

 

The maximum deposition height in Scenario 4 is shown in Figure 15. The deposition layer illustrates the 

spatial distribution of sediment deposition in the study area, represented as a color gradient from low 

deposition heights in purple and high deposition heights in red. The darkest red regions within the 

deposition layer indicate that the maximum deposition height reaches 6.2 m. The spatial distribution 

shows the highest deposition occurs primarily when the river enters the dammed lake, following the 

natural terrain where the route is flattening and the velocity of the flow decreases. This suggests that 

the hydrodynamic forces play a significant role in controlling the deposition of the sediments and its 
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deposition. The upstream section experiences small amounts of deposition, as the river bed still has a 

terrain gradient that is high enough to transport sediments. The deposition expands out of the river 

channel and floodplain, reaching houses in Chungthang. The deposition heights reach some houses 

heights of 2 m, whereas most houses are affected by small deposition values as indicated by the purple 

shading. The observed inundation boundary (red dashed line) and the deposition simulation do not 

match, as the simulated deposition area is smaller than the ones from the real event. However, there 

is no data available on deposition values from the real event, which only allows the comparison of the 

deposition extent. 

 

4.1.3 Uncertainty in Simulation Results 

For the simulation of the GLOF routing at Chungthang, several uncertainties have to be addressed. The 

uncertainties affect the DEM, input hydrograph and the friction parameters used.  

As the DEM is one of the most important parameters in GLOF modeling according to Bartelt et al. (2017) 

the DEM has to be critically analyzed with the variable of the simulated GLOF case. Regarding the flow 

heights of the applied scenarios 1 to 4 (Figure 12) as well as the deposition map of Scenario 4 (Figure 

15) no anomalies can be observed. However, maximum pressure, maximum momentum and maximum 

velocity (Figure 14) behave strangely. For instance, one would expect higher velocities in the middle of 

the flow, as friction is lower than towards the riverbanks. In the simulations at Chungthang velocities 

are highest at the riverbanks, implicating that something is wrong with the DEM applied. The maximum 

momentum underscores this statement, as there are some strands where higher momentum values 

are recognizable. The exported layer of maximum pressure therefore is possible to occur as displayed 

in Figure 14, since high-pressure zones occur at the riverbanks on the outside of the river curve. More-

over, in the applied DEM the dammed lake is oversimplified. The DEM sees the lake as a flat area at an 

elevation of 1’574 m a.s.l.. This means that the simulated movement flows over the lake, and not like 

in the real event into the lake. That’s also the reason why values are occurring on the lake of the differ-

ent variables shown in Figure 12, Figure 14 and Figure 15. In addition, the lake is set to an elevation of 

1574 m a.s.l., which is set to this value according to the satellite images available. The elevation of the 

dam could have been way higher before the GLOF event on the 3rd of October. This can have a great 

impact on the inundation behavior, leading to an earlier flow into the lake and therefore backwash the 

mass movement more upstream. Leading to an earlier outflow of the GLOF, affecting more infrastruc-

ture northeast of the river.  

Regarding the input hydrograph values, several assumptions had to be made (Table 4). Beginning with 

the wetted area as the base of the discharges applied in the simulations. The wetted area was defined 

through satellite images and reported flow heights, 80 m for the cross-section and 6 m of flow heights. 

Both values are locally rooted and therefore can change along the projected area at the village of 

Chungthang. Especially, it is unknown where the 6 m of flow height has been seen and if they took into 

account that the river in a normal situation already has its flow depths. The volume has been adjusted, 

so the peak discharge fits the calculated discharge generated from the wetted area and the expected 
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flow velocity. The values of the flow velocity are based on the literature of similar GLOF cases (Sattar, 

Goswami and Kulkarni, 2019; Meyrat et al., 2024), which is therefore also just an assumption and a 

vague variable.  

Friction parameters are set according to the “best fit” method, which is seen as a standard practice in 

retrospective modeling (Cao and Carling, 2002). The pros and cons of this method are explained in 

Chapter 5.3.2, simulations are done with friction parameters on default values and then changed to 

the optimal behavior of the flow simulations. To examine the values of the parameters, several simula-

tions are applied and changed to the best fit. This is only possible for retrospective modeling, whereas 

in prediction modeling other GLOF events that seem similar to the investigated GLOF are chosen to 

examine the friction parameters. However, the sensitivity of these parameters is low regarding the sen-

sitivity of the DEM or the flow discharges.  

Generally, there is widespread uncertainty as there was little information available for the GLOF event 

of South Lhonak Lake at the time when the simulations were conducted in this thesis. This is true for 

reports in journals or also in literature, as the first scholars on the GLOF event from 2023 are now 

available (Yu et al., 2024; Zhang, Wang and An, 2025; Sattar et al., 2025). 
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4.2 Simulation Results for Weingarten Lake 

This section exploits the results of the different scenarios modeled with RAMMS at the Weingarten 

Lake GLOF site. As the flow propagation from the origin to Täsch is about 5 km, the results are shown 

for two sites of interest, due to visualization purposes. The two sites Täschalp and Täsch are of special 

interest because of the houses and infrastructure and the implemented dams after the GLOF event 

2001.  

4.2.1 Inundation Extents and Flow Heights at Täschalp 

The results of the RAMMS simulations for the four scenarios at Täschalp, from the Baseline Scenario to 

Scenario 4, are shown in Figure 16. The results illustrate both the flow heights and the inundation at 

their maximum extents occurring during the flow for the outflow Part A (Figure 7) from Weingarten 

Lake to Täschalp. The flow heights are depicted with a color gradient, where violet indicates minimal 

depths of 0.5 m to 2 m and orange/red represents the highest depths, reaching a maximum of 8 m.  

In the Baseline Scenario and Scenarios 2 and 3, similar flow dynamics can be observed with slightly 

different values in flow heights and inundation extents. These scenarios show the inundation of the 

houses in Täschalp with depths reaching up to 3 m at some houses (see Sc3, Figure 16). All scenarios 

show the exceeding of the riverbed right above Täschalp with increased values in the riverbed. Contin-

uing flowing downstream to Täsch occurs in all scenarios except Scenario 4. In addition, maximum flow 

heights occur at the same places in the riverbeds, where smaller cross-sections define the terrain. 

These smaller cross-sections are recognizable when a resource management pathway crosses the riv-

erbed. The cross-section is smaller because of the natural terrain and an existing river correction ena-

bling crossing the riverbed to manage resources. While Scenario 2 has the smallest values with a max-

imum flow height of 5.5 m above Täschalp, Scenario 3 shows a flow height of 8.5m and the Baseline 

Scenario 7 m.  

Scenario 4 with the present DEM, including the mitigation measurements, behaves significantly differ-

ently regarding the Baseline and Scenarios 2 and 3. The GLOF outflow stops right before entering the 

village of Täsch, with maximum flow heights of 13.5 m occurring at the implement dam. The mass flow 

exceeds the riverbed southwards with values between 0.5 m to 1.5 m, as the slope flattens the flow 

height values decrease. The houses of Täschalp are not affected by the GLOF propagation, as the im-

plementation of the dam stops the flow and directs it to the designated runout zone. Despite the low 

density (1’000 kg/m3, see Table 2) of the mass flow, the propagation of the GLOF does not continue 

flowing downstream towards Täsch. However, the simulated outflow in Scenario 4 behaves the same 

as the other scenarios regarding its dynamic and the occurring flow height hotspots. 

The deposition of the solid material is occurring in the riverbed and especially at the implemented dam. 

The values are between 0.5 m within the riverbed and a maximum of 13.5 m at the dam. Almost no 

deposition occurs at the beginning of the outflow, the values range under 0.5 m and increase when the 

cross-section gets smaller.   
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Figure 16: Inundation extent and flow height for Baseline Scenario, Scenario 2, Scenario 3 and Scenario 4 at Täschalp.  
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4.2.2 Inundation Extents and Flow Heights at Täsch 

The results of the RAMMS simulations for the four scenarios at Täsch, from the Baseline Scenario to 

Scenario 3, are shown in Figure 17. The Scenario 4 is not mentioned in these results, as the GLOF al-

ready stops at Täschalp and does not affect the village of Täsch (see Figure 16). The simulated results 

illustrate both the flow heights and the inundation extents at their maximum extents occurring during 

the flow for the outflow Part B (Figure 7) from Täschalp to Täsch. The flow heights are depicted with a 

color gradient, where violet indicates minimal depths of 0.5 m to 2 m and orange/red represents the 

highest depths, reaching a maximum of 8 m.  

All three scenarios show similar inundation extents with the smallest extent of Scenario 2, thus it is 

only a few meters overall, the extent north of the river is 30 m smaller compared to Scenario 3 and 

about 10 m smaller compared to the Baseline Scenario. In all scenarios, high flow height values are 

occurring the gorge at the fan apex before Täsch, where the present dam is situated. The highest values 

occur for Scenario 3 and the Baseline Scenario, both with values of approximately 5.2 m whereas Sce-

nario 2 has about 4.5 m. The flow initially appears to follow the main, channeled river but spreads 

extensively into residential areas. In all scenarios the mass flow exceeds the river bed south- and north-

wards the riverbed, with the higher values occurring south of the riverbed. With flow height values of 

up to 1.5 m by the houses nearest to the river bed (turquoise color). Regarding the event of 2001 (Fig-

ure 11), the GLOF outflow exceeds the riverbed mainly southwards, with a small extent affecting houses 

north of the riverbed. However, the simulations show a similar behavior of the GLOF south of the riv-

erbed regarding the real event. Thus the outflow towards the north of the village does not correspond 

to the event of 2001.  

The comparison of the applied scenarios highlights the importance of defining the input hydrograph 

and the flow density. While the Baseline Scenario presents extensive inundation and high flow heights 

across the village of Täsch, Scenarios 2 and 3 show significant improvements in flow containment. Par-

ticularly Scenario 3. 
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Figure 17: Inundation extent and flow height for Baseline Scenario, Scenario 2 and Scenario 3 at Täsch.  
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4.2.3 Uncertainty in Simulation Results 

For the simulations of the GLOF propagation of the Weingarten Lake, several uncertainties have to be 

addressed. Despite the inexistence of discharge measurements, the uncertainties can be addressed 

mainly by the DEM used, as the volume of the lake was known before and after the outflow the input 

hydrograph is quite evident.  

The DEM plays a crucial role in modeling GLOFs with RAMMS, as it is the base and calculation domain 

of the simulations. To compare the simulations with the real event of 2001, the DEM was modified in 

QGIS to replicate the terrain in 2001 because of the inexistence of a high-resolution DEM. The modifi-

cation involves some uncertainties, despite being tested several times. This affects mainly the location 

of dams, which had to be excluded from the present DEM. Regarding the location above Täschalp (Fig-

ure 16), the simulations show high flow height values where the present dam is located, indicating that 

the dam is still present in the DEM or the cross-section is too narrow. However, the flow continues to 

propagate downstream to Täsch within the riverbed as visualized in the simulations with higher vol-

umes. Regarding the second location, at the fan apex of the village of Täsch (Figure 17), the flow seems 

to be dammed as the flow height values are high. However, before the dam implementation, there was 

an existing natural gorge with a small terrain gradient, which can also be seen as a reason for the high 

occurring values. In addition, the used swissALTI3D DEM does not account for houses and infrastruc-

ture which allows the simulated flow to run through the houses. The presence of houses in the DEM 

would lead to different behavior of the flow, especially regarding the GLOF exceeding south of the riv-

erbed in Täsch.  

The friction parameters were defined with the best-fit approach (Cao and Carling, 2002). Multiple sim-

ulations were executed to generate the best fit for the coefficients, however, as there is not a lot of 

information about the GLOF of Weingarten Lake despite the input volumes, the definition of friction 

parameters has to be seen critically.  

As no field observation is conducted in the scope of this thesis, the erosion polygon at the outflow part 

above Täschalp (Figure 7, Part A) is set to the default values of RAMMS (Bartelt et al., 2017). Therefore 

uncertainties regarding the decision of the erosion parameters can be asked. However, because of the 

unconsolidated material, the erosion polygon seems to be the right decision despite being set to de-

fault.  

The simulation resolution of 5 m impacts the outflow behavior, as RAMMS calculates the flow for each 

cell. A better resolution of the simulations would allow a more precise result, despite that, the compu-

tational power limits the resolution conducted in this thesis.  
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5 Discussion 

5.1 Model Comparison: South Lhonak Lake Simulations 

The South Lhonak GLOF simulations serve as a tool for mitigating and comprehending the potential 

impacts of catastrophic events. This section discusses the retrospective modeling outcomes of this 

study with simulations from other established models namely HEC-RAS (Sattar, Goswami, et al., 2021) 

and r.avaflow (Zhang, Wang and An, 2025). By analyzing these comparisons, the strengths and limita-

tions of different modeling approaches emerge, emphasizing their ability to replicate real-world events 

like the GLOF in autumn 2023.  

The employed RAMMS software enabled the simulation of outflow dynamics of the South Lhonak 

GLOF, focusing on its propagation and the downstream area, specifically at Chungthang. In contrast, 

the previous studies incorporated a more holistic or cascading approach to model GLOFs, including 

moraine breaches and triggering events (Sattar et al., 2021; Zhang, Wang and An, 2025). These diverse 

methodologies and scopes allow one to examine distinct modeling tools' performance, assumptions 

and simulation outcomes. The comparison explores differences and similarities in simulated inundation 

extents and underscores significant variations in flow depths and methodological assumptions. While 

simulations conducted with HEC-RAS provide valuable insights into the water flow dynamics, they ne-

glect the influence of sediments and debris, as modeled by RAMMS. Similarly, r.avaflow takes on a 

hybrid approach but exhibits an overestimation of flow heights and inundation extents, due to differ-

ences in terrain treatment and model assumptions.  

The first section examines the comparison of the results with HEC-RAS simulations in Section 5.1.1, 

followed by the discussion of r.avaflow outcomes in Section 5.1.2. Through the comparisons, the prac-

tical application, limitations and relative accuracy of each model are explored, offering advancements 

and challenges and a comprehensive understanding of GLOF modeling.  

 

5.1.1 Comparison with HEC-RAS Model 

Sattar et al. (2021) simulated the potential GLOF as a cascading process, involving not only modeling 

the outflow of the glacial lake South Lhonak but also triggering mass movement, such as the moraine 

breach process or an avalanche bursting into the lake. Their approach combined simulations using 

RAMMS::Avalanche for the avalanche process and HEC-RAS (2D) for the subsequent breach and out-

flow routing. On the other hand, this study focuses solely on the retrospective simulation of the outflow 

using RAMMS. 

In Sattar et al. (2021), the wave impulse and the subsequent overtopping of the dam caused by the 

triggering mass movement were used as input hydrographs for the HEC-RAS simulations to model the 

downstream flow dynamics. A roughness coefficient was applied within the simulations, ranging from 

0.034 to 0.11, with higher values representing vegetated areas. However, their simulations consider 

water-only flow dynamics, as HEC-RAS does not account for suspended debris or deposition processes. 
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The DEM used applied is a 30 m SRTM resampled to 12.5 m. The radiometrically terrain-corrected ele-

vation product was released by the Alaskan Satellite Facility in October 2014. The dammed lake surface 

is treated as a flat area solid area in the DEM. 

The comparison between the software HEC-RAS (2D) and RAMMS is facilitated by the near-identical 

DEM with the same resolution used in both studies. However, a key distinction is the temporal ap-

proach. Sattar et al. (2021) conducted a predictive simulation, in contrast to the retrospective in this 

study, aligning the model output with the real event that happened in 2023. Furthermore, erosion 

processes are neglected in both studies due to the lack of available field observations and data. For 

visualization purposes, the symbology used by Sattar et al. (2021) was adopted in QGIS to match the 

presentation style for easier comparison between the results (see Figure 18). For the result compari-

son, Scenario 4 (Sc4) from this study was selected alongside the Scenarios (SC-1p, SC-2p, SC-3p) from 

Sattar et al. (2021), as both scenarios closely match the observed inundation extent of the real event.  

 

 

Figure 18: Simulated flow depth and inundation extent with RAMMS (A) and HEC-RAS (B) adopted from Sattar et al. (2021) at 
Chungthang. 
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Both simulations show a similar inundation extent in the Village of Chungthang, demonstrating general 

agreement in terms of spatial coverage. However, significant differences appear when analyzing the 

flow depths of the simulations. The RAMMS simulation results for Sc4 fall between the outputs of SC-

2p and SC-3p from Sattar et al. (2021). Within the village, the extents simulated by Sc4 and SC-2p are 

nearly identical, signifying a consistent spatial pattern. However, on the lake surface, Sc4 results align 

closely with SC-3p, as both models treat the lake surface as a flat and constant elevation in their DEMs.  

However, flow heights vary strongly regarding the two flow models. As in general the simulations done 

with HEC-RAS show higher flow depth values. Results done with RAMMS do not exceed 15 m of flow 

depths, whereas the results of HEC-RAS exceed 30 m of flow, despite having almost the same inunda-

tion extent. The concentration of higher flow depth in both simulations is notable west of Chungthang. 

Note that maximum values of over 20 m occur in SC-2p and SC-3p 30 m HEC-RAS simulations, compared 

to Sc4 where smaller heights are detected with a maximum of 15 m. The occurrence of the same spatial 

concentration maximum flow heights west of Chungthang is certainly due to the DEM used in both 

models. Two assumptions can be drawn about why the concentrated high values occur in both simula-

tions. One is that both DEMs have sinks in the riverbed. As the DEM is the base of all the simulations 

applied, the simulated flow fills up the sinks in the riverbed, resulting in high flow heights. Two, the 

river enters at this location dammed lake which can lead to a backwash of flowing water, leading to 

elevated flow heights. Explaining the same spatial concentration and the high differences in maximum 

flow heights is challenging, as there is no further information in Sattar et al. (2021) about hydrodynamic 

modeling with HEC-RAS. An assumption can be that the used DEM has deeper sinks in the riverbed for 

the HEC-RAS results. The sinks in the DEM are smoothened in QGIS for the simulations of this study 

(Chapter 3.4.1), as the flow depth transition was too high regarding the first applied simulations.  

A great difference between the results is recognizable on the lake's surface. The results of HEC-RAS 

simulations show a concentration of high-depth values, reaching up to 30 m in SC-3p. In contrast, the 

applied RAMMS simulation shows small values on the lake with a maximum of 5 m. Therefore it can be 

assumed that the lake surface was threatened differently in the simulations of Sattar et al. (2021) com-

pared to the simulations of this study.  

 

5.1.2 Comparison with r.avaflow Model 

Zhang, Wang and An (2025) simulated the South Lhonak GLOF event of 2023 as a cascading process 

including the failure of the lateral moraine, dam breach and outflow with r.avaflow. Their study ap-

proach was to simulate the whole GLOF process chain with one model. In the scope of this thesis, the 

focus lies on flood propagation and the modeling performance of r.avaflow compared to RAMMS.  

Zhang, Wang and An (2025) used a cell size of 40 m due to the computing power limitations. Despite 

the GLOF being a mixture of mobile water and sediment, the solid and fluid phases were simulated 

separately. The entrainment for each basic cell was calculated by multiplying the total kinetic energy of 

the flow with the entrainment coefficient. The deposition was calculated using the simplified Pudasaini 
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and Krautblatter (2021) model. The simulation outcomes were evaluated based on the difference be-

tween the simulated and the observed inundation extent. Zhang, Wang and An (2025) utilized 11 cru-

cial parameters and 6 of them were recognized as sensitive and crucial for the simulations of the South 

Lhonak GLOF event (see Appendix E)). Through an expert-based local optimization strategy, the best 

combination of these sensitive parameters was selected.  

The comparison between r.avaflow and RAMMS is possible since both models are applied in retrospect 

and share simulation results at Chungthang. However, the key distinction can be made as Zhang, Wang 

and An (2025) modeled the whole cascading GLOF process as well as the entire flood routing from the 

South Lhonak Lake to Chungthang. Whereas the simulations applied in this study focus only on the 

village of Chungthang, due to computing power limitations.  

 

 

Figure 19: Comparison of simulated flow heights between RAMMS (left panel) and r.avaflow (right panel) at Chungthang. The 
red lines in both panels indicate the inundation extent of the observed event.  

 

The two panels in Figure 19 present the inundation extent and maximum flow heights simulated using 

RAMMS (left panel) and r.avaflow (right panel). Both models capture the general flow pattern and un-

derline the key areas affected in Chungthang. However, notable differences emerge regarding the ex-

tent and the flow height distribution. The simulation scenario Sc4 is chosen for the comparison, as it 

matches the closest real event. 

The r.avaflow simulations show a significantly greater inundation extent, covering the entire village of 

Chungthang and extending up the surrounding steep valley flanks. The simulated extent goes beyond 

the real inundation extent of the 2023 GLOF event. The simulations suggest, that all infrastructure of 

Chungthang is affected by the GLOF, which overestimates the impact area. The overestimation of the 

inundation extent is also recognizable in areas downstream of the existing dam, where the simulated 

GLOF covers the entire valley, exceeding the observed flow pathway of October 2023. The simulations 

with r.avaflow produce significantly higher values regarding flow heights, with maximal peaks exceed-

ing 50 m in certain areas. These extreme values are particularly concentrated in the riverbed and the 
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lake, producing two distinct hotspots of high flow values. The first hotspot occurs upstream, northwest 

of Chungthang within the riverbed, where the riverbed is more channelized. The second hotspot is 

observed south of Chungthang, where the dammed lake is located, with flow height values ranging 

between 20 and 50 m. Such high values are notable, as they suggest that the lake is treated without a 

waterbody. This modeling approach appears to inflate the simulated flow heights within the lake and 

also for the downstream areas. 

In comparison, the conducted RAMMS simulation recorded a more constrained and smaller distribu-

tion of flow heights. Maximum values are smaller with 15 m and are strongly concentrated in the riv-

erbed. Smaller values occur in the immediate surroundings. However, both simulations show a gradual 

decrease in flow heights away from the riverbed, which aligns with the observed real event. The treat-

ment of the dammed lake is a critical distinction between the simulated GLOFs. R.avaflow apparent 

treatment of the lake as part of the dynamic flow introduces the potential of a different treatment of 

the dammed lake. One to be noted is that Zhang, Wang and An (2025) do not mention how the 

dammed lake is treated in their simulations. However, it seems that the lake is not treated as a flat 

area, as it is done in the simulations conducted with RAMMS. This modeling assumption likely provides 

not only inflated flow heights but also the overestimation of inundation in the downstream area of the 

river. In contrast, assumptions of a stabilized lake in the simulations conducted with RAMMS result in 

moderate flow heights with smaller inundation extents. 

This discrepancy might be due to differences in how the two models handle terrain resolution, input 

parameters, and assumptions about dam interaction with floodwaters. For instance, r.avaflow may in-

corporate less detailed information on the dam's structural integrity and overtopping dynamics, lead-

ing to an unrealistic expansion of the inundation extent. Additionally, the broader extent observed in 

the r.avaflow results could stem from its hybrid modeling approach that combines fluid and solid phase 

dynamics, possibly amplifying the spatial spread of simulated debris-laden flows. 

These differences underscore the importance of model selection and calibration for simulating glacial 

lake outburst flood (GLOF) events. While r.avaflow's expansive predictions highlight areas of potential 

maximum impact, they may overestimate real-world hazards, potentially leading to excessive conserv-

atism in risk management strategies. On the other hand, RAMMS provides a more conservative and 

event-specific estimate that aligns closely with the observed flood dynamics, making it a valuable tool 

for localized hazard assessments. To improve accuracy, future applications of r.avaflow could benefit 

from more precise input data on terrain, dam structure, and flow dynamics to refine its predictive ca-

pabilities. 

Ultimately, the contrasting results from the two models highlight the need for a nuanced approach to 

GLOF hazard modeling, combining the strengths of different simulation tools while carefully accounting 

for their assumptions and limitations. 
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5.2 Interpretation of Results: Weingarten Lake 

The RAMMS simulation results demonstrate the effectiveness of dam mitigation measures. Focusing 

on GLOF behavior above Täschalp (Figure 7, Part A), the installed dam is leading the GLOF to stop right 

above Täschalp, with small margins exceeding the riverbed in the intended runout zone (Figure 16, 

Scenario 4). Moreover, the GLOF does not continue downstream to Täsch which can be seen critically, 

as a real event water levels in the riverbed would surely rise downstream to Täsch. Despite the density 

being set at 1000 kg/m3 for a more fluid GLOF, the flow stops at the implemented dam. A separation 

of the granular and fluid phases in the simulations may overcome this problem. The new version of 

RAMMS under development can simulate this separation, enabling a more realistic simulation of the 

outflow of Weingarten Lake (Chapter 3.1.1). The second dam, present at the fan apex above Täsch is 

therefore not even affected by GLOF outflow simulated with the input hydrograph set at 8’000 m3 rep-

resenting the maximum outflow volume of the event of 2001. Therefore, it can be assumed that also 

higher input values would not affect the village of Täsch regarding the simulations conducted, as the 

first dam at Täschalp already stopped the GLOF. Thus this assumption only regards GLOF and does not 

take into account the coupling of multiple hazards such as extreme precipitation events or snow/rock 

avalanches blocking the river routing.  

The results of the applied RAMMS simulations provide valuable insights into the hydrodynamic behav-

ior and potential impacts of GLOFs at Täschalp and Täsch under various scenarios. Therefore, the influ-

ence and sensitivity of the density and input values can be examined. Focusing on the Village of Täsch 

(see Figure 17), the influence of flow density is evident when comparing the Baseline Scenario with 

Scenario 3, which assumes a lower density of 1000 kg/m3. The reduced density of the flow results in 

slightly dispersed flow behavior, especially near the gorge at the fan apex and the inundation area at 

the village of Täsch, although maximum flow heights remain comparable across all scenarios. This sug-

gests that density primarily affects the distribution of the inundated area rather than the maximum 

flow depths. The influence of increased input values is apparent regarding the Baseline Scenario and 

Scenario 2, both characterized by the same density of 2000 kg/m3, depicting similar flow dynamics, 

with extensive extents and flow depths. However, Scenario 2 with a reduced input hydrograph volume 

of 6000 m3 and a lower peak discharge of 140 m3/s, shows the smallest inundation extent and flow 

heights across all scenarios. Particularly this is evident in the northwest spread of Täsch, which is ap-

proximately 30 m smaller than Scenario 3 and 10 m smaller than the baseline scenario. These findings 

underscore the sensitivity of inundation extents and flow heights to variations in hydrograph volume. 

Comparing the simulations to the event of 2001 event, the simulations align partially with the observed 

flow behavior. The increased flow heights within the riverbed and the southward spread of the outflow 

are consistent across all scenarios at the village of Täsch, as there is no information available for the 

location of Täschalp. The consistent inundation extent validates the model's ability to replicate the pri-

mary flow paths of the 2001 event. However, the northward inundation extension simulated does not 

fully correspond to the 2001 event. Despite the northward inundation of the real event, the simulations 

depict a larger area of inundation affecting a greater number of houses. This discrepancy may result 

from differences in the terrain model or parameters such as sediment transport, which were not fully 
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accounted for in the simulations because of small data availability. Focusing on the terrain model, block-

ages within the riverbed are neglected in the simulations.  

In summary, the simulation results demonstrate the sensitivity of GLOF dynamics to the presence of 

mitigation strategies, input volume and flow density. They also highlight the importance of continued 

model refinement and calibration, particularly to account for topographic changes, to enhance predic-

tive accuracy for other GLOF sites with the same rheology. 

 

5.3 General Limitation in GLOF Modeling  

5.3.1 Challenges in Modeling Transitional Flow Behavior 

The RAMMS model in its current version is not able to simulate the flow transition of GLOFs autono-

mously, as it considers only one phase in its calculation baseline. This limitation requires RAMMS users 

to manually change friction parameters to simulate transitions to other mass movements. This ap-

proach was applied in the work of Frey et al. (2018), where friction parameters were manually adjusted 

at a defined river bed section to represent the transformation into a hyperconcentrated flow. According 

to Mergili et al. (2011), this is a common challenge in modeling GLOFs, as models are often limited 

regarding the transitional behavior of pure water flows and debris flows.  

Although GLOFs are initially released with high liquid content, the entrainment of solids during breach-

ing and flow propagation makes models that can capture multi-phase flows more appropriate (Worni 

et al., 2014). Currently, the SLF is developing a new version of RAMMS (see Chapter 3.1.1), which in-

corporates an improved calculation approach based on the separation of the granular and liquid phases 

(Meyrat et al., 2022; Meyrat et al., 2023). The upcoming version is expected to better capture transi-

tional flow behaviors, which is often addressed as a challenge in GLOF modeling. In particular, the new 

model is anticipated to effectively demonstrate dewatering processes. Regarding the Täsch study site 

Scenario 4 in Figure 16, such improvements would result in a more realistic behavior of the outflow, 

allowing the liquid phase to continue downstream beyond the implemented dam, rather than stopping 

at the dam as in the present model setup.  

However, despite the potential improvements of two-phase models, their application is constrained by 

the limited availability of detailed field data of GLOF sites. This is pointed out by Mitchell et al. (2022), 

while two-phase models can produce more precise results compared to single-phase models, they re-

quire a larger number of input parameters, demanding extensive field data. Besides data availability, 

the application of advanced models requires increased user expertise and comprehensive knowledge 

of material characteristics, which can only be obtained through challenging and resource-intensive field 

observations. This study underscores that such data limitations are common in GLOF modeling, making 

single-phase models a more practical choice in engineering practice. Consequently, the current availa-

ble RAMMS software applied to both study sites Täsch and South Lhonak is considered appropriate, 

given the small data available and the accurate model output in both cases.  



65 
 

Nevertheless, the omission of dynamic aspects of GLOF behavior, such as turbulent, supercritical or 

transcritical flow and transient flow rheologies continues to limit the accuracy and reliability of these 

single-phase modeling approaches. Single-phase models assume that the solid and liquid particles are 

identical in velocity and that the whole mass flow behaves as a bulk flow. In addition, the density of 

the mass flow stays constant during the simulation, which does not reflect the real-world GLOF behav-

ior. In reality, the front and tail of the outflow exhibit different solid-liquid ratios, as highlighted by 

Meyrat et al. (2023). These limitations must be considered when interpreting simulation results of 

single-phase models, as they potentially impact the accuracy of hazard assessments.   

 

5.3.2 Retrospective Modeling of GLOFs 

In this thesis, the retrospective modeling approach was applied to reconstruct past GLOFs, providing 

insights into inundation extent, flow heights and behavior of such extreme events. The retrospective 

modeling approach involves the simulation of past events based on observed data which enables an 

improved understanding of flood dynamics and facilitates the calibration of predictions.  

The strength of retrospective modeling lies in the reconstruction of past GLOF events with higher ac-

curacy, relying on field observations and measurements. Through this approach, parameters such as 

the natural terrain, friction parameters, input volumes and sediment transport processes can be fine-

tuned to achieve the “best-fit” model calibration. As underscored in previous studies (e.g. Cao and 

Carling, 2002; Kidson, Richards and Carling, 2006), systematic calibration of the natural terrain and 

friction parameters is crucial to enhance model reliability and help decide parameter choices for po-

tential future events. Nevertheless, model calibration is commonly conducted and tested in laboratory 

settings (e.g. Meyrat et al., 2023), but its application in natural environments as done in this thesis 

remains limited. As proposed by Carrivick et al. (2010), the models should be fully calibrated using 

high-quality field data, which is often not available. This is underscored by the two GLOF sites exploited 

in this thesis, where information availability was limited to small literature and reports. Moreover, sev-

eral challenges occur in retrospective modeling. Discrepancies and variabilities in model outputs can 

arise due to factors such as spatial resolution (Huggel et al., 2008) and uncertainties in input data (Pap-

penberger et al., 2006). The selection of suitable friction parameters, terrain and defining acceptable 

input volumes require more careful consideration, as the modeler must justify the values. A more care-

ful selection of the input data would have increased the simulation results in this thesis. Therefore, 

future GLOF examinations with small data available should conduct field observation or rely more on 

GLOF sites with similar boundary conditions in their model input.   

In the context of GLOF modeling, retrospective simulations applied in this thesis provided critical in-

sights into flow behavior and inundation extent. The case studies exploited demonstrated the effec-

tiveness of using satellite images and topographic reconstruction to validate the model results. Never-

theless, limitations such as the lack of discharge values and topographic data challenges in achieving 

high-accuracy reconstructions, which is also stated by Westoby et al. (2014). Moreover, Westoby et al. 

(2014) critique the application of these calibration techniques for retrospective and predictive GLOF 
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modeling, debating that each GLOF site or event is unique and the likelihood of another outburst oc-

curring under similar conditions is low.  

An emerging solution to address the retrospective modeling approach is the implementation of prob-

abilistic approaches, which include stochastic sampling techniques and quantifying the uncertainty in 

simulation results (Westoby et al., 2014). Such approaches have been applied in hydrological modeling 

and offer optimistic potential in GLOF modeling reconstructions by producing probability-weighted 

flood inundation maps (e.g. Blazkova and Beven, 2004; Franz and Hogue, 2011). These methods allow 

the incorporation of parameter ranges that yield acceptable model performance and make evaluating 

result equivalence in modeling results easier.  

Overall, the retrospective approach conducted in this thesis has proven to be a valuable tool for under-

standing GLOF events and improving model results. To tackle the disadvantages, future research should 

focus on expanding the datasets of well-documented GLOF events to improve predictive modeling, 

enhancing the robustness of calibration techniques and exploring the probabilistic modeling approach. 

Integrating field observations in modeling techniques will further contribute to reliable simulation re-

sults and improve hazard assessments and mitigation strategies for potential GLOF regions.    

 

5.3.3 Limitations of Digital Elevation Models (DEMs) 

It is widely recognized that terrain features and channel topography significantly influence the flow 

dynamics in GLOF simulations (e.g. Huggel et al., 2008; Westoby et al., 2014), the findings of this study 

reinforce this understanding. The simulation results underscore the crucial role of the DEM and its sen-

sitivity in comparison to friction parameters and input volumes, which play a subsequent role in influ-

encing results. An accurate topographic representation of GLOF pathways is crucial for generating ro-

bust simulation results, such as inundation extents and flow heights across different input values. 

However, the availability of high-quality terrain data remains a major challenge, especially in remote 

areas such as the South Lhonak region. The acquisition of fine-resolution data (e.g. LiDAR), which would 

result in higher accuracy of model outputs is often impractical due to financial and logistical limitations. 

Fine-resolution data would significantly increase the accuracy of the model output compared to the 

coarse SRTM data used in this study for South Lhonak. Despite the relatively coarse resolution of the 

DEM, it was sufficient for examining the flow behavior, alining with findings by Sanders (2007) and 

Huggel et al. (2008), who state that GLOF simulations conducted with coarse-resolution can yield reli-

able results for ad-hoc hazard assessments. Similarly, Zhang, Wang and An (2025) applied a 40 m DEM 

to model the South Lhonake GLOF using r.avaflow with success. However, when compared to higher-

resolution DEM applied in this study and Sattar et al. (2021), the accuracy of simulation results is no-

ticeably lower (Chapter 5.1.1). 

While the applied simulations in South Lhonak were constrained to the village of Chungthang due to 

the high computational demand of large-scale GLOF simulations, the Weingarten Lake site allowed the 

full outflow routing. The smaller outflow valley of Weingarten Lake demanded less computational 
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power, making it possible to simulate the entire outflow downstream to Täsch. This discrepancy under-

scores the importance of an appropriate DEM selection that balances computational power with result 

accuracy.  

To represent the actual terrain, the DEMs used in this study underwent reprocessing and modifications 

in QGIS (Chapters 3.3.1 and 3.4.1). However, it is important to acknowledge that processing techniques 

can produce misassumptions, which can only be corrected and verified through a conducted field ob-

servation. For instance, the applied interpolation methods “r.fillnulls” or “r.fill.dir”, resampling tech-

niques with the ratercalculator and error propagation during DEM processing can result in the smooth-

ing of topographic features. These processing steps may unintentionally impact the precision of the 

outflow path. Especially regards the simulated values of maximum momentum, flow velocity and max-

imum pressure in Figure 14 underscore this challenge, as the results are not significant. On-site valida-

tion or higher-resolution DEMs could enhance the model reliability by representing finer topographic 

details and reducing uncertainties associated with DEM processing, which aligns with the findings of 

(Saritha et al., 2021). 

Despite the DEM challenges, the modified DEM applied in this study is considered sufficiently precise 

for the executed RAMMS simulations. However, future research could benefit from incorporating ad-

vanced data sources, such as LiDAR or UAV-based photogrammetry, to achieve higher accuracy and 

improved GLOF predictions. Nevertheless, the trade-offs between data availability, computational costs 

and model precision must always be carefully considered in practical engineering applications. 

 

5.3.4 Modeling GLOFs as Cascading Processes 

Natural disasters often result from cascading processes instead of isolated phenomena, and so do 

GLOFs (Chapter 2.1). Therefore, an integrated system approach is crucial for comprehensively under-

standing GLOFs and for future predictive models (Emmer et al., 2022). All relevant hazards within the 

GLOF environment must be considered, including potential interactions and cascading effects of GLOFs. 

The software RAMMS is not capable of simulating the cascading process chain as a unified model. Ex-

clusively sequential modeling is possible, as RAMMS also offers software for rockfalls (RAMMS::Rock-

fall) and avalanches (RAMMS::Avalanche), enabling the simulations of possible triggering events. How-

ever, the breaching process is excluded from the capabilities and has to be modeled with a different 

model such as BREACH (Fread, 1988). Consequently, the sequential modeling approach allows the us-

age of the optimal model at each cascade, with the disadvantage of the potential mismatch of the 

outputs and inputs of the following models applied. Although the RAMMS is only able to simulate the 

sequences of the GLOF process chain, such as the outflow propagation examined in this study, the 

results are highly accurate regarding the back-calculation of the South Lhonak Lake and Weingarten 

Lake. In contrast, unified modeling is possible with the software r.avaflow simulating the process chains 

within a single model run. This approach, highlighted by the work of Zhang, Wang and An (2025), pro-

vides a more realistic transition between the cascading processes. Moreover, only one software has to 

be applied, making this approach highly user-friendly and less cost and time-intensive than sequential 
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modeling. However, the accuracy of the inundation extent and flow heights is not accurate compared 

to the RAMMS simulations and the real-world event as examined in this study.  

 

5.4 Impact of Friction Parameters on Simulation Accuracy 

Several previous studies have performed back calculations using RAMMS at various GLOF sites world-

wide. The friction parameters μ and ξ used in these simulations are summarized in Figure 20. The sum-

marized parameters not only enable a comparison of the parameters applied in this study but also offer 

an overview for future modeling assumptions.  

 

 

Figure 20: Friction parameters μ (x-axis) and ξ (logarithmic y-axis) from back-calculations of different GLOF events modeled 
with RAMMS. Data are from RAMMS manual (Bartelt et al., 2017); Täsch, Switzerland (conducted in this thesis); Huaraz, 
Peru (A) (Frey et al., 2018); Huaraz, Peru (B) (Motschmann et al., 2020); Huaraz, Peru (C) (Meyrat et al., 2024); Carhuaz, Peru 
(Schneider et al., 2014); South Lhonak, India (conducted in this thesis); Aksay Valley, Kyrgyzstan (Brüniger, 2023); Shakhdara 
Valley, Tajikistan (Mergili et al., 2011); Golen Gol, Pakistan (Friz, 2021); Santa Teresa, Peru (Frey et al., 2016); Manflas, Chile 
(Iribarren Anacona et al., 2018); Gongbatongsha, China (Sattar, Haritashya, et al., 2021). One has to note that the RAMMS 
manual default values are evaluated for debris flows and not GLOFs as the others do.  

 

The chosen values for South Lhonak simulations (μ = 0.04 and ξ = 500 m/s2) are consistent with the 

parameters in three other GLOF modeling studies (Frey et al., 2018; Schneider et al., 2014; Brüniger, 

2023). The parameters applied in the Täsch simulations exhibit higher ξ values than other GLOF case 

studies. In contrast, the μ value aligns with the default value recommended for debris flows (Bartelt et 

al., 2017). The high ξ was chosen because, in initial simulations, the flow stopped prematurely and 

accelerated small values in flow height and velocities. Such high ξ are usually applied for very smooth 

surfaces, for example for modeling snow avalanches (e.g. Martini, Baggio and D’Agostino, 2023). 
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However, Frey et al. (2016) examined the impact of RAMMS’ turbulent friction parameter ξ on multiple 

flow characteristics and stated that the inundation extent, height and velocity of the mass flow hardly 

vary with change in ξ. Therefore, reducing the friction parameter μ could have produced better simu-

lation results, as the runout distance is more robustly governed by μ according to Iribarren Anacona et 

al. (2018). 

Despite the limited number of scholars applying RAMMS for GLOF routing simulations, a clear pattern 

emerges regarding the most suitable friction parameters μ and ξ. Four out of 13 studies utilized the 

same friction parameters for μ = 0.04 and ξ = 500 m/s2, while one study (Motschmann et al., 2020) 

applied a slightly increased μ =0.06 while maintaining ξ = 500 m/s2 for their best-fit approach. Although 

the number of modeling studies remains small, the friction parameters for μ and ξ with 0.04 respec-

tively 500 m/s2 seem appropriate for GLOF simulations. Especially the ξ values show great consistency 

in the back-calculation of GLOf events. 8 out of 13 studies applied the value of 500 m/s2 for their ξ 

values. Therefore it is recommended, at least for initial simulations, to start simulations with the ξ of 

500 m/s2 and then adapt the μ values. 

To support this observation, further explanation of various GLOF sites with these friction parameter 

settings is necessary. However, the RAMMS model parameters ultimately depend on the GLOF charac-

teristics such as topography (DEM), rheological properties (e.g. erosion) and hydro-meteorological con-

ditions (input volumes). Consequently, model calibration remains the optimal approach for determin-

ing the friction parameters that significantly influence simulation results. This is underscored in the 

work of Mikoš and Bezak (2021), who examined the friction parameters of debris flow sites across the 

globe. 

 

5.5 Recommendations for Future Research 

Future research and examinations of GLOF events should examine the performance of the upcoming 

RAMMS version which holds in the two-phase approach of Meyrat et al. (2023). The focus should lie 

on the performance of the model with a special interest in the dewatering processes and therefore the 

transitional behavior. Moreover, the applicability of the new version from a practical engineer's view 

should be examined, as the increased number of parameters not only challenges the need for further 

data on specific sites but also the computational power. This would benefit further examination of GLOF 

sites especially in rural areas and high numbers of dangerous GLOFs as such occur in HKKK (Taylor et 

al., 2023).  

A comprehensive literature review of parameters of various GLOF sites modeled with RAMMS should 

be applied to improve the decision-making process for using the best-fit parameters, e.g. μ and ξ. This 

would improve the results in retrospective and predictive modeling, as users have a reference for sim-

ilar geographical and rheological GLOF sites. Moreover, it would accelerate the modeling process for 

finding the best-fit friction parameters, which can be a huge benefit for ad-hoc risk assessments. It is 

recommended to generate a table that includes information about the source (author, year), location 
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and year of examined GLOF event, magnitude, simulation resolution, friction parameters μ and ξ, and 

a short description of the study as already done in the work of Mikoš and Bezak (2021) for general 

modeling with RAMMS. Users could compare the GLOF site under investigation with the table and ap-

ply similar values or compare the parameters for validation purposes.  

To achieve the above recommendation, a comprehensive description of the modeling process and used 

parameters is necessary. Future research should include a more detailed description of the simulations 

conducted, generating a better understanding of input volumes and friction parameters. A more de-

tailed description would have allowed better comparison of the models in this study, as Sattar et al. 

(2021) and Zhang, Wang and An (2025) did not fully include how they modeled the outflow. An exten-

sive description of the modeling process would allow future works to adapt and progress the parame-

ters at study sites with the same geographical and rheological setting. Especially regarding predictive 

modeling, this would be a significant advantage, when no event exists for back-calculations and there-

fore the refinement and valuation of the parameters.  

Future research should prioritize comprehensive risk assessments and mitigation strategies for South 

Lhonak Lake, as it remains a persistent natural hazard. Sattar et al. (2025) highlight the lake’s ongoing 

susceptibility to GLOFs, including the potential outflow due to further lateral moraine failures. In addi-

tion, sediment deposits in the Teesta Valley remain exposed and could contribute to further sediment 

entrainment during a potential GLOF. The high sediment availability increases the likelihood of debris 

flow formation, emphasizing the urgent need for effective mitigation strategies. Future studies should 

examine a multifaced approach to risk reduction. This includes implementing structural protection 

measures, enhancing early warning systems, formulating evacuation plans and developing regulatory 

frameworks. The regulatory considerations should include hydropower development policies and so-

cio-economic planning for villages in the Teesta region to minimize vulnerability and exposure to GLOFs. 

Furthermore, climate change impacts, particularly increasing extreme precipitation events and the re-

treat of the South Lhonak Glacier, must be systematically integrated into risk assessments. Lessons from 

the case study of Weingarten Lake underscore the potential effectiveness of mitigation measures, such 

as dam construction, in reducing GLOF risks. However, future studies should also exploit the interplay 

of multiple hazards, including snow avalanches and landslides that could block outflows, potentially 

exacerbating flood risks. Special attention should be given to the role of extreme precipitation events 

in altering outburst dynamics due to changing climate. Ultimately, future risk assessments should ex-

tend beyond GLOF modeling to incorporate the broader implications of climate change and socio-dy-

namic factors. A more holistic perspective will ensure that mitigation strategies are sustainable, robust 

and adaptive to elevating societal and environmental conditions.  

 

  



71 
 

6 Conclusion 

6.1 Summary of Findings 

The debris flow software RAMMS enables the simulation of GLOFs across different geographical and 

rheological settings with accuracy. The simulations show a correlation to the real event that happened 

at both study sites in Switzerland and Sikkim Himalaya, despite not replicating the exact inundation 

extent of the compared real event. Thus the performance of the software is given and can be recom-

mended for further GLOF investigations across the world with small data available regarding the terrain 

and rheological setting. Additionally, the RAMMS software is highly user-friendly and applicable for low 

computational power environments. Its performance is particularly effective for regional-scale GLOF 

studies, allowing for the examination of the entire valley outflows and mitigation measures, as the 

study of Weingarten Lake has demonstrated this capability. However, compared to other models such 

as HEC-RAS or r.avaflow, the performance of RAMMS is limited to modeling only one process at once 

for the cascading process chains of GLOFs and is not able to simulate the transformation processes. On 

the other hand, HEC-RAS can simulate the breaching processes and outflow routing in one simulation 

step, excluding the process of the triggering event. R.avaflow in comparison can perform the whole 

process chain of a cascading GLOF, including the triggering event as well as the breaching and outflow 

routing. Thus the results are not that accurate, it still capture the flow behavior of the flood propagation 

of GLOFs.  

The superordinate goal of applying RAMMS as a predictive model at potential GLOF sites remains diffi-

cult. Especially when there is no information about a past event, it remains challenging to predict GLOF 

routing without any field survey, direct discharge measurements or paleo-stage indicators from a past 

event. The difficulty of prediction is reinforced under a changing environment, where climate and rhe-

ological parameters are changing rapidly, despite having a past scenario as an indicator. The debris flow 

model therefore can only be used to reproduce events with tuning of flow parameters. The free pa-

rameters have to be adjusted by hand to replicate the different flows observed in real events. This “best 

fit” approach in retrospective modeling should be overcome in the future with more detailed back-

simulations of other GLOF scenarios with the same rheological conditions. This would allow the usage 

of parameters for predicting GLOFs at different sites across the globe. Therefore it is recommended to 

apply RAMMS on various sites to examine more parameters for each rheological and geographical set-

ting.  

The DEM remains the most important input parameter when GLOF simulations are conducted. As mod-

els calculate the parameters and equations for each cell, it is crucial to apply a solid DEM. This can be 

both lowering and increasing the resolution, depending on the interest of usage. For instance, for sim-

ulations of a long-distance outflow GLOF routing a low-resolution DEM is recommended, whereas at a 

specific location of interest, a small resolution is required. This is also connected to the availability of 

computational power, where low-resolution DEMs need less and high resolution needs more power. 

The DEM is very sensitive, sinks in riverbed or nodata areas influence the simulation significantly and 



72 
 

can lead to false simulation results not replicating the present terrain. It is recommended that the DEM 

is not only evaluated with the processing tool, such as QGIS used in this thesis but also the applied 

modeling software. Moreover, a fragile DEM can mislead friction parameters and input hydrographs 

applied in the simulations.  

Modeling transitional flow behaviors remains an objective in GLOF simulations. Larg-scale, destructive 

GLOFs can undergo multiple flow behavior changes due to variations in topography and sediment en-

trainment. However, the current single-phase RAMMS model is unable to replicate these transitions 

autonomously. In retrospective modeling, flow transitions can only be approximated by manually ad-

justing friction parameters in predefined sections. The upcoming two-phase RAMMS software is ex-

pected to address this limitation, offering improved capabilities for both retrospective and predictive 

modeling. With these advancements, transitional flow behaviors should be more accurately replicated, 

enhancing the reliability of future GLOF simulations.  

6.2 Contributions to the Field 

This thesis provides to the field of GLOF modeling by applying the RAMMS software. The findings pre-

sented offer insights for future applications, particularly in the areas of DEM processing and the fragile 

balance between resolution selection and computational efficiency. These contributions are essential 

for advancing the efficiency and advancement of GLOF simulations, providing a robust foundation for 

practical applications and further research. 

One key aspect addressed in this thesis is the evaluation of different GLOF modeling approaches, fo-

cusing on how RAMMS performs relative to other available models. By conducting a comparison of 

various modeling frameworks, this research generates a brief understanding of the strengths and limi-

tations of each approach, with a special focus on the RAMMS software. This comparative analysis as-

sists modelers in selecting the most suitable model based on their specific objectives, such as ad-hoc 

simulations for hazard assessments, simulations of the whole process chain of GLOFs or mitigation 

measurements. The insights of this study contribute to a more informed decision-making process, en-

abling the chosen model to align with the available resources and desired outcomes. Furthermore, this 

thesis can offer guidance on the selection of key model parameters, such as friction coefficients or input 

volumes. These parameters play a crucial role in determining the accuracy of retrospective and predic-

tive modeling outcomes. Through validation using real-world study cases, this research identifies the 

best-fit parameter ranges that enhance model reliability and performance. The findings, including ad-

ditional literature, serve as a valuable reference for GLOF examinations seeking to tune their model 

parameters for improved predictive capabilities. A major contribution of this thesis is the demonstra-

tion of effectiveness regards mitigation strategies, highlighted in the context of Weingarten Lake. This 

case provides concrete evidence of how well-designed mitigation structures can significantly reduce 

the impact of potential GLOF events. The findings underscore the importance of integrating modeling 

with practical mitigation efforts to reduce vulnerabilities associated with GLOFs.  
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Appendix 

A) Dam Implementation According to “SWISSIMAGE Zeitreise” 

Dam west, located at the apex of the fan 

  

2000 2006 

 

Dam east, located before the river Rotbach enters Täschalp  

  

2000 2012 
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B) Geology Map of Weingarten Lake 
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C) Permafrost Layer Weingarten Lake 
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D) Socio-Economic Development 

 

Map of Sattar et al. (2021) highlighting the socio-economic development.  
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E) Utilized Parameters for r.avaflow simulations 

 

The table shows the 11 utilized parameters for the r.avaflow simulations conducted by Zhang, Wang 

and An (2025). 6 of them were identified as sensitive. 
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F) Simulation of the whole South Lhonak GLOF 

 
Simulation stopped because of high computational power. 
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