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Abstract

The shape of landforms at the Earth's surface is determined by a balance

between processes creating topography and relief (tectonic uplift) and processes

removing relief (denudation by rivers or glaciers, earthquakes, etc.). Rivers are of

particular importance in this context � in non-glaciated landscapes, which form

the majority of the Earth's land surface, they set the pace of landscape evolution

by setting the base level for hillslope processes, by incising into bedrock, and by

transporting sediment from source to sink (e.g. from mountain ranges to basins

and seas). Moreover, rivers are closely linked to human livelihoods by supplying

water for drinking and irrigation, fertile soil for agriculture, and avenues for trade

and transport. In addition, river networks are an important tool for reconstruct-

ing the past history of landscapes, as they record tectonic and geologic history

through their channel gradient, form, and the shape of the channel network.

In this thesis, I explore the factors governing the rate at which landscapes

adjust to perturbations, both using a long-term approach by modelling the e�ect

of lithology on the creation of relief, and focusing on shorter temporal scales by

documenting the transport of coarse sediment pulses along mountain rivers.

First, I investigate the control of heterogeneous lithology and drainage re-

organisation events on the rate of drainage divide migration. I demonstrate a

method to extract and optimise values of erodibility K to best match the present-

day relief of a lithologically complex landscape. I then explore the in�uence of

heterogeneous lithology and drainage reorganisation on the rates and patterns

of drainage divide migration by simulating a range of base level fall scenarios

for a study area in the eastern Swiss Jura Mountains. Here, I demonstrate that

through extracting erodibility values from topography and subsequently optimis-

ing them through Monte Carlo sampling, it is possible to constrain a range of

erodibility values which faithfully reproduces the relief in a given model land-
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scape. Additionally, I show that heterogeneous lithology will result in continuous

divide migration.

In the next chapter, I move from more general observations on landscape evo-

lution to a detailed study of perturbations to a river system by extreme events.

Similar to the 2008 Wenchuan (China) earthquake, the 2015 Gorkha (Nepal)

earthquake was associated with widespread landsliding, which was expected to

result in signi�cant channel aggradation. Due to the high sensitivity of Himalayan

rivers to changes in sediment supply, constraining the timescales of coseismic

landslide sediment export is crucial. Here, I track the gravel bedload fraction of

coseismic landslide sediment by mapping changes in gravel area along two rivers

in central Nepal from 2012 to 2021. While I �nd no evidence of in�uence of the

Gorkha earthquake beyond small and localised increases in gravel area following

the 2015 monsoon, one of the studied rivers displays an up to four-fold increase in

gravel area along a 30 km reach following a catastrophic �ood event in June 2021.

This indicates that extreme hydrological events, rather than large earthquakes,

govern the export of coarse sediment from these catchments.

The third and �nal results chapter builds upon the work shown in the previous

chapter by estimating the timescales of sediment transport from mountain catch-

ments to the Himalayan mountain front. Using a time series of high-resolution

channel cross-sections derived from an Acoustic Doppler Current Pro�ler as well

as measurements of channel gradient and gravel grain size, I estimate the Koshi

River's sediment transport capacity and compare this with the likely grain sizes

of sediment inputs into the river in order to gain an understanding of the likely

timescales on which coseismic Gorkha landslide sediment will reach the Indo-

Gangetic plain. My results suggest that the sediment supplied to the Koshi basin

through coseismic mass wasting is too coarse to be mobilised by regular monsoon

�oods and will require discharges with return periods of up to a hundred years

to be removed from the catchment.
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While the work presented in this thesis spans a range of spatial and temporal

scales, the overarching theme is the controls on landscape response to perturba-

tions. Placed within this broader context, this thesis �ts in well with the existing

body of research and deepens our understanding of the crucial role river net-

works and lithology play in landscape evolution, particularly regarding the role

of rock erodibility in controlling drainage divide mobility and the importance of

valley and channel morphology in governing the rate of sediment export from

river catchments.
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Lay summary

The shape of the Earth's surface is determined by a balance between processes

creating topography and relief (tectonic uplift) and processes removing relief (re-

moval of material by rivers or glaciers, earthquakes, etc.). Rivers are of particular

importance in this context � in non-glaciated landscapes, which form the major-

ity of the Earth's land surface, they form the backbone of the landscape and

set the pace of landscape evolution by cutting into bedrock and by transporting

material from mountain ranges to basins and seas. Rivers are also important to

human livelihoods by supplying water for drinking and irrigation, fertile soil for

agriculture, and avenues for trade and transport. In addition, river networks are

an important tool for reconstructing the past history of landscapes, which they

record through their channel gradient and the shape of the channel network.

In this thesis, I explore the factors governing the rate at which landscapes

adjust to perturbations. I �rst model the e�ect of rock types of varying hard-

ness on the creation on landscape relief, and then focus on shorter timescales by

documenting the transport of gravel-size material supplied by large earthquakes

along mountain rivers.

First, I investigate the control of contrasts in rock hardness and changing river

courses on the rate at which watersheds move. Rock hardness determines how

easy a rock is to erode, which controls landscape relief and the rate at which

a landscape can adjust to external changes. This �erodibility�, K, is therefore

important to include in predictions of future landscape shape but is very di�cult

to quantify. Watersheds are important boundaries in landscapes dominated by

rivers, and any change in their position, for example through capture of one river

by another, will lead to changes in erosion rates and sediment transport. In this

chapter, I demonstrate a method to extract and optimise values of erodibility K

to best match the present-day shape of a geologically complex landscape. I then
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set up a range of model simulations in the geologically complex Swiss Jura, ex-

ploring the in�uence of varying rock hardness and drainage reorganisation on the

rate at which landscapes respond to perturbations. I demonstrate that through

extracting erodibility values from topography, it is possible to obtain erodibility

values which reproduce the shape of the real landscape. Additionally, I show that

variations in rock hardness in a landscape evolution model will cause watersheds

to move continuously, further highlighting that it is important to carefully choose

values of erodibility in order to accurately model landscape evolution.

In the next chapter, I move from more general observations on landscape evo-

lution to a detailed study of perturbations to a river by extreme events. Similar

to the 2008 Wenchuan (China) earthquake, the 2015 Gorkha (Nepal) earthquake

caused thousands of landslides. Sediment from these landslides was expected to

be transported into river channels, accumulating on the river bed and thereby

reduce the river's capacity to hold water, increasing �ood risk. As Himalayan

rivers are prone to frequent and often devastating �oods, estimating the expected

changes to river channel from landslide sediment as well as the timing of these

changes is important. I track the gravel-size portion of earthquake-triggered land-

slide sediment by mapping changes in gravel area along two rivers in central Nepal

from 2012 to 2021. While I �nd no evidence of in�uence of the Gorkha earthquake

beyond small and localised increases in gravel area following the 2015 monsoon,

one of the studied rivers displays an dramatic increase in gravel area along a 30

km stretch of the river following a catastrophic �ood event in June 2021. This

indicates that extreme hydrological events are an important control on the rate

at which gravel-size sediment is removed from these catchments.

The third and �nal results chapter builds on the work shown in the previous

chapter by estimating how long sediment from mountain catchments will take to

reach the Himalayan mountain front. Using a time series of high-resolution chan-

nel cross-sections as well as measurements of channel gradient and gravel grain

size, I estimate the size of sediment the Koshi River in central and eastern Nepal
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is able to transport and compare this with the size of landslide sediment added

to the river. My results suggest that the sediment supplied to the Koshi basin

through earthquake-triggered landsliding is too coarse to be moved by regular

monsoon �oods and will require �oods that only occur every hundred years on

average to be removed from the catchment.

While the work presented here extends across a range of time scales � from

years to millions of years � and includes study sites in Switzerland and the Nepal

Himalaya, the overall theme explored here is how landscapes react to external

changes; for example, a drop in sea level, an earthquake, or a large �ood. The

results from this thesis are consistent with previous research and con�rm that rock

type and river networks are essential to consider in a landscape evolution context.

In particular, this thesis improves our understanding of how rock hardness, valley

shape, and the shape of river channel cross-sections control the movement of

sediment through a landscape.
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Allgemeine Zusammenfassung

Die Gestalt der Erdober�äche wird durch ein Gleichgewicht zwischen Prozessen,

die Ober�ächen und Relief scha�en (tektonische Hebung), und Prozessen, die

Relief abtragen (Denudation durch Flüsse oder Gletscher, Erdbeben usw.), bes-

timmt. Flüsse sind in diesem Zusammenhang von besonderer Bedeutung � in

nicht vergletscherten Landschaften, die den gröÿten Teil der Landober�äche der

Erde ausmachen, bilden sie das Rückgrat der Landschaft und bestimmen die

Geschwindigkeit der Landschaftsentwicklung, indem sie die Erosionsbasis für Hang-

prozesse festlegen, sich in das Grundgestein einschneiden und Material von Gebirgszü-

gen zu Becken und Meeren transportieren. Flüsse sind auch für den Lebensun-

terhalt der Menschen wichtig, da sie Wasser zum Trinken und zur Bewässerung,

fruchtbaren Boden für die Landwirtschaft und Wege für Handel und Transport

liefern. Darüber hinaus sind Flussnetze ein wichtiges Instrument zur Rekonstruk-

tion der Geschichte von Landschaften, die sie in ihrem Gefälle und in der Form

des Flussnetzwerks abbilden.

In dieser Arbeit untersuche ich die Faktoren, welche die Geschwindigkeit

bestimmen, mit der sich Landschaften an Störungen anpassen. Ich modelliere

zunächst die Auswirkungen von Gesteinsarten unterschiedlicher Härte auf die

Entstehung des Landschaftsreliefs und konzentriere mich dann auf kürzere Zeit-

skalen, indem ich den Transport von Grobsedimentimpulsen dokumentiere, die

von groÿen Erdbeben entlang von Gebirgs�üssen gegeben werden.

Zunächst untersuche ich den Ein�uss von Unterschieden in der Gesteinshärte

und von Ereignissen der Entwässerungsreorganisation auf die Geschwindigkeit,

mit der sich Wasserscheiden verschieben. Die Gesteinshärte bestimmt, wie le-

icht ein Gestein erodiert werden kann, wodurch das Landschaftsrelief und die

Geschwindigkeit, mit der sich eine Landschaft an Störungen anpassen kann, ges-

teuert werden. Diese Erodierbarkeit, K, muss daher bei der Modellierung der
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Landschaftsentwicklung berücksichtigt werden, ist aber sehr schwer zu quan-

ti�zieren. Wasserscheiden sind wichtige Grenzen in Landschaften, die von Flüssen

dominiert werden, und jede Veränderung ihrer Lage, z. B. durch Flussanzap-

fungen, führt zu Veränderungen der Erosionsraten und des Sedimenttransports.

In diesem Kapitel zeige ich eine Methode zur Extraktion und Optimierung von

Erodierbarkeitswerten K, um dem heutigen Relief einer geologisch komplexen

Landschaft am besten zu entsprechen. Anschlieÿend führe ich eine Reihe von

Modellsimulationen im geologisch komplexen Schweizer Jura durch, um den Ein-

�uss unterschiedlicher Gesteinshärten und der Reorganisation der Entwässerung

auf die Geschwindigkeit zu untersuchen, mit der Landschaften auf Störungen

reagieren. Ich zeige, dass es durch die Extraktion von Erodierbarkeitswerten

aus der Topographie möglich ist, Erodierbarkeitswerte zu erhalten, die das Land-

schaftsrelief wiedergeben. Darüber hinaus zeige ich, dass Variationen der Gestein-

shärte in einem Landschaftsentwicklungsmodell dazu führen, dass sich Wasser-

scheiden kontinuierlich verschieben, was wiederum zeigt, dass es wichtig ist, die

Erodierbarkeitswerte sorgfältig zu wählen, um die Landschaftsentwicklung genau

zu modellieren.

Im nächsten Kapitel gehe ich von allgemeineren Beobachtungen zur Land-

schaftsentwicklung zu einer detaillierten Untersuchung von Störungen eines Flusses

durch Extremereignisse über. Ähnlich wie das Wenchuan-Erdbeben 2008 (China)

verursachte das Gorkha-Erdbeben 2015 (Nepal) Tausende von Erdrutschen. Es

wurde erwartet, dass Sedimente aus diesen Erdrutschen in Flüsse transportiert

werden und sich im Flussbett ansammeln, wodurch die Kapazität eines Flusses,

Wasser zu halten, verringert und das Hochwasserrisiko erhöht würde. Da die

Flüsse des Himalaya für häu�ge und oft verheerende Überschwemmungen anfäl-

lig sind, ist es wichtig, die zu erwartenden Veränderungen der Flüsse durch Er-

drutschsedimente sowie den Zeitpunkt dieser Veränderungen abzuschätzen. Ich

verfolge den kiesigen Anteil der erdbebenbedingten Erdrutschsedimente, indem

ich die Veränderungen der Kies�äche entlang zweier Flüsse in Zentralnepal von

2012 bis 2021 kartiere. Während ich keine Hinweise auf den Ein�uss des Gorkha-
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Erdbebens �nde, von kleinen und lokalen Erhöhungen der Kies�äche nach dem

Monsun 2015 abgesehen, zeigt einer der untersuchten Flüsse eine bis zu vierfache

Erhöhung der Kies�äche entlang eines 30 km langen Flussabschnitts nach einem

katastrophalen Hochwasserereignis im Juni 2021. Dies deutet darauf hin, dass

eher extreme hydrologische Ereignisse als groÿe Erdbeben die Geschwindigkeit

steuern, mit der kiesgroÿe Sedimente aus diesen Einzugsgebieten abtransportiert

werden.

Das dritte und letzte Ergebniskapitel schlieÿlich baut auf dem vorherigen

Kapitel auf, indem es die Zeitskalen des Sedimenttransports aus Gebirgseinzugs-

gebieten zur Himalaya-Bergfront abschätzt. Anhand einer Zeitreihe von hochau-

�ösenden Flussquerschnitten sowie Messungen des Flussgefälles und der Kiesko-

rngröÿe schätze ich die Gröÿe der Sedimente, die der Koshi, ein Fluss in Zentral-

und Ostnepal, transportieren kann, und vergleiche diese mit der Gröÿe der dem

Fluss zugeführten Erdrutschsedimente. Meine Ergebnisse deuten darauf hin, dass

das Sediment, das dem Koshi-Becken durch erdbebenbedingte Erdrutsche zuge-

führt wird, zu grob ist, um durch regelmäÿige Monsun�uten bewegt zu werden,

und dass es Überschwemmungen benötigt, die im Durchschnitt nur alle hundert

Jahre auftreten, um es aus dem Einzugsgebiet zu entfernen.

Die hier vorgestellten Arbeiten erstrecken sich über eine Reihe von Zeitskalen

- von Jahren bis zu Millionen von Jahren - und umfassen Studienstandorte in

der Schweiz und im nepalesischen Himalaya. Das übergeordnete Thema, das

hier erforscht wird, ist die Reaktion von Landschaften auf äuÿere Veränderun-

gen, z. B. ein Absinken des Meeresspiegels, ein Erdbeben oder eine groÿe Flut.

Die Ergebnisse dieser Arbeit stimmen mit früheren Untersuchungen überein und

bestätigen, dass die Gesteinsart und die Flussnetze im Zusammenhang mit der

Landschaftsentwicklung von wesentlicher Bedeutung sind. Insbesondere die Härte

des Gesteins, die Form der Täler und die Form des Querschnitts der Flussbetten

steuern nachweislich die Bewegung von Sedimenten durch eine Landschaft.
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Chapter 1

Introduction

1.1 Overview

The shape of the Earth's surface is determined by a balance between processes

generating relief, such as tectonic uplift, and processes removing it, for example

large earthquakes or denudation by rivers and glaciers (e.g. Avouac and Burov,

1996; Whipple, 2009; Willett, 1999). In nonglaciated landscapes, rivers are the

main erosional engine and drive landscape evolution by setting the base level for

hillslope processes through incision into bedrock (Burbank et al., 1996; Whipple

and Tucker, 1999; Whipple, 2004) and by transporting material from its source

area to sedimentary sinks in the form of solute load, suspended load, and bed-

load (Attal and Lavé, 2009). Through upstream propagation of transient signals,

rivers also communicate external perturbations such as climatic and tectonic forc-

ings to the rest of the landscape (Tucker and Slingerland, 1994; Whittaker et al.,

2007; Wobus et al., 2006). The rate at which these signals propagate upstream

controls the sensitivity of the entire landscape to a given perturbation (Whipple

and Tucker, 1999; Whittaker and Boulton, 2012), and has been shown to depend

on a combination of bedrock characteristics, �uvial discharge, and the magnitude

of the climatic or tectonic perturbation (Crosby and Whipple, 2006; Whittaker

and Boulton, 2012). However, it is unclear to which extent each of these fac-

tors in�uences the rate of landscape response to perturbations (e.g. Gailleton et

al., 2021a), and isolating relevant bedrock properties and translating them into

1
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quanti�able parameters is a particularly challenging task (Bursztyn et al., 2015;

Tucker and Hancock, 2010). Assuming topographic steady state (i.e. processes

creating relief balance processes removing relief), erosion rate balances relative

rock uplift rate. In response to an increase in relative uplift rate such as sea

level fall or increased tectonic uplift, rivers will increase their gradient to match

the higher relative uplift. Gradient along a river pro�le therefore stores infor-

mation on rates and patterns of uplift and erosion, and can be used to extract

the tectonic history of a given landscape (e.g. Brocklehurst, 2010; DiBiase et al.,

2010; Kirby and Whipple, 2001; Kirby and Whipple, 2012; Snyder et al., 2003;

Wobus et al., 2006). However, disentangling the in�uence of tectonics and lithol-

ogy requires good constraints on bedrock erodibility (e.g. Gailleton et al., 2021a).

Additionally, drainage divides between river basins represent important bound-

aries in �uvial landscapes, with their position in�uencing rates and patterns of

�uvial erosion (Bonnet, 2009; Giachetta et al., 2014). As such, dynamic reorgan-

isation of river basins through migrating drainage divides has been recognised as

a key component of landscape evolution (Bonnet, 2009; Castelltort et al., 2012;

Forte and Whipple, 2018; Willett et al., 2014; Yanites et al., 2013). Lithology

again plays a key role in drainage divide migration, encouraging or hindering

divide mobility depending on the structure of rock units and rock resistance to

erosion (Bernard et al., 2019; Zondervan et al., 2020b).

In addition to incising into bedrock, rivers also govern the rates and patterns of

landscape evolution by eroding and transporting material from mountain ranges

to sedimentary basins and seas, thereby balancing the creation of topography

and relief through tectonic uplift. Sediment supply to mountain rivers is largely

episodic and controlled by short-term events such as landslides, storms, earth-

quakes, wild�res, or periods of snowmelt (Benda and Dunne, 1997; Bennett et

al., 2014; Dadson et al., 2003, 2004; Lancaster, 2008; Singer et al., 2013; Yanites

et al., 2010). Pulses of sediment, i.e. excess inputs of sediment relative to back-

ground sediment supply, lead to channel bed aggradation and decreased chan-

nel capacity, thereby increasing the risk of �ooding and avulsion (rapid channel

switching) (e.g. Korup et al., 2004; Lane et al., 2007; Raven et al., 2009; Sims and
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Rutherfurd, 2017; Slater et al., 2015; Stover and Montgomery, 2001). Widespread

landsliding following large earthquakes in particular has the potential to supply

enormous volumes of sediment to rivers � for instance, landslides associated with

the 2008 Wenchuan (China) earthquake generated 2.8 km3 of material (Li et al.,

2016) � and coseismic landslide sediment can a�ect river dynamics for decades to

centuries (Croissant et al., 2017b; Hovius et al., 2011; Wang et al., 2015; Wang

et al., 2017; Yanites et al., 2010). Large earthquakes additionally leave loose

sediment on hillslopes that is readily mobilised during subsequent rainfall events

(Chen and Petley, 2005; Dadson et al., 2004; Huang and Fan, 2013; Marc et al.,

2015). Estimates for the residence time of coseismic landslide sediment in catch-

ments vary from under a year to several decades to centuries (e.g. Croissant et al.,

2017b; Koi et al., 2008; Pain and Bowler, 1973; Pearce and Watson, 1986; Wang

et al., 2015; Wang et al., 2017; Xie et al., 2018; Yanites et al., 2010), with the

timescale strongly depending on landslide density and area, climate, and lithol-

ogy and grain size of the coseismic landslide sediment. Therefore, estimates of

coseismic landslide residence time need to be tailored to a given event and study

area.

Given the potential for coseismic landslide sediment to a�ect river and �ood

dynamics for years to centuries, it is important to estimate the timescales of sedi-

ment transport and the e�ect of a given sediment pulse on channel bed elevation.

Sediment can be mobilised by a river once shear stresses acting on the channel

bed exceed a certain threshold (Ackers and White, 1973; Einstein and El-Samni,

1949; Meyer-Peter and Müller, 1948; Shields, 1936). This threshold is set by

channel geometry, e.g. gradient and roughness of the channel bed (Komar and

Li, 1986; Li and Komar, 1986; Schmidt and Ergenzinger, 1992), as well as particle

characteristics such as size distribution and shape (Cassel et al., 2021; Demir and

Walsh, 2005; Komar and Li, 1986). In turn, particle size distribution and shape is

predominantly controlled by sediment source type, lithology, climate, and valley

morphology. Once the threshold for entrainment of a given sediment pulse has

been established, it is possible to calculate the discharge needed to reach this

threshold, and from there estimate the return interval of the corresponding �ood
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event (e.g. Dingle et al., 2020b).

As outlined above, lithology is known to have a strong in�uence on �uvial

incision and the creation of relief, but quantifying relevant rock characteristics to

be used in the context of river incision and landscape evolution is challenging. In

Chapter 3, I test a method to quantify rock erodibility using channel gradients

extracted from digital topographic data in the geologically complex eastern Swiss

Jura, and optimise these values using a Monte Carlo approach. I then assess

the accuracy of the optimised erodibility values by running model simulations

with the optimised values and determining the goodness of �t between the real

and model topography. The optimised erodibility values are then used in further

modelling simulations exploring the response of landscape relief and drainage

divide migration rates to drainage reorganisation and changes in relative uplift

rate.

Secondly, I explore the impact of sediment pulses on bedload transport in

mountain catchments. As brie�y introduced above, coseismic landsliding in the

wake of large earthquakes has the potential to dramatically increase sediment sup-

ply and alter river catchments. For example, the Mw 7.7 1999 Chi-Chi (Taiwan)

and the Mw 7.9 2008 Wenchuan (China) earthquake resulted in up to 18 m and

10 m of channel bed aggradation, respectively (Chen and Petley, 2005; Whad-

coat, 2011; Yanites et al., 2010). The Mw 7.8 2015 Gorkha (Nepal) earthquake

triggered ca. 25,000 landslide (Roback et al., 2018) and was therefore expected

to have a similar impact on river channels in the following years. In Chapter 4, I

focus on two sub-catchments of the Koshi River in central Nepal, both of which

were a�ected by coseismic landsliding in the aftermath of the Gorkha earthquake.

Both catchments also experienced other signi�cant hydro-geomorphic events in

the years surrounding the earthquake, such as debris �ows, large landslides, and

glacial lake outburst �oods (Acharya et al., 2016; Baskota et al., 2021; Cook

et al., 2018; Lamichhane et al., 2021). Using high-resolution optical satellite im-

agery from 2012-2021, I map the extent of gravel along both rivers in order to

identify signals in gravel bedload that could be linked to these signi�cant hydro-

geomorphic events, and attempt to isolate the impact of individual events.
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Lastly, in Chapter 5, I aim to constrain the timescales on which coseismic

landslide sediment linked to the 2015 Gorkha earthquake may be removed from

the mountain range. The Koshi River in central and eastern Nepal, like many

rivers originating in the Himalayas, is characterised by low gradients and high

sediment loads along its course across the Indo-Gangetic plain (Dingle et al.,

2016; Lupker et al., 2012; Milliman and Syvitski, 1992; Sinha et al., 2005), mak-

ing it sensitive to changes in sediment supply and prone to channel aggradation

and avulsion (Chakraborty et al., 2010; Dingle et al., 2020b). Perhaps the most

dramatic example of this is the Koshi avulsion of 2008 (Chakraborty et al., 2010;

Sinha, 2009), during which the river shifted east by tens of kilometres, a�ecting

more than three million people in Nepal and northern Bihar (India) (Sinha et

al., 2014). In the wake of the 2015 Gorkha earthquake, the western portions of

the Koshi catchment, in Nepal's Sindhupalchok district, were among the worst

a�ected in terms of coseismic landslide density (e.g. Collins and Jibson, 2015;

Kargel et al., 2016; Roback et al., 2018). Using �eld measurements of gravel

grain size and channel geometry, I calculate the discharge needed at eight sites

along the Koshi River to mobilise coseismic landslide sediment generated follow-

ing the Gorkha earthquake. I then tentatively estimate the return period of these

events using published rating curves for four gauging stations in the Koshi River

basin (Sinha et al., 2019).

Below, the three core chapters of this thesis are summarised as three questions

which I aim to address:

1. Is it possible to extract plausible values of rock erodibility from topography,

and can heterogeneous lithology alone drive drainage divide migration?

2. Are large earthquakes or extreme hydro-geomorphic events the primary

driver of sediment export from mountain river catchments?

3. What discharge is needed to mobilise coseismic landslide sediment asso-

ciated with the 2015 Gorkha (Nepal) earthquake, and what is the likely

return period for such an event?
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1.2 Theoretical background and literature review

This section provides a brief theoretical background for each of the three research

questions given above, along with an overview of the literature surrounding the

topics, before highlighting where the work presented in this thesis adds to the

existing body of research.

1.2.1 Control of lithology on �uvial incision

In a landscape in topographic steady state, erosion rate balances relative rock

uplift rate. An increase in relative rock uplift rate, for example through sea level

fall or increased tectonic uplift, will result in steepened reaches, or knickpoints,

along river pro�les, as rivers match the increased relative uplift by increasing their

gradient (Fig. 1.1). These knickpoints transmit the incision signal to the parts

of the landscape not yet adjusted to the new boundary conditions by migrating

upstream through the river network (Tucker and Slingerland, 1994; Whittaker et

al., 2007). This upstream propagation of knickpoints can be put in the context of

�uvial incision through the stream power law (Howard and Kerby, 1983), which

takes the form:

E = KAmSn (1.1)

where E = �uvial incision rate, A = drainage area, a proxy for river discharge,

S = channel gradient, andm and n are dimensionless parameters determining the

dependence of incision rate on drainage area and channel gradient, respectively.

The parameter K encompasses multiple variables, including substrate character-

istics, channel geometry, and climate variability, and is usually taken to represent

rock erodibility. Whipple and Tucker (1999) and Whipple (2001) show that using

the stream power law, the rate of knickpoint retreat can be formulated as the

celerity CE of a nonlinear kinematic wave:

CE = ΨAmSn−1 (1.2)
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Here, the parameter Ψ represents all factors except drainage area A and chan-

nel gradient S that control the wave celerity, such as amplitude of the forcing,

bedrock erodibility, and climate variability (Whittaker and Boulton, 2012; Wobus

et al., 2006). Assuming that erosion is proportional to stream power and setting

n = 1, knickpoint retreat rate should primarily depend on drainage area A; while

some �eld studies have con�rmed this assumption (e.g. Beckers et al., 2015; Berlin

and Anderson, 2007; Bishop et al., 2005), others have found only a weak depen-

dence of retreat rate on drainage area (e.g Brocard et al., 2016; Jansen et al.,

2010; Whittaker and Boulton, 2012), suggesting a stronger in�uence of Ψ, which

includes substrate characteristics such as bedrock erodibility.

Figure 1.1: Schematic river pro�le illustrating the upstream propagation of a knick-
point in response to base level fall. The river adjusts to the new base level by steepening
in order to increase incision rate. The steepened reach (knickzone) separates the part
of the landscape adjusted to the new base level from upstream reaches adjusted to the
previous base level, and migrates upstream over time.

Control of rock properties on rates and patterns of �uvial incision

It is intuitive that rocks that are resistant to erosion will lead to the formation

of steeper slopes, and this has long since been recognised (Gilbert, 1877; Hack,
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1975). In the Swiss Alps, Kühni and P��ner (2001) document higher peaks and

steeper slopes in rocks with low erodibility. Additionally, softer rocks lead to the

formation of di�use knickpoints, whereas steep knickpoint faces develop in more

resistant units (Berlin and Anderson, 2007; Brocard et al., 2016). A number of

studies have shown that lithology can control the pace at which landscapes adjust

to perturbations, with resistant rock units often acting as barriers delaying tran-

sient incision signals and setting local base level for upstream reaches (Brocard

et al., 2016; Cook et al., 2009; DiBiase et al., 2018; Goldrick and Bishop, 1995;

Jansen et al., 2010; Tooth et al., 2002; Zondervan et al., 2020a).

Additionally, lithology in�uences landscape evolution by playing an important

role in drainage divide migration: Bernard et al. (2019) show that the position

of the drainage divide in the Pyrenees is determined by the location of plutonic

massifs with high rock strength. In their study of the High Atlas in NW Africa,

Zondervan et al. (2020b) further demonstrate that horizontally layered sedimen-

tary sequences encourage divide mobility, while folded and faulted metamorphic

rocks are associated with greater divide stability. These observations tie in well

with Forte et al. (2016) and Perne et al. (2017)'s point that vertical rock con-

tacts are rare and contacts will therefore migrate continuously as rivers incise into

bedrock, meaning that landscapes with strong contrast in rock erodibility may

never reach topographic steady state.

The role of lithology in controlling landform morphology and the pace of land-

scape evolution is further complicated by heterogeneities in erodibility not just

between, but also within rock units. For instance, Marshall and Roering (2014)

document in their study of catchment morphology in the Oregon Coast Range

that within the same lithology, diagenetically hardened beds are associated with

higher relief and steeper hillslopes. Similarly, it is intuitive that heavily jointed

or fractured rocks are more easily eroded than their massive or cohesive coun-

terparts, leading Molnar et al. (2007) to the assertion that the most important

control tectonics exert on landscape evolution is the production of fractured and

easily erodible rock. In line with this assertion, Roy et al. (2015)'s numerical

modelling study demonstrates that �uvial incision in �fractured� bedrock in sim-
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ulated fault zones is several orders of magnitude higher than in the surrounding

�intact� bedrock, and Kühni and P��ner (2001) show that in the Alps, large lin-

ear river valleys develop following easily erodible rock units along major tectonic

structures. Extensive jointing or fracturing can also allow otherwise resistant rock

units to be rapidly eroded by rivers: both Lamb et al. (2008) and Baynes et al.

(2015) found that above a threshold �ow depth, columnar basalt can be eroded

at exceptionally high rates through toppling of columns.

Beyond in�uencing landscape relief and erosion rates, lithology also controls

the grain size of sediment supplied to rivers (Attal and Lavé, 2006; Wolcott,

1988), which in turn impacts the timescales on which sediment can be removed

from a river reach or mountain range (see also Section 1.2.3). This is also relevant

in the context of �uvial incision rates and the rate of landscape response to per-

turbations: While studying stream pro�les to assess the response to catchments

in Italy and Greece to a recent increase in fault throw rate, Cowie et al. (2008)

found that the Xerias River (Greece) was able to quickly adjust to the increased

relative uplift rate due to a supply of resistant quartzite pebbles in its headwaters,

allowing rapid erosion of the less resistant limestone bedrock. A later study by

Brocard et al. (2016) of relict landscapes in eastern Puerto Rico echoes this �nd-

ing by demonstrating that these high-altitude, low-relief landscapes can persist

due to the presence of quartz diorite, which not only delays the transmission of

incision signals due to its low erodibility, but also by weathering into a combi-

nation of sand and large corestones unsuitable as tools for incision into bedrock.

The lithology of sediment supplied to a river will also control its abrasion rate

(Attal and Lavé, 2006, 2009; Parker, 1991), which in�uences the rate at which it

can be transported, as well as its suitability as tools for �uvial erosion.

Quantifying rock erodibility

As the points outlined above illustrate, it is well understood that lithology plays

an important role in determining landscape form and setting the pace of land-

scape evolution, and the means by which lithology shapes these processes are

generally understood and accepted. However, translating these observations into
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parameters that quantify the susceptibility of rocks to erosion and can be used

to compare di�erent river systems or ingested by landscape evolution models is

a challenging task, particularly since it is unclear which rock properties are the

most relevant for erosional processes (Bursztyn et al., 2015).

Rock erodibility is often quanti�ed in terms of either compressive strength,

which can be determined using a Schmidt hammer or Selby's rock strength clas-

si�cation (Selby, 1980), or tensile strength measured in a laboratory (Bursztyn

et al., 2015; Marshall and Roering, 2014). Alternatively, erosion rates can be

measured directly in �ume studies (Attal and Lavé, 2006, 2009) or in the �eld

(Baynes et al., 2015; Hartshorn et al., 2002; Stock et al., 2005), although �eld

measurements are only possible in the case of extreme events. Neither of these

approaches yield universally applicable parameters: rock strength measurements

cannot be directly translated to the erodibility parameter K in the stream power

law (Bursztyn et al., 2015), and Attal and Lavé (2009) show that pebble abra-

sion rates measured in �umes vary across several orders of magnitude between

lithologies.

Given a good knowledge of incision rates as well as the stream power within

a river system, erodibility could in theory be calculated (Attal et al., 2008; Stock

and Montgomery, 1999), although sites with such precise constraints are rare. For

example, Attal et al. (2008) calibrated erodibility for a �eld site in the Apennines

(Italy) to reproduce channel geometry previously constrained by Whittaker et al.

(2007). While this can yield good constraints of erodibility at a given �eld site,

the approach used to calculate K needs be tailored to the studied system, and the

units of K vary depending on the stream power law used in the analysis, making

it di�cult to compare values between studies. In their study of the Corinth Rift

in Greece, Zondervan et al. (2020a) combined �eld measurements of rock strength

with estimates of erodibility values calculated from channel width and discharge,

noting a three-to four-fold decrease in erodibility for a doubling in rock strength.

They also compared their erodibility values to those obtained in other studies by

carefully noting the stream power law, and therefore units, used for estimating

erodibility, and show that their erodibility values match published values from
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similar lithologies.

Another possibility is to derive plausible values of erodibility K by estimating

them from present-day topography or creating model landscapes matching real

landscape relief. For instance, Stock and Montgomery (1999) modelled palaeo-

river pro�les using a range of erodibility values to recreate their present-day

shape, and found that the corresponding best �t values of K varied by �ve orders

of magnitude between lithologies. Whipple et al. (2000) and Kirby and Whipple

(2001) followed the same approach in Alaska and Nepal's Siwalik Hills, respec-

tively, and found erodibility values falling within the range reported by Stock and

Montgomery (1999).

In studies using numerical models to explore aspects of landscape evolution,

erodibility values are often calibrated either to produce realistic-looking land-

scapes or closely match the topography and relief in a given study area, or de-

rived from �eld measurements of rock strength in similar lithologies. In their

study simulating the evolution of river networks in a fault zone with contrasts in

rock strength, Roy et al. (2015) set their values of erodibility to vary over two

orders of magnitude based on the assumption that erodibility is proportional to

the inverse square root of cohesion. Sta²kovanová and Minár (2016) chose their

values in a similar manner, but grouping units by their tensile strength. Forte et

al. (2016) explore the e�ect of contrasts in rock erodibility on landscape evolution

and do not link their values of K to a particular lithology or �eld site, instead

picking values from the lower end of the range of K values reported by Stock and

Montgomery (1999) and adjusting these to represent �soft� and �hard� rock units.

Similarly, Perne et al. (2017)'s study seeks primarily to explore patterns of land-

scape evolution in areas of layered rocks, and values of erodibility are selected

to produce di�erent ratios between �strong� and �weak� rocks. Yanites et al.

(2017) simplify the complex geology of their study area in the eastern Swiss Jura

by grouping units into three erodibility classes � soft, medium, and hard � and

choosing erodibility values for each group which reproduce the hillslope-channel

transition seen in the real landscape. Whether erodibility values are calibrated

based on measurements of rock properties or chosen to re�ect the topography of
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a given study area, the approach selected will a�ect the units of erodibility K,

depending on what incision law is used in the landscape evolution model, and

comparing erodibilities between studies is therefore not an easy task.

River pro�les themselves can also be used to obtain estimates of rock erodi-

bility: As outlined earlier in this section, rivers adjust their channel gradient to

match variations in relative uplift rate and bedrock erodibility. Morisawa (1962)

and later Flint (1974) recognised that channel gradient decreases with increasing

drainage area following a power law:

S = ksA
θ (1.3)

where S is channel gradient (S = dz
x
, where z is elevation and x is distance along

the channel), ks is the steepness index, A the drainage area, and θ the concavity

index, which determines the rate at which river gradient decreases downstream.

To compare di�erent rivers either in the same basin or in di�erent basins, a �xed

reference value for θ is commonly chosen and denoted as θref . This allows the

extraction of comparable steepness index values, which are then referred to as

ksn or normalised channel steepness index. Applying a linear regression to a

logarithmic plot of channel gradient S against drainage area A would yield a

gradient of -θ and an intercept of ks. Since steepness index ks scales with uplift

rate (e.g. Howard et al., 1994; Willgoose et al., 1991), any changes in ks must

re�ect spatial variations in erosion rate � for example, due to changes in lithology

� where uplift rate is spatially uniform (Kirby and Whipple, 2012; Wobus et

al., 2006). However, this slope-area analysis relies on digital topographic data

and is sensitive to noise and errors in the data (e.g. Perron and Royden, 2013).

To circumvent this issue, Perron and Royden (2013) developed an alternative

method, integrating Equation 1.3 over distance along the channel:

z(x) = z(xb) +

(
ks
Aθ

0

)∫ x

xb

(
A0

A(x)

)θ

dx (1.4)

where xb denotes the local base level chosen for the given analysis and A0

denotes a reference drainage area introduced to ensure that θ does not in�uence
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the units of the longitudinal coordinate χ (chi), de�ned as:

χ =

∫ x

xb

(
A0

A(x)

)θ

dx (1.5)

This approach normalises river pro�les to a given θref . On plots of elevation

as a function of the longitudinal coordinate χ, rivers in steady state will plot as a

straight line collinear with their tributaries, making it easier to identify transient

reaches along a river pro�le. Setting A0 to unity in Equation 1.5 means the

gradient of χ-elevation plots will be equal to ks. Several studies have successfully

linked channel steepness ks or normalised channel steepness ksn with erodibility

and erosion rate in a range of climatic and tectonic settings (e.g. Codilean et al.,

2018; DiBiase et al., 2010; Gabet, 2020; Gailleton et al., 2021a; Harel et al.,

2016; Jansen et al., 2010; Kirby and Whipple, 2012), and Duvall (2004) found

that along the Californian coast, higher concavity in stream pro�les indicates

more resistant lithologies. However, as Gailleton et al. (2021b) point out, it is

important to carefully constrain the value of θref as this will change both the units

and value of normalised channel steepness ksn. In addition, both lithology and

tectonics will a�ect channel steepness, and it is therefore di�cult to disentangle

the in�uence of these two factors (Gailleton et al., 2021a; Strong et al., 2019).

Summary

In summary, lithology has been shown to exert a strong in�uence on landscape

evolution by determining landscape form and the rate at which landscapes can

adjust to perturbations, primarily through the susceptibility of rocks through ero-

sion. It is therefore crucial to constrain rock erodibility in order to successfully

model landscape evolution or extract information on the tectonic history from

river pro�les. Past studies have constrained erodibility for speci�c sites by mea-

suring rock strength, measuring pebble abrasion rate, attempting to reconstruct

present-day topography and river pro�les in model simulations, or extracting the

steepness index of river pro�les. The work shown in Chapter 3 presents a method

for constraining the erodibility parameter K that combines aspects of these ap-
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proaches: for a study site in the geologically complex eastern Swiss Jura, apparent

K values for each rock unit are �rst extracted from digital topographic data us-

ing channel steepness, and then optimised with a Monte Carlo sampling approach

to �nd plausible combinations of K that are able to reproduce landscape relief.

These K values are then used in a landscape evolution model capable of ingest-

ing complex 3D geology to explore the response of a lithologically heterogeneous

landscape on a range of changes in relative uplift rate.

1.2.2 Disturbance of sediment supply by sediment pulses

The supply of sediment to mountain rivers is episodic in nature, usually following

short-term events such as storms, earthquakes, wild�res or periods of snowmelt

(Benda and Dunne, 1997; Bennett et al., 2014; Dadson et al., 2003, 2004; Lan-

caster, 2008; Singer et al., 2013; Yanites et al., 2010). Seasonal e�ects have also

been known to in�uence sediment supply: For instance, Lane et al. (2008) found

that the Upper Wharfe in northern England displays elevated sediment trans-

port following summer convective storms. Widespread mass wasting following

large earthquakes also has the potential to supply signi�cant volumes of sedi-

ment to rivers that can potentially persist in catchments for decades to centuries

(Croissant et al., 2017b; Hovius et al., 2011; Wang et al., 2015; Wang et al.,

2017; Yanites et al., 2010). On longer timescales, Pratt-Sitaula et al. (2004)

demonstrated that a shift to wetter climatic conditions can lead to increased

mass wasting, resulting in periods of increased sediment supply and aggradation

in river networks. Mass wasting has further been shown to be the dominant pro-

cess generating sediment supplied to mountain rivers (e.g. Bennett et al., 2014;

Hovius et al., 2000; Korup et al., 2010).

Sediment pulse behaviour at the reach and catchment scale

In this section, I focus on pulses of sediment generated by short-term events

and their journey through the �uvial network. Sediment pulses (after Sims and

Rutherfurd (2017)), also referred to as sediment waves, bed waves or sediment

slugs in the literature (e.g. Cui and Parker, 2005; Gilbert, 1917; Gran and Czuba,
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2017; Lisle et al., 2001; Nicholas et al., 1995; Sutherland et al., 2002; Wathen

and Hoey, 1998) are inputs of �excess� sediment resulting in zones of sediment

accumulation in channels; that is, inputs above the background sediment sup-

ply rate for a given area. They can be sourced through natural events such as

large �oods, landslides, debris �ows, volcanic eruptions, wild�res or natural dam

collapse (Bathurst and Ashiq, 1998; Benda et al., 2003; Dadson et al., 2004; Ersk-

ine, 1986; Gran and Montgomery, 2005; Hancox et al., 2005; Ho�man and Gabet,

2007; Madej and Ozaki, 1996; Sutherland et al., 2002; Tullos and Wang, 2014;

Yanites et al., 2010), or through anthropogenic in�uence such as mining (Fergu-

son et al., 2015; Gilbert, 1917; Knighton, 1991; Pickup et al., 1983), dam removal

(East et al., 2015; Major et al., 2012; Pizzuto, 2002), or land use changes related

to agriculture and forestry (Belmont et al., 2011; Jacobson and Gran, 1999; Reid

and Dunne, 1984; Trimble, 1981). Sediment pulses are associated with channel

bed aggradation and decreased channel capacity, increasing the risk of �ooding

and avulsion (rapid channel switching) (e.g. Korup et al., 2004; Raven et al.,

2009; Sims and Rutherfurd, 2017), and understanding the evolution of sediment

pulses is further important for studies involving sediment transfer (Benda and

Dunne, 1997), bedrock incision patterns (Lague, 2010; Yanites et al., 2011), allu-

vial fan based hazards (Croissant et al., 2017a), as well as the in�uence of surface

processes on fault stress loading (Steer et al., 2014). As such, numerous studies

have been dedicated to exploring the mechanisms and controls on downstream

movement of sediment pulses in the �eld, in �ume studies, or through numerical

modelling experiments (e.g. Cui et al., 2003a,b, 2005; Cui and Parker, 2005; Lisle

et al., 2001; Lisle, 2007; Nicholas et al., 1995; Sklar et al., 2009; Sutherland et al.,

2002). This section �rst discusses the behaviour of sediment pulses from a single

source at the reach scale before outlining additional factors that need to be taken

into account when scaling up to whole catchments.

Sediment pulses can move downstream by three modes; (1) dispersion in situ,

(2) translation downstream, and (3) a mixture of dispersion and translation (Fig.

1.2). Early �eld studies investigating the evolution of sediment pulses from min-

ing waste described the passage of sediment as a wave translating downstream
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(Gilbert, 1917; Knighton, 1991), since gauges along the river recorded an in-

crease in bed elevation over time. However, it has since been discussed that a

dispersing sediment pulse would result in a similar signal from gauges along the

river (Gran and Czuba, 2017), and several experimental and numerical modelling

studies have con�rmed movement of sediment pulses by dispersion with little or

no translation (Cui et al., 2003a,b; Cui and Parker, 2005; Lisle et al., 2001). In a

detailed �eld study of the Navarro landslide (California), Sutherland et al. (2002)

monitored 5 km of the Navarro River a�ected by landslide sediment and found

that the sediment pulse dispersed within a few years with negligible translation.

Although dispersion is the dominant behaviour of sediment pulses, Lisle et al.

(2001), Lisle (2007) and Cui and Parker (2005) have found that where the sedi-

ment pulse is �ner than the ambient river sediment, translation dominates. The

amount of sediment delivered to the channel relative to the channel's sediment

transport capacity also needs to be considered: in a �ume study, Sklar et al.

(2009) found that dispersive behaviour dominates where the sediment pulse sig-

ni�cantly exceeds transport capacity, further corroborated by Gran and Czuba

(2017)'s modelling study. In recent numerical modelling studies, Croissant et al.

(2017b) and Zhang et al. (2022) show that when presented with a large volume

of sediment relative to transport capacity, rivers can increase their transport ca-

pacity by narrowing, thereby allowing for rapid evacuation of large volumes of

sediment. Croissant et al. (2017b) also observed this behaviour following the 2014

Jure landslide in the Bhote Koshi valley (central Nepal).

Gran and Czuba (2017) additionally highlight the importance of sediment

connectivity: assuming that all sediment entering a catchment leaves it as well,

the same erosion signal as at the point of input should be seen at the outlet,

with an appropriate time lag. However, the magnitude, frequency, duration and

extent of the perturbation as well as the characteristics of the �uvial system

(e.g. distance from source to sink, areas of sediment storage in channels or �ood-

plains along the way (James, 2010)) all a�ect how the signal will be transmitted

and preserved. When considering the evolution of sediment pulses on a larger

scale, such as the fate of sediment delivered to a given catchment from coseismic
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Figure 1.2: Schematic sketch showing the three modes of sediment pulse evolution
downstream. Redrawn from Sutherland et al. (2002).

landslides, the structure of the channel network therefore needs to be taken into

account (e.g. Gran and Czuba, 2017). For example, �mutual interference at trib-

utary junctions� (Benda and Dunne, 1997) can lead to enhancement or dispersal

of sediment pulses as they meet at a junction (Benda and Dunne, 1997; Benda

et al., 2004; Czuba and Foufoula-Georgiou, 2014; Jacobson and Gran, 1999).

Czuba and Foufoula-Georgiou (2014) developed a �ow routing model which in-

corporates channel network characteristics and demonstrated that a single pulse

introduced across the catchment developed into a series of pulses at the river

outlet, in line with Jacobson and Gran (1999)'s observations from gravel bar in-

ventories in the Current River basin, Missouri (USA). Gran and Czuba (2017)

built on this model and their results emphasise that the structure of the channel

network, particularly spatial variations in sediment transport capacity, need to

be considered when predicting the evolution of sediment pulses at the catchment

scale. For example, sediment �bottlenecks�, i.e. reaches with lower transport ca-
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pacity relative to upstream, can cause pulses that would otherwise translate to

disperse instead as sediment enters storage.

Coseismic landslides: distribution, connectivity, and control on sedi-

ment export

Here, I focus on sediment pulses associated with earthquake-triggered, or coseis-

mic, landslides. Although other sources of sediment pulses, for example storm-

triggered landslides, are associated with similar hazards as outlined above, co-

seismic landslides are triggered within a short time span and cover a wide area;

they can therefore supply a signi�cant amount of sediment to rivers. For ex-

ample, following the 1999 Chi-Chi (Taiwan) and 2008 Wenchuan (China) earth-

quakes, Yanites et al. (2010) and Li et al. (2016) found that landsliding gener-

ated 0.5�1.3x104 Mt and 2.8 km3 of sediment, respectively. In the case of the

Chi-Chi earthquake, this equates to 0.6-1.7 m being removed from the land sur-

face over an area of 30,000 km2 (Yanites et al., 2010). From a mass balance

perspective, large earthquakes contribute to mountain growth through tectonic

uplift (Avouac, 2007), while also enhancing erosion through widespread lands-

liding (Dadson et al., 2004; Egholm et al., 2013; Guzzetti et al., 2009; Hovius

et al., 2011; Keefer, 1994; Korup et al., 2010). Moreover, coseismic mass wasting

can equal or outweigh the addition of mass and volume to mountain ranges by

earthquakes (Francis et al., 2020; Hovius et al., 2011; Larsen et al., 2010; Marc

et al., 2016; Marc et al., 2019; Parker et al., 2011). Li et al. (2014) agree with

this suggestion, showing that in terms of volume, coseismic landsliding associated

with the 2008 Wenchuan earthquake rendered the contribution of the earthquake

to mountain building negligible.

Coseismic landslides can be triggered by earthquakes exceeding moment mag-

nitude Mw = 4.3 (Malamud et al., 2004), and a power law relationship between

earthquake moment magnitude and the logarithm of total coseismic landslide

area and volume has been established using historic landslide inventories (Keefer,

1994; Malamud et al., 2004). This provides a global average that an individual

event can be compared to; for example, Massey et al. (2018) found that the 2016
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Mw 7.8 Kaik	oura (New Zealand) earthquake triggered fewer landslides than ex-

pected for an earthquake of this magnitude. The spatial distribution of coseismic

landslides is determined by the interplay of tectonics, geology, topography and

climate. Landslide density is positively correlated with peak ground acceleration

(PGA) (Khazai and Sitar, 2004) and thus landslides tend to be concentrated

where fault slip rates are highest (Huang and Fan, 2013; Massey et al., 2018). In

a study of landslides triggered by the 2008 Wenchuan (China) earthquake, Chi-

gira et al. (2010) found that landslide orientation is in�uenced by the direction

of the seismic wave, with most landslides normal to fault ruptures. Lithology

is also a factor that is usually seen to a�ect coseismic landslide distribution �

for example, landslides triggered by the 1999 Chi-Chi (Taiwan) earthquake are

mostly located in Tertiary sedimentary rocks (Khazai and Sitar, 2004) and the

2008 Wenchuan coseismic landslides are concentrated in carbonate rocks (Chigira

et al., 2010). Furthermore, coseismic landslides cluster in areas with high relief

and steep slopes (Kargel et al., 2015; Tang et al., 2011) and tend to be located

near ridgetops (Densmore and Hovius, 2000; Yin et al., 2009). The latter allows

them to be distinguished from storm-triggered landslides, which are generally

found at hillslope toes (Densmore and Hovius, 2000). All of the above controls

on coseismic landslide distribution act together, with ground motion usually being

the dominant control (Gorum and Carranza, 2015; Kargel et al., 2015; Meunier

et al., 2007; Roback et al., 2018). Mapping from aerial and satellite imagery

easily yields landslide spatial distribution and area; however, landslide volume

is also of interest in terms of assessing the impact of a given landslide event on

sediment dynamics in future years. Volume has a power law relationship with

landslide area:

VL = αAγ
L (1.6)

where VL and AL are total landslide volume and area, respectively, and α and γ

are empirically-calibrated parameters related to soil properties. This relationship

has been extensively tested on landslides across the globe (Guzzetti et al., 2009;

Hovius et al., 1997; Larsen et al., 2010; Malamud et al., 2004). Landslide mobility

is also an important metric as it determines how far a landslide will travel from
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its source area. Mobility is usually quanti�ed as runout length (i.e. how far the

landslide extends from its source) relative to slope, landslide volume or height

drop between landslide source and toe (e.g. Roback et al., 2018). In a detailed

study of the exceptionally mobile 2014 Oso (Washington, USA) landslide, Iver-

son et al. (2015) also related landslide mobility to material properties; speci�cally,

high porosity and high water content of hillslope material promote high mobility.

Another very important factor determining the impact of a given landslide is its

connectivity with the �uvial network. A landslide connected to the river network

will deliver sediment to the channel and therefore contribute to an increase in

sediment load and �ood risk downstream, whereas a landslide isolated on the

hillslope and not connected to the �uvial domain will not contribute to �uvial

sediment budget. Mapping studies usually determine whether a landslide is con-

nected to the river network or not by reference to the critical drainage area above

which a channel is considered �uvial, Ac: If the maximum drainage area Amax of

a given landslide exceeds Ac, then the landslide is connected to a �uvial channel

and vice versa (Li et al., 2016; Roback et al., 2018). This is termed the �raster-

based approach� by Roback et al. (2018), who additionally de�ne a �vector-based

approach� whereby a bu�er zone is applied around all �uvial channels (i.e. chan-

nels with drainage area exceeding Ac) and a landslide is deemed connected to

the �uvial domain if it intersects this bu�er zone. Using the raster-based ap-

proach, Li et al. (2016) studied landslides associated with the 2008 Wenchuan

earthquake and noted that landslide connectivity has a strong spatial variation,

ranging from 20 to 90% between catchments, with ca. 40% of the total coseismic

landslide volume connected to the �uvial network. Li et al. (2016) further note

that the high-grade metamorphic rocks in the studied catchments are generally

associated with lower landslide-channel connectivity than the clastic sedimentary

rocks. Roback et al. (2018) found that approximately half of landslides triggered

by the 2015 Gorkha (Nepal) earthquake are directly connected to river chan-

nels. By contrast, only about 8% of coseismic landslides associated with the 1999

Chi-Chi (Taiwan) earthquake were connected to channels, with negligible spatial

variation in connectivity (Dadson et al., 2004; Hovius et al., 2011). However,
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merely determining whether a landslide is connected to the river network or not

is not su�cient for quantifying its impact on the sediment dynamics of the river.

For this, it is necessary to determine the extent of the connection (i.e. length

of connection) and estimate the volume of sediment that can be delivered to the

channel (Korup, 2005).

Aside from triggering widespread landsliding during ground shaking, large

earthquakes also destabilise hillslopes in the longer term, leading to elevated

rates of landsliding in the following years. Kincey et al. (2021) created pre-, co-,

and post-seismic landslide inventories over an area of 25,000 km2 in Nepal, en-

compassing the 14 districts most a�ected by the 2015 Gorkha earthquake, and

noted increased landsliding in the 3.5 years following the earthquake. Similarly,

Li et al. (2022) showed that the 2008 Wenchuan (China) earthquake destabilised

hillslopes for years, with rates of landsliding increasing signi�cantly from 2008

to 2014. Additionally, large earthquakes leave loose sediment on hillslopes that

is readily mobilised during subsequent events (Chen and Petley, 2005; Dadson

et al., 2004; Huang and Fan, 2013; Marc et al., 2015). This can enhance the

impact of extreme hydrological events: for example, due to the 1999 Chi-Chi

(Taiwan) earthquake, Typhoon Toraji (2001) resulted in a three-fold increase in

landslide area compared to pre-earthquake Typhoon Herb even though the latter

brough more rainfall (Lin et al., 2006; Lin and Tung, 2004). Adding to the im-

portance of hydrological events in aiding sediment removal, intense precipitation

from cyclones helped export coseismic landslide sediment following the 1999 Chi-

Chi earthquake, so that sediment loads returned to pre-earthquake levels within

six years (Dadson et al., 2004; Hovius et al., 2011; Huang and Montgomery, 2012;

Yanites et al., 2010). By contrast, Fan et al. (2018) and Francis et al. (2022)

found that close to 90% of material from coseismic landsliding during the 2008

Wenchuan (China) earthquake persists on the hillslopes ten years after the event.

Similarly, Howarth et al. (2012) studied lake sediment in the Southern Alps of

New Zealand and found evidence of increased sediment �ux for 50 years after large

earthquakes (exceeding Mw 7.6) along the Alpine fault, with a third of sediment

�uxes recorded in the sampled lake sediment over the last millennium generated
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during periods of post-seismic landscape adjustment. Large earthquakes there-

fore not only provide signi�cant sediment sources in the short term, but can also

result in an increased sediment supply for decades to centuries.

Residence time of coseismic landslide sediment in the �uvial network

As outlined above, estimating the residence time of coseismic landslide sediment

in catchments and mountain ranges is essential for understanding the role of

landslides on river dynamics (Croissant et al., 2017b; Dadson et al., 2003; Ko-

rup et al., 2010; Li et al., 2014; Ouimet, 2011), constraining the mass balance

of earthquakes (Hovius et al., 2011; Marc et al., 2016; Parker et al., 2011), and

for managing hazards associated with sediment pulses from coseismic landslid-

ing (Croissant et al., 2017a; Keefer, 1999; Liu et al., 2020). Consequently, a

plethora of studies have attempted to constrain the residence time of coseismic

landslide sediment in catchments and mountain ranges, producing a wide range

of estimates. For instance, while Pain and Bowler (1973) estimate a residence

time of 0.5-2 years following the 1970 earthquake in Papua New Guinea, Pearce

and Watson (1986) show that 50-75% of coseismic landslide sediment associated

with the 1929 earthquake in New Zealand still persists in the Matiri River catch-

ment (northwestern South Island of New Zealand). Pearce and Watson (1986)

demonstrate that sand- and pebble-size sediment has been transported less than

10 km in 50 years following the earthquake, and suggest the low transport rates

may be due to the coarse size of granitic landslide debris and trapping of debris

in landslide-dammed lakes. Similarly, Koi et al. (2008) monitor sediment yield

from check dams in a mountain catchment in Japan, and �nd coseismic land-

slide sediment associated with the 1923 Kant	o earthquake up to 80 years after

the event. Yanites et al. (2010) study the impact of coseismic landsliding on the

Peikang River in Taiwan, which experienced 3.4 m of aggradation in the six years

following the 1999 Chi-Chi earthquake, in great detail. They divide the river into

�ve reaches with a total length of ca. 20 km and, using detailed information on

the river's discharge history and assuming that 10% of the sediment is removed

as bedload and each reach delivers bedload at its full capacity to the next reach,
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estimate that it will take 10-30 years to evacuate the bedload fraction of coseis-

mic landslide sediment. Wang et al. (2015) study a range of catchments in the

Longmen Shan following the 2008 Wenchuan earthquake and estimate residence

times for �ne-grained sediment (i.e. transported as suspended load) ranging from

a year to a century, depending on the area and density of landslides as well as the

frequency of extreme runo� events in a given catchment. They show that catch-

ments experiencing higher runo� intensities are able to remove coseismic landslide

sediment faster, which is also corroborated by Xie et al. (2018)'s modelling study.

Wang et al. (2017) further expand on the role of landslide density in controlling

the residence time of coseismic landslide sediment: Based on sampling cosmogenic

10Be in catchments a�ected by the 2008 Wenchuan earthquake, they show that

the �ux of �ne-grained sediment (0.25-1 mm) increased sixfold in the �ve years

following the earthquake. In catchments with low landslide density, sediment

transport rapidly became supply-limited, whereas transport-limited conditions

persist where landslide density is high. Wang et al. (2017) suggest that while

sediment �ux is expected to return to pre-earthquake conditions within a few

decades, the residence time of coseismic landslide sediment in the Longmen Shan

could reach thousands of years. In a numerical modelling study, Croissant et al.

(2017b) show that dynamic channel adjustment can boost a river's transport ca-

pacity, enabling half the coarse fraction (i.e. transported as bedload) of a given

landslide sediment pulse to be removed within 5-25 years. Although Croissant

et al. (2017b) demonstrate the mechanism of dynamic channel adjustment on the

reach scale with a single landslide, they successfully scale up their model to simu-

late populations of coseismic landslides in a range of tectonically active mountain

belts, using parameters derived from previous studies of coseismic landslides. Fi-

nally, Croissant et al. (2019) propose that the removal of sediment is controlled by

two timescales: i) transfer time from hillslope to river channel, and ii) evacuation

time in the �uvial network, indicating that post-seismic landscape recovery can

be connectivity-limited or transport-limited depending on the relative length of

these time scales. They further suggest that, particularly in connectivity-limited

systems, residence times can exceed the recurrence interval of major earthquakes,



24 CHAPTER 1. INTRODUCTION

with coseismic landslide sediment therefore persisting in catchments over several

earthquake cycles.

Summary

In summary, past studies have estimated the residence time of coseismic land-

slide sediment in �uvial systems ranging from less than a year to several thousand

years, with the estimate strongly depending on the area and density of landslides,

the climate of the area � with low-frequency, high-intensity precipitation events

promoting rapid removal � and the lithology and grain size of the coseismic land-

slide sediment. Croissant et al. (2017b) further point out that once a sediment

pulse has been delivered to a river, its export time is governed by the grain size,

river discharge, and river geometry. In order to obtain robust estimates of co-

seismic landslide residence time for a given earthquake, it is therefore necessary

to take into account the characteristics of the landslide sediment and the �uvial

system in the area. While the solute and suspended sediment �uxes following

the 2015 Gorkha (Nepal) earthquake are currently being investigated (e.g. Puhl

et al., 2019), there are no studies exploring the transport of the bedload fraction.

Estimating bedload transport is a di�cult task (e.g. Croissant et al., 2017b) and

requires a detailed understanding of a river's transport capacity � consequently,

previous estimates of bedload residence times are con�ned to short reaches whose

discharge history is well-constrained (e.g. Yanites et al., 2010). In Chapter 4

of this thesis, I document the evolution of bedload sediment transport along

the Bhote Koshi and Melamchi-Indrawati rivers in central Nepal, both a�ected

by coseismic landsliding in the wake of the 2015 Gorkha earthquake, by map-

ping changes in planform channel morphology from pre- and post-seismic optical

satellite imagery.

1.2.3 Sediment entrainment and transport

Section 1.2.2 gave an overview of pulses of excess sediment delivered to river chan-

nels and showed that they can cause several metres of channel bed aggradation

and increase the risk of �ooding and avulsion (Korup et al., 2004; Raven et al.,
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2009; Sims and Rutherfurd, 2017). In a modelling study of the Karnali River in

western Nepal, Dingle et al. (2020a) demonstrated that changes in channel bed

elevation signi�cantly a�ect the extent of �ood inundation for a given event. To

estimate the impact of an increase in sediment supply on �uvial and sediment

dynamics, it is therefore necessary to determine the timescales of sediment trans-

port and the e�ect of a given sediment pulse on channel bed elevation. Given

knowledge of the grain size distribution of the sediment pulse, it is possible to

calculate the �ow conditions necessary to entrain this sediment (e.g. Dingle et al.,

2020b). With a knowledge of the discharge history of the river, it is then possi-

ble to determine the return interval of the necessary �ood event (Dingle et al.,

2020b). Below, I give a broad overview of the controls on the particle size a

river can entrain, and the factors controlling particle characteristics before brie�y

outlining the importance of sediment storage in channels and on �oodplains.

Controls on sediment entrainment and river transport capacity

The ability of a river to entrain sediment is usually calculated based on the shear

stresses acting on the channel bed: To calculate the entrainment threshold in a

given river, the Shields number τ ∗ is often used to represent the balance of forces

acting on the channel bed. The critical Shields number τ ∗c is the threshold value

necessary to entrain a particle of a given size, so that if τ ∗ > τ ∗c , the particle can

be entrained (Ackers and White, 1973; Einstein and El-Samni, 1949; Engelund

and Hansen, 1967; Meyer-Peter and Müller, 1948; Parker and Klingeman, 1982;

Shields, 1936). However, this threshold value can vary by up to an order of

magnitude (Bu�ngton and Montgomery, 1997), depending on the channel steep-

ness, grain size distribution, pebble angularity (Carling et al., 1992; Miller and

Byrne, 1966), pebble imbrication (Kirchner et al., 1990; Li and Komar, 1986),

and channel bed roughness (Komar and Li, 1986; Li and Komar, 1986). For

example, where the channel bed is smooth (i.e. particle diameter exceeds the

diameter of the bed particles), spherical or ellipsoid particles are more likely to

be moved, whereas entrainment of �atter shapes is more likely on rough channel

beds (i.e. where particle diameter is smaller than bed particle diameter) (Schmidt
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and Ergenzinger, 1992).

Additionally, pebble size distribution and shape can either promote or hinder

sediment entrainment, with clast shape in particular strongly in�uencing the se-

lective entrainment of coarse bedload (Cassel et al., 2021; Komar and Li, 1986).

In their �ume study, Komar and Li (1986) demonstrate that pebble imbrica-

tion on gravel bars predominates where pebbles are elliptical and of similar size.

Imbrication signi�cantly increases the threshold shear stress required for gravel

entrainment (Cassel et al., 2021; Komar and Li, 1986; Lane and Carlson, 1954).

Similarly, entrainment can be hindered by interlocking of clasts, which is more

likely in channels with angular bedload (Carling et al., 1992). Bed armouring,

which occurs when the median grain size of the bed surface is larger than that

of the subsurface, also greatly hinders sediment entrainment, leading to lower

than expected transport rates (Gomez, 1983; Willetts et al., 1987). Bed armour-

ing can arise from kinetic sieving, where smaller particles migrate downwards

between larger grains (Frey and Church, 2009), or sediment supply imbalance;

for example, surface bedload will coarsen when transport capacity exceeds the

upstream supply (Dietrich et al., 1989). Additionally, Demir and Walsh (2005)

studied bedload transport in the Cwym Treweryn stream (Wales) and found that

spherical and rod-shaped cobbles can travel farther than less rounded or smaller

clasts, as they protrude into the �ow to a greater extent and can more easily

travel over rough patches of the channel bed. In terms of �ow hydraulics, the

Shields parameter depends on the ratio between hydraulic radius and grain di-

ameter, termed �relative depth�, as well as on channel gradient (e.g. Graf and

Suszka, 1987; Lamb et al., 2008; Shields, 1936; Shvidchenko and Pender, 2000;

Shvidchenko and Hoey, 2001), and has been shown in �ume and �eld measure-

ments to increase with low values of relative depth, which in turn are associated

with high channel gradients (Recking, 2009, and references therein).

Aside from particle and bed characteristics and �ow hydraulics, �ood magni-

tude also controls rates of sediment transport. For instance, Lane et al. (2008)

showed that while short-lived, high-intensity convective summer storms increase

sediment supply, the bulk of �uvial sediment transport occurs in the winter
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months following moderate intensity events that can sustain the �ow conditions

required to entrain sediment for longer. On the other hand, extreme events can

mobilise sediment on very coarse or well-armoured beds that would otherwise

remain stable over centennial or millennial timescales, and have been shown to

move boulders several metres in size (e.g. Bretz, 1923; Carling, 2013; Huber et al.,

2020; Lamb et al., 2008; Stokes et al., 2012).

Although �ood magnitude is an important control on the size of sediment a

river can transport, sediment availability is also a crucial factor in determining

the amount of sediment that will be transported. In the case where transport ca-

pacity exceeds sediment availability, sediment transport becomes supply-limited,

and in the inverse case, it is transport-limited (e.g. Friend, 1993). For exam-

ple, following major disturbances to a river such as through large landslides (e.g.

Pratt-Sitaula et al., 2004; Yanites et al., 2010), enough sediment can accumu-

late in a channel that sediment transport will become transport-limited, i.e. it is

dependent on whether the river can overcome the threshold for sediment entrain-

ment. Turowski et al. (2013) de�ne two di�erent behaviour patterns in rivers in

response to large �oods, which they term ��ood-cleaning� and ��ood-depositing�.

In a �ood-cleaning system, sediment accumulates over time through deposition

during moderate �oods and is then removed from the system during a high-

magnitude event. Conversely, in �ood-depositing streams, sediment is deposited

during a high-magnitude event and then progressively removed by smaller �oods.

Turowski et al. (2013) observe both behaviours in bedrock and alluvial rivers,

with rivers often displaying �ood-cleaning as well as �ood-depositing reaches

along their course. They �nd that whether �ood-cleaning or �ood-depositing

behaviour is shown depends on the nature of hillslope-channel coupling: sed-

iment needs to be supplied during high-magnitude events for �ood-depositing

behaviour to occur, and during �oods of moderate magnitude in �ood-cleaning

rivers. This observation highlights the importance of the relative timing of �ood

events and sediment supply in controlling the amount of sediment transported in

rivers during a given �ood event.
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Controls on sediment characteristics: provenance, size and shape

The section above illustrates that, in addition to channel geometry and river

hydraulics, sediment characteristics are important in determining the threshold

for sediment entrainment. Below, I brie�y outline factors in�uencing particle

characteristics relevant for sediment entrainment and transport.

The source of sediment will a�ect the grain size distribution of the sediment

supplied to a river: for example, glacial sediment and soil-derived sediment will

generally be �ner than landslide-derived sediment (e.g. Attal and Lavé, 2006; At-

tal et al., 2015; Whittaker et al., 2008, 2010). As touched upon in Section 1.2.1,

lithology exerts a signi�cant control on the grain size distribution of sediment.

Milhous (1982) suggested that rocks such as sandstone and granite, which weather

to sand, will produce bimodal grain size distributions. Wolcott (1988) later con-

�rmed this idea in a detailed �eld study of two lithologically distinct catchments

in Oregon, which demonstrated a bimodal grain size distribution in the sandstone-

based Flynn Creek, while the Oak Creek � entirely located in basaltic bedrock �

did not display a gap in grain size distribution. Similarly, Brocard et al. (2016)

showed that rivers in catchments underlain by quartz diorite carry predominantly

sandy bedload due to quartz diorite weathering into corestones and sandy sapro-

lite, which in turn erodes to sands and clays at the surface (Brantley et al., 2011).

Along the Marsyandi River in the Nepal Himalaya, Attal and Lavé (2006) found

that landslides located in quartzite and gneiss produce coarser sediment than

landslides in schist bedrock. In their in-depth study of the Feather River in Cal-

ifornia, Attal et al. (2015) further demonstrate that hillslope sediment coarsens

with increasing slope gradient, and that higher erosion rates, linked to steeper

slopes, lead to an increased sediment supply. Steeper catchments will therefore

have a greater abundance of coarse sediment. Neely and DiBiase (2020) studied

hillslope weathering patterns and bedrock fracture spacing in the San Gabriel

Montains and northern San Jacinto Mountains (California), and found that on

soil-mantled slopes, surface sediment grain size increases with increasing erosion

rates until bare bedrock is exposed, following which bedrock fracture spacing

takes over as the dominant control. Finally, climate has been shown to exert
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an in�uence on sediment grain size distribution, with higher precipitation rates

associated with less bimodal grain size distributions and fewer rock fragments.

Marshall and Sklar (2012) demonstrated this relationship using soil pit data from

the Cascade Mountains (Washington), the Sierra Nevada (California), and the

Hawaiian islands.

River sediment generally decreases in size downstream as pebbles are abraded

(e.g Attal and Lavé, 2006; Parker, 1991; Sternberg, 1875; Surian, 2002) and

through selective entrainment of smaller grains (e.g. Ferguson et al., 1996; Paola

et al., 1992), although a supply of fresh material from hillslopes along the course

of the river has been shown to partially or completely counterbalance this e�ect

(e.g. Attal and Lavé, 2006; Heller et al., 2001; Sklar et al., 2006). The resistance

of a given rock type will also control the rate at which it is abraded; conse-

quently, more resistant lithologies will tend to make up the coarse fraction of

sediment available for transport, while easily abraded lithologies will contribute

to the �ner fractions such as gravel, sand, and suspended load. This can lead

to resistant lithologies being over-represented in river deposits relative to their

abundance in the catchment bedrock (Attal and Lavé, 2006, 2009; Parker, 1991).

Additionally, coarsening of sediment sources, for example through a change from

soil- to landslide-derived sediment, leads to a coarsening of surface and subsurface

river sediment which can persist for several kilometres downstream of the source.

This e�ect has been demonstrated in modelling studies (Attal and Lavé, 2006;

Sklar et al., 2006), as well as in �eld studies based in the Apennines (Italy), the

Sierra Nevada (California) and the Nepal Himalaya (Attal and Lavé, 2006; Attal

et al., 2015; Whittaker et al., 2008, 2010).

In general, pebbles become more rounded with increasing transport distance

through abrasion (e.g. Krumbein, 1941). Regarding material supplied to rivers

from hillslopes, fresh landslide material would then be expected to be more angu-

lar than, for example, quartzite pebbles from a conglomerate deposit (e.g. Quick

et al., 2020). In their study of gravel bars along eight streams in the Swiss Alps,

Litty and Schlunegger (2017) demonstrated that lithology exerts a control on

pebble roundness, with pebbles derived from sedimentary rocks being in gen-
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eral rounder and smoother than those sourced from other lithologies. Di Capua

et al. (2016) also found that metamorphic, and particularly metasedimentary,

rocks produce less rounded pebbles than sedimentary rocks. This is largely due

to the presence of clear deformation planes in metamorphic rocks, along which

pebbles can easily be fractured during �uvial transport (Drake, 1970). Gregory

and Cullingford (1974) additionally show that the local river environment can de-

termine pebble roundness: in Wensleydale and Coverdale (Yorkshire, UK), they

�nd signi�cantly more rounded �uvial deposits in high-energy environments such

as in potholes or below waterfalls.

Sediment storage in channels and on �oodplains

To estimate timescales of sediment transport, it is also important to assess po-

tential sites of intermediate sediment storage. For example, �oodplains, terraces,

and alluvial fans can act as bu�ers between sediment sources and sinks, and

decouple hillslope and channel processes (Blöthe and Korup, 2013; Castelltort

and Van Den Driessche, 2003; Fryirs et al., 2007), while sediment can also be

temporarily stored in river channels behind large woody debris or on point bars

(e.g. Gran and Czuba, 2017). For instance, James (2010) showed that in systems

where excess sediment is temporarily stored in �oodplains, high sediment loads

associated with a short-term increase in sediment supply can persist on much

longer timescales than the initial sediment pulse. While studying the impact of

mining debris on rivers in California and Tasmania, Gilbert (1917) and Knighton

(1991), respectively, also noted a lag in the downstream movement of sediment

pulses associated with temporary �oodplain storage. In some cases, lag times are

kept to a minimum by sediment collecting in a storage reach and then collectively

moving downstream, as shown by Jacobson and Gran (1999).

Aside from in-channel morphology, as brie�y mentioned in the previous para-

graph, substrate characteristics, valley morphology, and river network geometry

in�uence sediment storage. Using map records and aerial photographs of the

Bella Coola River (British Columbia, Canada) spanning a hundred years, Church

(1983) showed that tributary junctions represent preferred zones of sediment ac-
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cumulation. This �nding was later echoed by Rice (1998) in their �eld study of the

Pine and Sukunka rivers (British Columbia). Benda et al. (2004) reviewed four-

teen �eld studies along rivers in the western United States and Canada, spanning

seven orders of magnitude in drainage area, and con�rmed that sediment pref-

erentially accumulates upstream of tributary junctions, although they also note

increased potential for storage with decreasing channel gradient and increases in

channel and valley widths. Additionally, Macklin and Lewin (1989) note in their

detailed study of the South Tyne (UK), that bedrock exerts a primary control

on the distribution of sedimentation zones, with stable, non-alluviating behaviour

usually found in reaches con�ned by bedrock or terraced Quaternary valley �ll. In

a similar vein, Magilligan (1985) observed that in the Galena River basin in Wis-

consin and Illinois (US), zones of accumulation are generally located in very wide

sections of the valley, or � in the case of large �oods � directly upstream or down-

stream of valley constrictions. Belmont et al. (2011) and Gran and Czuba (2017)

further point out that con�ned and narrow valleys will have a limited �oodplain

extent, meaning little potential for sediment accumulation and storage.

Summary

This section built on Section 1.2.2, which highlighted the importance of constrain-

ing the timescales of downstream sediment transport in order to assess the impact

of a given sediment pulse on river dynamics and �ood hazard, and gave a short

introduction to the main factors governing rates of sediment entrainment and

transport. Sediment grain size distribution and shape are primary controls on

the sediment entrainment threshold, and are in turn governed by sediment source

type, lithology, climate, and valley morphology. This highlights the importance

of sediment provenance when attempting to determine the downstream journey

of a given sediment pulse. In studies extending beyond the reach scale, sediment

storage in channels and on �oodplains must also be taken into account, as this

will act as a bu�er between sediment sources and sinks. In Chapter 5 of this the-

sis, I use measurements of channel geometry and gravel grain size collected along

the Koshi River in central Nepal to estimate the �ow conditions necessary to
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entrain sediment supplied to the river through landsliding triggered by the 2015

Gorkha (Nepal) earthquake. I then compare the estimated values with published

discharge records for the Koshi River, and discuss the robustness and reliability

of the chosen approach in light of the information outlined here.

1.3 Thesis outline

The central chapters of the thesis (Chapters 3, 4, and 5) are written in the format

of research papers to be submitted to scienti�c journals. For each chapter, the

work I have contributed is clearly outlined at the start.

1. Chapter 2 gives an introduction to the methods used in this thesis and

explains the rationale behind each approach chosen.

2. Chapter 3 explores the e�ect of heterogeneous lithology on drainage divide

migration using a lightweight landscape evolution model on a study site in

the geologically complex eastern Swiss Jura. This chapter also presents a

method of extracting values of rock erodibility from present-day topography

and optimising them using Monte Carlo sampling.

3. Chapter 4 documents the evolution of gravel area in two Himalayan catch-

ments following widespread landsliding associated with the 2015 Gorkha

(Nepal) earthquake.

4. Chapter 5 uses measurements of channel geometry and gravel grain size

obtained in the �eld to estimate the �ow conditions necessary to mobilise

coseismic landslide sediment associated with the 2015 Gorkha earthquake.

5. Chapter 6 discusses the �ndings of the previous chapters and places them

in the context of the wider body of research in geomorphology.



Chapter 2

Methods

The original premise of this thesis was conceived in the years immediately follow-

ing the 2015 Gorkha earthquake, under the assumption that large-scale channel

aggradation would be observed in the wake of the event, as documented following,

for example, the 1999 Chi-Chi (Taiwan) and 2008Wenchuan (China) earthquakes.

In summer and autumn of 2015, the Edinburgh Land Surface Dynamics research

group, as well as colleagues from GFZ Potsdam and the University of Cambridge,

carried out Acoustic Doppler Current Pro�ler (ADCP) surveys at a range of lo-

calities in Nepal with the plan to start a time series of channel cross-sections. My

thesis intended to build and expand on the foundation of this work by continuing

to carry out yearly �eld surveys along the Koshi River in central and eastern

Nepal, further adding to the time series of channel cross-sections and thereby

hopefully allowing me to track the expected pulse of coarse sediment following

the Gorkha earthquake. Therefore, the initial core component of my research

was a combination of �eld-based ADCP surveys as well as grain size and channel

geometry measurements at the ADCP sites, with the aim of creating a time series

of high-resolution channel cross-sections and gathering data to calculate sediment

transport capacity and rates along the studied river network.

During the �rst �eld season, it quickly became apparent that channel aggra-

dation on the scale of several metres, as reported following earthquakes of similar

size, was not present in the study area, and the initial goal of tracking a pulse

of coarse sediment along a mountain river network using ADCP surveys would

33
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not work. I therefore changed the focus of the ADCP surveys from detecting the

expected landslide sediment pulse to using the channel geometry and hydraulics

data provided by the ADCP, combined with grain size measurements in the �eld,

to get a better understanding of the time scales of coarse sediment transport along

the Koshi River. I also decided to complement the accurate but spatially limited

ADCP surveys with a coarser-resolution but more regional approach by mapping

exposed sediment along the Koshi River, thereby allowing me to identify zones

of sediment input and quantifying plan-view changes in addition to the vertical

changes in bed elevation covered by the ADCP. During this phase of my research,

I continued to carry out yearly repeat ADCP surveys. In June 2021, a disastrous

�ash �ood struck the Melamchi and Indrawati Rivers � tributaries of the Koshi

River � which released a large pulse of sediment and caused up to 12 metres of

channel aggradation. The timing of the event is outside the scope of my �eldwork

but is covered in the mapping component, and the event and its implications are

discussed in detail in Chapter 4.

This chapter gives a more detailed insight into the methods used in Chapters

3, 4, and 5, as well as a brief discussion of data collection attempts that either

did not work as intended or were not included in the �nal version of the results

chapters. The order the methods are presented in within this chapter re�ects the

natural progression of my PhD project, whereas the results chapters (Chapters

3, 4, and 5) are arranged following a source to sink path: Chapter 3 discusses

the impact of heterogeneous lithology on landscape evolution and divide migra-

tion, and the implications this has for the production and transport of sediment;

Chapter 4 documents the export of coarse sediment from mountain catchments

on a decadal timescale, and Chapter 5 explores the timescales of sediment export

from mountain ranges.

2.1 Fieldwork

Fieldwork was carried out for a total of �ve weeks over the course of three �eld

seasons; February 2018, October/November 2018, and October/November 2019,
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at eight main localities along the Koshi River in eastern Nepal (Fig. 2.1). Addi-

tionally, I selected a medium deep-seated landslide connected to an active river

channel as well as a tributary channel delivering debris �ow sediment to study the

mixing of mass wasting derived sediment with the background channel bedload

in more detail. These two extra sites are clearly marked on the map in Fig. 2.1.

Figure 2.1: Map of �eld locations along the Koshi River. BAHR = Bahrabise; DOLA
= Dolalghat; DOLB = Dolalghat B; GHUR = Ghurmi, KHUR = Khurkot; KOSI =
Koshi Bridge; LS = Landslide site; MELA = Melamchi Bazaar; SIPA = Sipaghat;
Suku = Sukute; T = Timbu. Ghurmi was visited in November 2018 and intended
as an ADCP site to �ll the gap between Khurkot and Koshi Bridge, but the bridge
struts made guiding the ADCP impossible. I collected channel geometry, grain size,
and lithology measurements instead. The border of Nepal is shown as a dashed red
line and the Koshi catchment is delineated by a thin black line. Inset shows location
of study area in Nepal. Elevation and shaded relief map are from a 30 m Copernicus
DEM.
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2.1.1 Acoustic Doppler Current Pro�ler (ADCP) surveys

An Acoustic Doppler Current Pro�ler (ADCP) sends out sound signals that are

re�ected from particles suspended in the water and measures water velocity by

calculating the Doppler shift, i.e. the di�erence between the wave frequency sent

out and the wave frequency returned. The instrument also measures water depth

by sending out acoustic signals to the channel bottom from a vertical beam. When

crossing a river from one bank to the other, vertical beam depth measurements

of the entire river transect give the channel cross-sectional area. Combined with

water velocity across the transect, this is used to calculate total discharge across

the transect.

Field Setup

I used a SonTek RiverSurveyor M9 (i.e. 9-beam) instrument for the transects,

and RiverSurveyor Live 4.1 software for controlling the instrument from the river

bank and exporting data. Two Leica Viva GS10 systems were set up as base

station and a rover mounted alongside the ADCP, respectively (Fig. 2.2). The

base station was mounted on a tripod and placed on the river bank at a site

that can be clearly marked and recorded, and kept in place for at least two

hours. The ADCP and rover GNSS were mounted on a bespoke surfboard and

dragged across the river from a bridge using a strong rope held by two people.

Where possible, I carried out the ADCP survey from a footbridge instead of a

road bridge to avoid areas of anomalous �ow immediately downstream of bridge

pillars. However, the ADCP had to be guided from a road bridge at Koshi

Bridge, Dolalghat and Sipaghat either because there was no footbridge available

or because the suspension wires on the footbridge made guiding the instrument

impossible. Before launching the ADCP and rover, the compass on the ADCP

system was calibrated through a process of pitching and rolling the board. At all

sites, I ran enough transects to ensure that I had at least one complete transect

without any issues (i.e. instrument not �ipped or submerged, highest GPS quality,

depth sounding working fully).
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Figure 2.2: Field setup for the ADCP surveys: (a) Base station; (b) ADCP and rover
mounted on a hydroboard. PCM = power and communications module, containing
the batteries for the ADCP and setting up the bluetooth connection to the laptop
controlling the survey.

Data Processing

Before further processing of the data, the coordinates recorded by the base station

needed to be corrected in order to obtain absolute positions. The data were sent

to AUSPOS and APPS (Automatic Precise Positioning Service), free online GPS

processing facilities provided by Geoscience Australia and NASA's Jet Propulsion

Laboratory, respectively. For each site and �eld season, these services returned

errors (in metres) to be applied to the XY coordinates of each ADCP transect,

as well as errors and the geoid transform to be applied to the elevation values.

In RiverSurveyor Live 4.1, the transects were visually inspected and all tran-

sects where the instrument had �ipped, GPS quality was low for a majority of

the transect, or depth sounding was not working properly were excluded from

further processing. Subsequently, the raw data for each transect were exported

in MATLAB format (.mat extension), and all further processing was completed

using Python. From the MATLAB �les, I extracted the following information

used for further processing: XY coordinates (UTM Easting and Northing), wa-

ter surface elevation, vertical beam depth, bottom tracking depth, GPS quality,

magnetic error, and UTC timestamp for each sample point across the transect.
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The following steps were taken to process the raw data (for a schematic overview

of the process, see Fig. 2.3):

1. To ensure that each transect begins on the left bank of the river, all transects

that were tagged as beginning on the right bank are �ipped. In the �eld,

I passed the instrument back and forth across the river, meaning that not

all transects started on the same bank.

2. The XY corrections from AUSPOS and APPS are added to the coordinates.

3. For each point i along the transect, the distance di along the transect is

calculated as di = di−1 +
√
(xi − yi−1)2 + (yi − yi−1)2.

4. Outliers in water elevation measurements are identi�ed and removed. First,

a �score� is determined for each elevation measurement with | δDr

δTd
|, where

Dr = water surface elevation and Td = track distance. This score is then

converted into a z-score using the zscore function in the Python package

scipy. All values with a z-score higher than a user-de�ned threshold (0.4 in

this case) are tagged as outliers and discarded (Fig. 2.4).

5. A combined depth is calculated from the vertical beam (VB) and bottom

tracking (BT) depth measurements. By default, VB depth is taken unless it

is zero, in which case the corresponding BT depth measurement is used. If

both VB and BT depth are zero, the last non-zero depth value is used. The

latter is repeated a maximum of nine times, after which zero is accepted

as a depth value. This is the method employed by the RiverSurveyor Live

software to process depth measurements (Fig. 2.5).

6. Outliers in the combined depth measurements are removed using the method

outlined in 4.

7. Absolute bed elevation is calculated as follows: zabs = z̃surf − dc+ zerr −N ,

where zabs = absolute bed elevation, z̃surf = median water surface elevation

measured by the ADCP, dc = combined water depth, zerr = vertical error

calculated by AUSPOS and APPS, and N = geoid transform. N is included

to bring the elevations in line with the Earth Gravitational Model of 1996

(EGM96).

8. Outliers in absolute bed elevation are removed using the method outlined
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Figure 2.3: Schematic diagram of work�ow for processing ADCP data. BT = Bottom
Tracking; VB = Vertical Beam; Pac Crest ADL = radio link to communicate between
Leica GS10 and ADCP.

in 4.

9. The depth and elevation data are smoothed with a running mean of window

size k = 10.

10. For each site, all transects are re-projected onto a common line running

roughly orthogonal to the river banks. This is done to determine a common

length variable for transects collected at di�erent times, since the original

track distance for each transect varies signi�cantly depending on starting

location of the ADCP and �ow conditions.

Special Cases

Unfortunately, I was unable to properly correct the ADCP data collected in 2015.

It appears that the geoid transform is already included in the 2015 water surface

elevation data, and it is therefore omitted in the processing steps. However, even

with this provision, the 2015 data are vertically o�set with respect to the later
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Figure 2.4: Use of the z-score method to remove outliers from water surface elevation.
Top panel: Water surface elevation (hereDr) plotted against track distance Td, coloured
by distance along the transect. Second panel: Score of each water surface elevation
measurement, | δDr

δTd
|, plotted against track distance Td, coloured by distance along the

transect. Points lying above the threshold marked by the horizontal dashed line are
tagged as outliers. Third panel: Water surface elevation Dr plotted against track
distance Td; outliers are shown in red. Third panel: Water surface elevation Dr plotted
against track distance Td with outliers removed, and coloured by distance along transect.
Transect collected at Khurkot, 27 July 2015. The Scienti�c colour map hawaii (Crameri
2018) is used in this �gure to prevent visual distortion of the data and exclusion of
readers with colourvision de�ciencies (Crameri et al., 2020).
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Figure 2.5: Channel cross-section showing how vertical beam and bottom tracking
depth are combined. BT = Bottom Tracking; VB = Vertical Beam. Transect collected
at Khurkot, 27 July 2015. The Scienti�c colour map hawaii (Crameri 2018) is used in
this �gure to prevent visual distortion of the data and exclusion of readers with colour-
vision de�ciencies (Crameri et al., 2020).

data by at least ten metres, in either direction. The XYZ errors for the 2015 tran-

sects are unknown, as i) the exact locations of the base station are not known,

ii) the base station was not left in place long enough to get an accurate position,

and iii) the 2015 surveys used a Trimble GPS, which is therefore not compatible

with our Leica system. This means that the 2015 data cannot be used to quantify

bed elevation changes and instead gives a qualitative understanding of how the

cross-sectional shape of the river has changed at the ADCP sites.

In October/November 2018, all ADCP surveys except at Sipaghat su�ered

from a serious equipment failure. The radio link that is used to feed the real-

time kinematic (RTK) positions calculated by the Leica GS10 to the ADCP in

real-time was broken due to internal corrosion of the cable connecting the Paci�c

Crest ADL radio transmitter to the base station. This means that the positions

calculated by the ADCP do not mesh with the positions recorded by the rover

GNSS, and cannot be simply corrected using the XYZ errors calculated by AUS-

POS and APPS. Instead, the ADCP positions had to �rst be correlated to their
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corresponding corrected rover positions using the UTC timestamps. Additionally,

a bug in the RiverSurveyor data led to all transects being recorded as having been

carried out in March 2005 in the �le names, although the UTC timestamps have

the correct date and time. This bug has since been �xed with a �rmware update.

A further complication a�ects the Dolalghat B and Melamchi Bazaar survey

sites. The positions recorded at these sites are not well constrained because the

base station was unable to receive location data from enough satellites, due to

the orientation of the metal bridge struts, as well as the steep valley sides in the

case of Dolalghat B. Data from these two sites should therefore be interpreted

with caution.

Use of the ADCP data

Previous studies using ADCP data mostly focus on the channel geometry and hy-

draulics data provided by individual transects (e.g. Dingle et al., 2020a; Ferguson

et al., 2015; Rennie, 2004; Rennie and Church, 2010; Williams et al., 2013). To my

knowledge, there are no published studies that use a time-series of ADCP-derived

channel cross-sections to document changes in absolute bed elevation, and this

presented some di�culties when designing the best approach for collecting and

processing ADCP data for this project. At the outset of the project, I did not an-

ticipate the issues involved in directly comparing channel cross-sections collected

at di�erent times. For example, it is not possible to guide the ADCP across the

exact same transect multiple times, especially since �ow conditions vary signif-

icantly between surveys. Therefore, i) the transects will all vary in length, and

ii) any di�erence in channel bed elevation between surveys cannot con�dently

be attributed to channel aggradation or erosion and could instead be attributed

to the surveys catching di�erent parts of the same bedforms. Reprojecting all

transects from one site onto a common line orthogonal to the river banks goes

some way to address i). A potential solution to ii) would be to reconstruct the

3D bathymetry of each ADCP site to get a better understanding of the bedforms

present there. This is possible by using the Velocity Mapping Toolbox software
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(Parsons et al., 2013) alongside QGIS, using an approach developed by Liening

(2018), or the work�ow outlined in Williams et al. (2015), combining ADCP and

TLS surveys; however, there would ideally need to be several transects covering

the section of interest. I was not aware of either method until after my second

�eld season and therefore do not have enough transects at the majority of the

ADCP sites to reconstruct their bathymetry with any degree of con�dence.

As a result, I am using the ADCP data in Chapter 5 of this thesis i) to

get a qualitative understanding of how channel bed elevation has developed at

eight survey sites from 2015-2019, and ii) to extract discharge, mean velocity,

cross-sectional area and wetted perimeter to inform the sediment entrainment

calculations, further explained in Section 2.3.

2.1.2 Channel geometry, gravel grain size and lithology

At each ADCP site, I additionally took a range of channel geometry measurements

and recorded clast size and lithology along a gravel bar transect. Channel slope,

bankfull channel width, and bankfull channel height above current water level

were measured with a LTI TruPulse 360 laser range �nder, collecting at least three

measurements for each parameter and then taking the median. For grain size and

lithology, I spread a tape measure on a gravel bar at each ADCP site and picked

clasts at regular intervals until I had a total of 100. For each clast, I recorded its

lithology, as well as its size represented by the length of its intermediate axis. If a

measuring interval coincided with a patch of sand instead of a clast, I skipped that

measurement but recorded it as sand. For each site, I ensured that measurements

were taken on portions of the gravel bar that appeared to be mobilised regularly

and that are representative of the range of grain sizes present. The approach for

measuring clast size on gravel bars is consistent with that used by Quick et al.

(2020) in their study of gravel bars along the Koshi and Karnali Rivers.

I further recorded clast information at three additional sites: i) size and lithol-

ogy at Ghurmi, ii) size and lithology upstream and downstream of a deep-seated

landslide connected to the river network, and iii) size and roundness upstream

and downstream of a tributary to the Melamchi River near Timbu, delivering
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very angular debris �ow sediment of the same lithology as the background river

bedload (Higher Himalayan gneiss). See Fig. 2.1 for locations of these three sites.

In addition to pebble counts on-site, I took �ve photographs of representa-

tive locations along the gravel bar transects. The photographs were taken at

chest height and directly above the gravel bar. For each of these photographs, I

measured the intermediate axis of 100 clasts using a grid placed over the image

in ERDAS IMAGINE. Where pebbles covered more than one grid intersection,

a pebble covering n intersections was measured n times, although Attal et al.

(2015) point out that this approach may lead to overestimating the D50 and D84

values. In both transects and photographs, the intermediate b-axis of each pebble

was measured � in the case of photo counting in ERDAS IMAGINE, it is assumed

that this is the shortest axis visible on the surface since it has been shown that

the short axis of pebbles is usually orthogonal to the surface (Attal and Lavé,

2006; Bunte and Abt, 2001; Whittaker et al., 2011). In total, I have 100 lithology

measurements and 600 grain size measurements at each site.

The channel geometry and grain size measurements are used alongside channel

geometry and hydraulics information gathered from the ADCP surveys to explore

the timescales of sediment transport along the Koshi River, discussed further in

Chapter 5.

2.1.3 Structure from Motion and Terrestrial Laser Scan-

ning

Structure from Motion (SfM) photogrammetry is a technique whereby photos of

an object or area, taken from a range of angles, are processed to create a high-

resolution 3D model of the object or area. At the outset of this project and in

the �rst �eld season, I planned to use SfM techniques to acquire 3D models of the

ADCP sites as well as the landslide site in order to detect any elevation changes

over time, e.g. changes in channel morphology due to accumulation or evacuation

of coarse sediment. Between 300 and 1,200 photographs were taken at each site
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from varying heights and angles, and between 10 and 18 ground control points

were placed within the scene to be captured and their coordinates recorded with

a Leica Viva GS10 instrument to allow georeferencing of the 3D model during

the processing stage.

I used Agisoft PhotoScan 1.1.6 for processing the SfM data sets by (1) re-

moving blurry or obstructed photographs, (2) grouping photos based on camera

location, (3) manually indicating ground control point positions for each photo-

graph (where visible) and entering ground control point coordinates, (4) aligning

photographs to create a sparse point cloud, (5) generating a dense point cloud

from the sparse point cloud, and (6) building a 3D mesh from the dense point

cloud. Unfortunately, PhotoScan does not work well with water as the pixels ap-

pear to move too much between photos for the software to properly align them.

Therefore, the meshes for the scan locations all include large gaps (Fig. 2.6).

PhotoScan further seemed to struggle with the amount of detail spread over a

range of di�erent scales and elevations.

During my second �eld season, I had the opportunity to try out a Leica

BLK360, a new terrestrial laser scanner that had just become available via the

University of Edinburgh's uCreate facility. The BLK360 is extremely light and

portable, with a scanning range of 60 m that can capture 360◦ 3D images as well

as laser point cloud data. I planned to redo the scan of the landslide site using

the BLK360; unfortunately, repeat surveys at the ADCP sites were not possible

as the instrument is too sensitive and vulnerable to be deployed close to road

tra�c. In addition, I aimed to scan large gravel bars along the Koshi River in

the Indo-Gangetic plain on an exploratory basis, with the eventual goal to derive

measurements of grain size and roughness from the scans. These would further

inform calculations of sediment entrainment rates and capacity along the river. I

additionally took photographs of the gravel bars, later to be processed in ERDAS

IMAGINE, to complement and check the grain sizes obtained from the scans. On

paper, the advantages of using the BLK360 are that i) mounting the instrument on

a tripod ensures that scans are taken from the same height, unlike photographs
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taken by a person, and ii) the software available alongside the scanner allows

matching of the scans in the �eld instead of manually correlating images in Agisoft

PhotoScan. In the �eld, it became apparent that i) the BLK360 also struggles

with water, and ii) the software to view and correlate scans only works with aWiFi

connection and I therefore had to run all scans blind. While the use of ground

control points in all scans helped to correlate the images (Fig. 2.6), extracting

information on grain size and roughness proved more of a challenge than expected.

Although there are a plethora of studies that have derived grain size from aerial

imagery, SfM or terrestrial laser scanning on gravel bars (Brasington et al., 2012;

Dugdale et al., 2010; Heritage and Milan, 2009; Hodge et al., 2009a,b; Pearson

et al., 2017; Vàzquez-Tarrio et al., 2017; Williams et al., 2020), the work�ow is

highly speci�c to the instrument and software used. Therefore, I did not progress

any further with this component of my research as it became apparent it would

be outside the scope of my thesis.
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Figure 2.6: Comparison of �eld photographs with corresponding meshes and point
clouds generated using Structure from Motion and the Leica BLK360 terrestrial laser
scanner: a) Dolalghat ADCP site, with �ow to the right; b) Dolalghat 3D mesh gen-
erated by PhotoScan, with �ow to the right; c) Landslide site, facing upstream; d)
Landslide site 3D mesh generated by PhotoScan, orientation unclear; e) Landslide site,
facing downstream; f) Corresponding point cloud generated from BLK360 scans in Au-
todesk Recap (note location of boulders in e) and f)); g) Gravel bar along the Koshi
River on the Gangetic plain; h) Corresponding point cloud generated from BLK360
scans in Autodesk Recap (note location of pink ground control point in g) and h)).
Blue panels on meshes in b) and d) indicate orientation of pictures taken, as estimated
by Photoscan.
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2.2 Mapping exposed sediment from optical satel-

lite imagery

The goal of this section is to complement the vertical changes in channel bed

elevation derived from ADCP surveys with a more regional overview of changes

in planform channel geometry that would indicate zones of sediment input and

allow me to track sediment movement. Here, I focus on two catchments in the

western portion of the Koshi River basin, the Melamchi-Indrawati and Bhote

Koshi catchments. Both experienced widespread landsliding during the Gorkha

earthquake series and are therefore expected to show some changes in the years

to come. Results from this method are presented in Chapter 4.

2.2.1 The mapping process

In order to map the planform channel evolution as accurately as possible, I aimed

to �nd high-resolution optical satellite imagery that was available for a wide

range of dates and had good coverage of the two study catchments. Imagery

from Maxar Technologies and CNES/Airbus, accessible via Google Earth Pro

(imagery resolution <1m but exact value unknown), ful�ls all these requirements

and is also freely accessible, and was therefore used for the bulk of the mapping.

In the Melamchi-Indrawati catchment, mapping was carried out from the con-

�uence with the Bhote Koshi at Dolalghat up to 3.5 km upstream of Nakote (Fig.

2.7a). Along the Bhote Koshi, I mapped from the con�uence with the Indrawati

at Dolalghat to 10 km upstream of the Nepal-China border crossing at Kodari

(Fig. 2.7b). The upstream extent in each catchment is determined by the image

quality and channel width � beyond the uppermost extent, images are often dis-

torted and channels are too narrow to con�dently map them. The downstream

extent is determined by time constraints on the mapping and the desire to con-

�ne the mapping to the two aforementioned catchments. Along each river, the

full mapping extent totals about 60 km in length. Depending on image coverage

and quality, the mapping had to be con�ned to shorter sections of the rivers for

some dates. See Figs. 8.3 and 8.4 in the Appendix for the spatial extent of each
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mapping epoch in with CNES/Airbus and Maxar Technologies imagery. In total,

I mapped around 2,000 km of gravel area along river channels.

Figure 2.7: Extent of mapping along (a) the Melamchi-Indrawati and (b) Bhote Koshi
rivers. Mapped sections of channel are shown in orange. B = Bahrabise; BT = Bre-
mathang; CB = Chanaute Bazaar; D = Dolalghat; K = Kodari; MB = Melamchi
Bazaar; MG = Melamchigaon; N = Nakote; T = Timbu.

The initial phase of the mapping used imagery from 2012 - 2020 such that

imagery was available for a total of eight mapping epochs (post-2012 monsoon

to post-2019 monsoon inclusive). I manually mapped individual gravel bars as

well as vegetation cover in high spatial detail (Fig. 2.8). Unfortunately, the

availability of images in Google Earth Pro was limited and although I tried to

pick images from the same month or season in each epoch, this was not always

possible (see Tables 8.1 and 8.2 in the Appendix for the mapping dates). Once

the complete catalogue of mapping epochs was established, it became apparent

that seasonal variations in water level strongly in�uenced the extent of exposed

sediment mapped, and so it was necessary to control for that. The easiest way

to do this was to additionally map exposed sediment combined with the water of
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the active channel (see Fig. 2.9).

With the advent of the catastrophic debris �ow that swept along the Melam-

chi River on 15 June 2021, leaving widespread destruction and a dramatically

transformed river in its wake, I also aimed to include the in�uence of this event

in my data collection. For this, more recent imagery than provided in Google

Earth Pro was needed, so I accessed 3 m resolution Planetscope imagery through

PlanetLab's Education and Research Program. The resolution of these images

is too coarse to delineate individual gravel bars or patches of vegetation, and

so I only mapped the combined water and gravel area using these images. For

both rivers, I mapped exposed sediment at monthly intervals from June 2021 to

December 2021 inclusive. The Bhote Koshi did not experience a �ooding event

on the scale of the 2021 Melamchi disaster and is therefore included as a control

case.

Figure 2.8: Mapping individual gravel bars and vegetation cover along the Melamchi-
Indrawati Rivers. (a), (b) Section around Chanaute Bazaar (Fig. 2.7a) mapped from
November 2019 imagery, with gravel bars shown in yellow and vegetation patches in
green in panel (b); (c), (d) Braided section between Melamchi Bazaar and Dolalghat
(Fig. 2.7a) mapped from January 2017 imagery, with gravel bars in yellow in panel (d)
showing the detail of the mapping.
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Figure 2.9: Examples of mapped sections, with the mapped channel boundary poly-
gons shown in yellow in panels (b) and (d). Top panels (a) and (b) show a section
around Timbu placed on imagery obtained through Google Earth Pro (©2022 Maxar
Technologies). Bottom panels (c) and (d) show a section around Melamchi Bazaar
placed on Planetscope imagery. See Fig. 2.7a for location of Timbu and Melamchi
Bazaar (labelled T and MB, respectively.)

2.2.2 Data processing

The areas mapped in Google Earth Pro are �rst exported as KML �les, then

converted to polygon shape�les in QGIS. The areas mapped from Planetscope

imagery are already in shape�le format as the mapping was carried out in QGIS.
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Additionally, I created a polyline shape�le representing the channel for each river.

This is not intended to be representative of the actual thalweg and is merely a

longitudinal guide along the rivers. In order to calculate and visualise changes in

gravel area along the river pro�le, the following processing steps were taken using

Python, illustrated in Fig. 2.10:

1. Each polygon shape�le of gravel area is converted into a raster of a resolution

resr = 40 m.

2. The polyline shape�le representing the channel is split into points with a

spacing ds = 50 m.

3. A window is created centred on each of the points, with dimensions dp x do;

with dp = 500 m and do = 1000 m.

4. The area of the raster representing the mapped combined channel area is

calculated within each window.

5. This �windowed area� is then plotted against distance along the channel,

additionally smoothed using a rolling mean with window size k = 7.

2.2.3 Constraining uncertainty in mapping

As I was the only researcher carrying out the mapping, the rigorous uncertainty

calculations following Fan et al. (2018), who had �ve independent mappers and

were able to calculate the degree of matching between landslides in a reference

data set and those mapped by each geomorphologist, could not be applied here.

Instead, I selected dates on which imagery was available from both Planetscope

and imagery available in Google Earth Pro, and mapped the full study reach

of each image �ve times, i.e. ten times total for each river. For the Melamchi-

Indrawati rivers, I selected 22 April 2018, and for the Bhote Koshi, I chose 7/9

December 2017 and 10 December 2017 for Google Earth Pro and Planetscope,

respectively. Each of the repeatedly mapped areas was then processed as outlined

in Section 2.2.2, and the median and standard deviation of the ten mapped area

values calculated along each point along the river (Fig. 2.11). The 75th percentile

of the collection of standard deviations was subsequently added as an uncertainty

envelope in all plots showing area along pro�le, and also carried forwards to
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Figure 2.10: Steps for processing the data shown using an example section. (a)
Original mapped channel and channel boundaries. (b) The polygon representing the
channel boundary is converted to a raster and the line representing the channel is split
into points. (c) A window of width do and length dp is created around each channel point
and the raster area within each window is calculated. (d) The raster area calculated
within each window along the river is smoothed using a rolling window and plotted as
a function of distance along the channel.
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Figure 2.11: (a) Five versions each of the Google Earth and Planetscope mapped area
for the Melamchi-Indrawati, 22 April 2018. (b) Histogram of the standard deviations
of the ten di�erent measured areas for each data point in (a). (c) Five versions each
of the Google Earth and Planetscope mapped area for the Bhote Koshi, 7/9 December
2017 and 10 December 2017, respectively. (d) Histogram of the standard deviations of
the ten di�erent measured areas for each data point in (c). G = Google Earth; P =
Planetscope.

plots showing accumulation/removal of sediment along pro�le (see Chapter 4 for

examples of these plots). The uncertainty values are 6.2 x 10−3 km2 for the

Melamchi-Indrawati rivers and 5.3 x 10−3 km2 for the Bhote Koshi.

2.2.4 Parameter selection and sensitivity analysis

I tested the in�uence of each of the �ve parameters involved in processing the

mapping data on the resulting area values. The �ve parameters and their selected

ranges are: (i) the resolution of the raster resr, varying from 10-70 m at an interval

of 10 m, (ii), the distance between the points along the channel line ds, varying

from 10 - 100 m at an interval of 10 m, (iii) the window distance along the channel

dp, varying from 200 to 1100 m at an interval of 100 m, (iv) the window distance

orthogonal to the channel do, varying from 200 to 2000 m at an interval of 200

m, and (v) the size k of the rolling window to smooth the area for plotting, for

which I used values of 2, 5, 7, and then ranging from 10 - 70 at an interval of 10.

I varied each parameter in turn by the ranges given above, while keeping all
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other parameters constant. I then processed all areas mapped from Planetscope

imagery along the Melamchi-Indrawati rivers and, for each data point along the

river, I plotted the corresponding area calculated for the lowest chosen parame-

ter value against that calculated using the highest parameter value (Fig. 2.12).

Assuming that a given parameter does not in�uence the results, the data plotted

should lie along the 1:1 line. Additionally, I show the variation in gravel area

along the Melamchi-Indrawati river in one mapping epoch, October 2020, for the

full range of each parameter (Fig. 2.13).

Raster resolution resr has no discernible in�uence on the results, with the

data points in Fig. 2.12 lying along the 1:1 line, and I therefore chose 40 m

as the �nal value as this allows for low computational cost while also faithfully

reproducing the shape of the mapped areas. The step distance for resampling

the channel line to points, ds, follows a roughly linear trend, albeit with some

scatter. It is interesting that, as opposed to raster resolution, the epochs do not

all follow the same trend. However, Fig. 2.13b shows that changes in the gravel

area along the river channel as a function of ds are negligible and I could freely

choose the value to be used in the processing. I decided on 50 m as it breaks

the channel into enough points to accurately sample the river course while also

not taking up too much computing time. Window distance along the river, dp,

is not expected to follow a 1:1 trend since the longer the window, the longer the

stretch of river that is being sampled in any given window, and therefore the

larger the area within this window. However, the data points here closely follow

a linear trend which remains consistent across mapping epochs, and Fig. 2.13c

shows that the overall trend does not change. Window distance orthogonal to the

river, do, is a special case as evidenced by the cut-o� seen on the plot, indicating

that for do = 200, the area calculated within each window never exceeds 0.15

km2. This is because the widest parts of the mapped channel will exceed 200

m in width and the window will therefore not be able to capture the full extent

of the combined channel area (Fig. 2.13d). To choose the best value for do, I

therefore needed to make sure that its value is at least the width of the widest

part of the channel in any time period in order to not lose information. However,
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Figure 2.12: For each of the �ve parameters I varied in the sensitivity analysis, the
area calculated at each channel point using the highest value in the parameter range
is plotted against the area calculated using the lowest value in the parameter range.
The choice of parameter value is considered to not in�uence the results if the data
points lie along the grey dashed 1:1 line diagonally crossing the plot, as is the case
with raster resolution in panel (a). Areas in these plots are mapped from Planetscope
imagery along the Melamchi-Indrawati rivers. See the text for a detailed discussion of
the results shown here, including the special cases of do and dp.



2.2. MAPPING EXPOSED SEDIMENT 57

setting do too high causes more overlap between sections of the river that are not

adjacent, e.g. at bends in the river course, and would therefore likely overestimate

the area within a given window. Fig. 2.14 shows the change in total calculated

area along the river as a function of do. The �roll-o�� apparent in this �gure

indicates the value of do beyond which no information is lost due to missing the

edges of the active channel, which correlates with the manually derived value of

the widest channel section, 800 m. In order to have an extra safety margin, I

chose a value of do = 1000 m. The size of the rolling window for smoothing the

data, k, also shows a complex impact on the results, as evidenced by the di�erent

trends in each mapping epoch (Fig. 2.12e). For this case, I again refer to Fig.

2.13, which shows that while high values of k remove local signals and translate

peaks in gravel area downstream, this does not happen for k<=10. The �nal

value chosen (k = 7) was based on visual estimation of the smallest value which

would su�ciently reduce noise in the data while not removing local signals.

2.2.5 Handling incomplete imagery

For some dates, imagery either did not cover the entire study area or visibility

was not good enough to reliably map the rivers (see Tables 8.1 and 8.2). The

latter was particularly a problem for Planetscope images in the upper reaches of

the study area, and especially in the Bhote Koshi, since the NE-SW orientation

and steep �anks of the valley create shadows. Where imagery was not available

or not su�ciently clear, these areas were not included in the data set. Since the

�gures in the results section of Chapter 4 show averaged mapped areas along the

pro�le, it was necessary to ensure that the shorter sections of mapped area did

not produce erroneous spikes. To that end, I removed the mapped area within

one dp (i.e. 500 m) of either end of the mapped reach prior to smoothing the data

with a rolling window.
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Figure 2.13: Area along pro�le for one mapping epoch, showing variation between
parameter values. Areas are mapped along the Melamchi-Indrawati rivers from Plan-
etscope imagery of 30/10/2020.
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Figure 2.14: Total gravel area calculated along the Melamchi-Indrawati river as a
function of do. The roll-o� on the graph helps to identify the value of do above which
I include the full width of the gravel areas. The more that value is exceeded, the more
likely it is to get overlap between windows at bends in the river. Areas in these plots are
mapped from Planetscope imagery of 30/10/2020 along the Melamchi-Indrawati rivers

2.3 Sediment entrainment calculations

In this section, I use shear stress calculations to explore (1) the D50 (median grain

size) that can be entrained at each �eld site under the surveyed conditions, (2)

D50 (median grain size) that can be entrained at each �eld site under bankfull

conditions, and (3) the discharge required at each �eld site to mobilise the D50 of

the sampled coseismic debris �ow deposit (Section 2.1.2).

For (1), the shear stress τ (Pa) acting on the channel bed at each �eld site is

�rst calculated using:

τ = ρgRS (2.1)

where ρ = density of water (1000 kgm−3), g = gravitational acceleration (9.81

ms−2), R = hydraulic radius (m) and S = channel gradient (dimensionless). Hy-

draulic radius R is determined by dividing the channel cross-sectional area A (m2)

by the wetted perimeter P (m), which are both obtained from the ADCP tran-

sects. I use two versions of channel gradient S; (i) the median of channel gradients
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measured in the �eld (Section 2.1.2), and (ii) channel gradient extracted from a 30

m Copernicus DEM and averaged over 1 km. The critical stress τc necessary for

entrainment of the median grain size (D50) (Bu�ngton and Montgomery, 1997)

is expressed as:

τc = τ ∗c∆ρgD50 (2.2)

where τ ∗c = dimensionless critical shear stress or Shields parameter, ∆ρ =

di�erence in density between bedrock and water (kgm−3) and D50 = median

grain size (m). By rearranging this equation, I can calculate the median grain

size entrained for a given shear stress:

D50 =
τ

τ ∗c∆ρg
(2.3)

In the absence of good constraints tailored to my �eld sites, I use the standard

value of 0.045 for τ ∗c (Gessler, 1971; Miller et al., 1977), and set ∆ρ to 1650 kgm−3

following Whittaker et al. (2011) and Dingle et al. (2016). Using cross-sectional

area A and wetted perimeter P for each transect collected at a given site, I can

therefore calculate the shear stress acting on the bed for each transect, and obtain

a range of D50 values that can be entrained at the site.

For (2), I follow the same steps as above, with the exception that the hydraulic

radius of the bankfull channel will be di�erent due to an increase in both the cross-

sectional area and wetted perimeter. I use the values of bankfull width Wb and

bankfull height h measured in the �eld to calculate the �additional� area and

wetted perimeter at bankfull conditions, assuming three di�erent con�gurations

of the bankfull channel above the surveyed active channel: (i) rectangular, (ii)

symmetric trapezoidal, and (iii) asymmetric trapezoidal (Fig. 2.15). The �extra�

area Ab and wetted perimeter Pb are calculated as follows for each con�guration

and then added to the area and wetted perimeter obtained from each ADCP

transect:

(i) Ab = Wbh; Pb = ∆W + 2h
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(ii) Ab =
Wb+Wa

2
h; Pb = 2c

(iii) Ab =
Wb+Wa

2
h; Pb = c+ h

where Wa = active width (m), Wb = bankfull width (m), ∆W = di�erence be-

tween bankfull and active width (m), h = bankfull height (m), and c = length

of the sloping channel bank (m). For (ii), c =
√
h2 + (0.5∆W )2, and for (iii),

c =
√
h2 +∆W 2.

In the third set of calculations, I aim to estimate the discharge needed to

entrain a given D50 (the D50 of the coseismic debris �ow deposit at Timbu) at each

site. Using Equation 2.2, I �rst calculate the shear stress necessary to entrain

this grain size, and then rearrange Equation 2.1 to �nd the �target� hydraulic

radius R required to facilitate motion for each site, assuming channel gradient

remains unchanged. The three scenarios for bankfull channel con�guration are

also retained. To simplify the following calculations, I assume that bankfull width

Wb for the rectangular channel and the angle γ of the sloping channel banks for the

trapezoidal channels remain constant. That is, only bankfull height is allowed

to vary for the rectangular con�guration, and bankfull height, bankfull width,

width di�erence, and length of the sloping channel bank c are allowed to vary in

the trapezoidal cases. I then vary bankfull height from 0.1-10 m at an interval

of 0.1 m and calculate the resulting hydraulic radius. This is straightforward for

the rectangular channel con�guration, as bankfull height is the only unknown

parameter in this case. For the trapezoidal cases, the angle γ of the sloping

channel bank at the bankfull height h and width Wb measured in the �eld �rst

needs to be calculated (see Fig. 2.15b, c). For scenario (ii), I �rst calculate the

length of the sloping channel bank c, as outlined above, and then calculate γ

using the law of cosines:

γ = cos−1(
c2 + (0.5∆W )2 − h2

2c0.5∆W
)

where h= bankfull height measured in the �eld (m) and∆W = di�erence between

active channel width Wa and measured bankfull channel width Wb (m). For
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Figure 2.15: Detailed sketch showing how the �eld measurements of bankfull channel
width and height of bankfull channel above current water surface, obtained in Octo-
ber 2018/November 2018, were used to calculate bankfull channel geometry. Three
di�erent bankfull channel con�guration are considered: (a) rectangular; (b) symmetric
trapezoidal; (c) asymmetric trapezoidal.
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the asymmetric trapezoidal channel con�guration, 0.5∆W is replaced with ∆W .

Since I assume γ to remain constant, for each bankfull height hi in the range of

0.1-10 m, the resulting length of the sloping bank ci can be calculated as:

ci =
hi

sin(γ)

so that the �extra� wetted perimeter can be calculated as outlined for (2).

In order to calculate the �extra� bankfull area, I �rst need to work out the new

bankfull width: Since the active channel width Wa, bankfull height hi and angle

γ are known, the width di�erence ∆W can be calculated as ∆W = 2 hi

tan(γ)
and

∆W = hi

tan(γ)
for the symmetric and asymmetric cases, respectively. Bankfull

width Wb is then simply the sum of active width Wa and width di�erence ∆W ,

so I can calculate bankfull area Ab =
Wb+Wa

2
hi and hydraulic radius Ri through

division by the wetted perimeter. The con�guration that yields the hydraulic

radius Ri with the smallest di�erence to the target hydraulic radius R is then

selected. Flow velocity V can then be calculated as follows:

V =
1

nm

R
2
3
i S

1
2 (2.4)

where V = �ow velocity (ms−1), nm =Manning's roughness coe�cient (dimen-

sionless), R = hydraulic radius (m), and S = channel gradient (dimensionless).

A value of nm = 0.03 was used for Manning's coe�cient; this is considered as the

standard value for rivers with gravel to cobble-sized sediment (Arcement Jr. and

Schneider, 1989). From this, I can then calculate discharge Q needed to entrain

the D50 of the coseismic debris �ow deposit:

Q = AV (2.5)

where Q = discharge (m3s−1), A = cross-sectional area (m2), the sum of active

cross-sectional area Aa and bankfull cross-sectional area Ab, and V = �ow velocity

(ms−1).

In Chapter 5, I present the results obtained using the approach outlined in
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this section. I compare the estimate discharge required to entrain the debris �ow

D50 to published measurements of discharge along the Koshi River and discuss

the limitations of the approach presented here � e.g. are the measurements of

bankfull geometry and D50 representative and reliable?

2.4 Landscape evolution modelling

A salient issue in geomorphology is that a wide range of processes relevant in

shaping the surface of the Earth operate on longer timescales than observable

by humans, as well as on large spatial scales (e.g. entire mountain ranges), and

are therefore di�cult to observe and quantify directly (e.g. Tucker, 2009). As

such, landscape evolution models (LEMs) are an invaluable tool that allows us to

explore aspects of landscape evolution on spatial and temporal scales that cannot

be accessed with real-life data. The earliest widely-applied LEMs were developed

in the 1990s and early 2000s (e.g. Braun and Sambridge, 1997; Coulthard et al.,

1996; Crave and Davy, 2001; Howard et al., 1994; Tucker and Slingerland, 1994;

Tucker and Bras, 2000; Willgoose et al., 1991). LEMs are applied on a wide

range of spatial and temporal scales to answer a plethora of research questions:

from archaeological reach-scale applications (Clevis et al., 2006), to modelling

the response of individual catchments to tectonic forcings (Attal et al., 2008),

to modelling the evolution of entire mountain ranges (van der Beek et al., 2002;

Goren et al., 2014).

In this thesis (Chapter 3), I use the MuddPILE (Parsimonious Integrated

Landscape Evolution) model (Mudd et al., 2022) to explore the e�ect of hetero-

geneous lithology and drainage reorganisation on drainage divide migration, as

well as to document their impact on the relief structure of landscapes. Other

researchers have pointed out the importance of including rock erodibility in land-

scape evolution models, such as Forte et al. (2016), whose modelling study sug-

gests that in landscapes with heterogeneous lithologies and horizontal or dip-

ping contacts, drainage divides will continuously migrate due to exposure of new
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lithologies with di�erent erodibility. While previous studies have included hetero-

geneous lithology in landscape evolution modelling (e.g. Forte et al., 2016; Perne

et al., 2017; Roy et al., 2015; Sta²kovanová and Minár, 2016; Yanites et al., 2017),

these simpli�ed complex geological structures. This model is capable of ingesting

3D geology with folds and non-vertical contacts and can therefore model complex

geological landscapes.

The basic goal of the model is to calculate local relief using steady state so-

lutions of the stream power incision model (SPIM) (Howard and Kerby, 1983).

Steady state is approximated by erosion balancing regional tectonic uplift. The

stream power incision model assumes channel incision is proportional to drainage

area A (a proxy of discharge) and channel gradient S, multiplied by an erodibility

factor K (Howard and Kerby (1983), see also Section 3.1 on de�nition of erodi-

bility factor K). The model also quanti�es hillslope relief using a very simple

characteristic slope gradient Sch where hillslope angles are set to a characteristic

value on pixels that have a small drainage area. This threshold drainage area

(or threshold number of contributing pixels) is determined, at this point, by the

user and not automatically set by the model. The model is capable of ingesting

lithologic information to produce spatially variable values of erodibility K and Sc,

thereby approximating the lithologic heterogeneity of a given landscape. Finally,

the model allows drainage divides to migrate to minimise sharp breaks in relief

across drainage divides.

The subsequent sections give more detailed descriptions of the individual

model components as well as a short overview of example model outputs.

2.4.1 Basic treatment of �uvial erosion

As stated above, the model assumes that at steady state, the erosion rate E is

equal to uplift rate U (note comment in Section 3.3.1 concerning the meaning of

the �uplift component� within the corresponding study area in central northern

Switzerland). E is then replaced with U in the most basic form of the stream

power equation (Howard and Kerby, 1983):
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U = KAmSn (2.6)

where U is the uplift, K is erodibility (cf. Section 3.1), S is channel gradient

andm and n are empirical exponents. This equation can be solved for the channel

gradient S:

S =

(
U

KAm

)1/n

(2.7)

The gradient is the derivative of elevation, so Equation 2.7 can be solved with

a �nite di�erence approximation that assumes the local incision depends on the

slope downstream of a given pixel. That is, the channel gradient of a pixel is

determined by the gradient between it and its downstream neighbour:

zi − zr
∆xi

=

(
Ui

KiAm
i

)1/n

(2.8)

Equation 2.8 is a �nite di�erence equation where the subscript i indicates the

current pixel and the subscript r indicates the receiver node of that pixel. This

results in:

zi = ∆xi

(
Ui

KiAm
i

)1/n

+ zr (2.9)

The model can solve Equation 2.9 implicitly by using the Fastscape algorithm

for ordering the connectivity between landscape pixels (Braun and Willett, 2013),

to work upstream from the lowest nodes. The elevation of zr is therefore always

de�ned.

2.4.2 Simulation of main channel incision and �uvial steady

state snapping

The model �rst ingests the initial elevation raster representing the model land-

scape, as well as a �le containing channel nodes that will be considered as the

main channel network for the model domain. The pixels corresponding to the

main channel can be moved down in elevation to simulate a �xed amount of low-
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ering. For example, if one wanted to model a scenario where the main channel

will lower at an incision rate of 0.25 mm/yr (that is, relatively with respect to

the stratigraphic stack) over the next 1 million years, one would simply drop the

main channel by 250 metres. Note that the uplift component in this case is just

indirectly simulated via the cumulative incision, which can result in hypothetical

model elevations near or even below sea level. All elevations of pixels up-slope of

the main channel having more than the threshold number of contributing pixels

(i.e. representing the �uvial tributary drainage network) are then solved with

Equation 2.9 (cf. Section 2.4.1). This is called a ��uvial snap� to steady.

2.4.3 Hillslope component

MuddPILE also includes a basic hillslope component to investigate hillslope re-

lief. This component is built upon the pixel ordering of the Fastscape algorithm

(Braun and Willett, 2013) in order to create a computationally e�cient method

for calculating hillslope gradients. The method starts by building the �ow con-

nectivity of all pixels. As in the �uvial example (Section 2.4.1), each pixel has a

receiver node, and one can create a node ordering that moves up from the lowest

nodes, through their up-slope donors, to create what is called an ordered stack

of pixels. The model then calculates a �uvial channel network using a threshold

number of contributing pixels. All pixels with more than the threshold number

of contributing pixels are considered to be part of the channel network. These

are accordingly used as the (�uvial) channel nodes. The algorithm then uses the

stack ordering to look at (hillslope) nodes up-slope: the elevation of each hills-

lope pixel is calculated directly based on the elevation of the pixel receiving its

�ow (based on the �ow routing, derived with a steepest descent algorithm) and

the pixel's characteristic slope value (Sch). The characteristic slope can vary in

space, so the code can ingest a spatially heterogeneous �eld of Sch and calculate

the characteristic slope on this basis.
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2.4.4 Capping of elevations

The model additionally allows capping of elevations with the initial topography

(e.g. the present-day topography, if applied to a real natural landscape). If at

any point during the modelling, the elevation of a pixel would (unrealistically)

exceed the elevation it has in the initial landscape, the initial elevation is assigned

to that pixel instead.

2.4.5 Drainage divide migration

Solution of Equation 2.9 and the subsequent addition of the hillslope component

is called a �snap� to steady state (to be followed by elevation capping, if necessary;

see above). Because this process works its way upstream from the main channel

nodes, taking into account �ow directions from the initial topography, the �nal

solved elevations after a single snap cannot �see� across the drainage divide. The

result is that in some cases there can be a large elevation discontinuity across

the drainage divide. A drainage divide migration component has therefore been

implemented in the model: if �ow routing is applied to a �snapped� topography

featuring elevation discontinuities across drainage divides, then �ow from the

higher pixels at the drainage divides will now �ow to the other drainage because

�ow routing uses a steepest descent algorithm. This means that if the model

repeatedly cycles through iterations of snapping to steady state and recalculating

the �ow network, the drainage divides can move by one pixel on each cycle. This

process is repeated until the drainage divides ideally no longer migrate.

In landscapes with heterogeneous lithology, channels will incise into di�erent

lithologies, leading to variations in channel steepness and hillslope gradients. In

such model simulations, �snapping cycles� are also used to migrate divides so

that any lithologically-driven discontinuities in elevation across a divide lead to

a change in �ow routing and subsequent changes in relief. In a given model sim-

ulation, the general shape of the basins stabilises after a few hundred snaps, but

small changes can continue for thousands of snapping cycles. There appears to

be some oscillatory behaviour where subsequent snaps place channel or hillslope
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pixels above and then below a certain lithologic layer, meaning the correspond-

ing terrain surface will oscillate between a gentle and steeper state. However,

these oscillations do not a�ect the local relief: once this oscillatory behaviour is

reached, the drainage network remains much the same after many hundreds of

steps although the individual pixels along the divide may be subtly di�erent.

2.4.6 Hillslope smoothing

On the last snapping cycle, after the hillslope characteristic slopes are computed,

a Gaussian �lter with a radius of 40 m is additionally applied to smooth any

discontinuities in the drainage divides and on hillslopes. The channels are then

reset with the steady state pro�les up to the threshold drainage area, and a �nal

elevation capping is applied.

2.4.7 Ingestion of 3D lithology

Stratigraphic information is supplied to the model in the form of a �cube� of

lithologies composed of voxels (the three-dimensional equivalent of pixels). Each

voxel is assigned a stratigraphy code corresponding to the lithological unit it rep-

resents, and the location of a given voxel within the model landscape is known

in terms of both X-Y coordinates and absolute elevation. The lithology �cube� is

then separated vertically into a stack of lithology rasters, where each pixel retains

the stratigraphy code of its corresponding voxel. The absolute elevation of a given

lithology pixel can be derived from its position in the stack of lithology rasters.

For each pixel in the elevation raster representing the model landscape, I can then

�nd the corresponding lithology pixel and thereby create a raster of stratigraphy

codes for the model landscape. Each stratigraphy code is assigned an erodibility

K and a characteristic slope value Sch representative of its corresponding litho-

logical unit via a lookup table. Subsequently, erodibility and characteristic slope

rasters to be ingested by the model are created. The process of identifying the

stratigraphy codes across the model landscape and creating K and Sch rasters is

repeated after each snapping cycle, so that the model reads in updated rasters
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for each model step.

2.4.8 Model output

For each model step, the model outputs rasters of i) the model topography, (ii)

stratigraphy codes, (iii) values of erodibility K, and (iv) values of characteristic

slope Sch (Fig. 2.16). Additionally, the initial and �nal channel networks are

printed to .csv �les. The model output can, for example, be used to calculate

relief across the model landscape, compare which lithologies will be exposed for

di�erent changes in erosion rate, calculate channel steepness, or plot channel

pro�les.
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Figure 2.16: Example model output simulating 250 m of main channel incision for a
site in the eastern Swiss Jura. (a) Steady state topography; (b) stratigraphy codes; (c)
erodibility K; (d) characteristic slope Sch.
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Chapter 3

To what extent does 3D lithological

structure drive divide migration?

This work builds on a project I was working on as a research assistant for the

Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra) in

collaboration with Simon Mudd (University of Edinburgh), Andreas Ludwig and

Angela Landgraf (both at Nagra) from December 2019 - February 2020, June -

September 2020 and February - April 2021. The material included in this chap-

ter mostly draws from the project phase completed between June and September

2020. I additionally spent eight months of my PhD time expanding on this work,

meriting its inclusion in my thesis. Andreas Ludwig, Angela Landgraf, and Si-

mon Mudd directed the study. I carried out all the analyses, including writing

the code to for the K extraction and Monte Carlo sampling. The landscape

evolution model used in this chapter was written by Simon Mudd, Fiona Clubb,

James Jenkinson and Declan Valters (Mudd et al., 2022). The work is intended

to be revised and published in Earth Surface Dynamics.

The colourmaps batlowW and lajolla (Crameri, 2018) are used in this chapter

to prevent visual distortion of the data and exclusion of readers with colour vision

de�ciencies (Crameri et al., 2020).

73
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Abstract

Estimating future relief is a longstanding challenge in the �eld of geomorphology.

Past denudation and incision rates can be reconstructed and modelled from �eld

data such as thermochronometers, cosmogenic nuclides or optically stimulated

luminescence, whereas future rates are, by de�nition, unknown. Modelling future

landscape evolution is further complicated by the dynamic nature of drainage

networks, as well as the necessity of constraining properties such as erodibility

in order to make sensible estimates. One of the few constraints available for

future landscape properties is the underground stratigraphy imaged by wells or

geophysical methods. The 3D rock structure will eventually be exhumed and can

be utilised to constrain the future states of model simulations.

In this contribution, I present a landscape evolution model capable of ingest-

ing 3D lithologic information and adapting to alternative channel networks, and

demonstrate it using a study area in the Swiss Jura Mountains. The model calcu-

lates local relief using steady state solutions of the stream power incision model,

and also quanti�es hillslope relief using a very simple characteristic slope gradient

where hillslope angles are set to a characteristic value on pixels that have a small

drainage area. Further, drainage divides are allowed to migrate to minimise sharp

breaks in relief across drainage divides.

I calibrate the values of the erodibility coe�cient, K, for each lithological

unit by extracting ranges of apparent K values from the present-day landscape

based on drainage area and gradient along the channel network. This is then

further re�ned by i) using a Monte Carlo approach to create combinations of K

based on these ranges, and ii) comparing the real and model landscape for each

combination with the aim to minimise the di�erence between the two. I then

test the best �t K combinations by running selected model simulations of future

main channel incision and potential drainage reorganisation events, highlighting

the e�ects of i) spatially variable erodibility and ii) lateral changes of the main

channel axis on divide migration.

I show that, by extracting and optimising apparent values of K from a land-
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scape using normalised channel steepness, it is possible to produce a combination

of K values that can faithfully reproduce the �uvial relief of a lithologically com-

plex landscape. My modelling results show that contrasts in rock erodibility may

drive drainage divide migration to a greater extent than a scenario of (moderate)

drainage network reorganisation. This highlights the importance of accounting

for contrasts in rock erodibility when estimating future landscape relief.

3.1 Introduction

In unglaciated landscapes, rivers exert a fundamental control on landscape mor-

phology and evolution by creating relief and setting the base level for hillslope

processes through incision into bedrock, as well as by detaching and transporting

material from mountain belts to sedimentary basins (Whipple and Tucker, 1999).

In order to estimate the future relief structure of a given landscape, for exam-

ple to explore landscape response to climatic or tectonic forcings, it is therefore

essential to constrain incision rates. Whereas insights on past incision rates can

be gained through the use of thermochronometers (e.g. Reiners and Brandon,

2006; Schildgen et al., 2018) and cosmogenic nuclides (e.g. Granger et al., 2013;

Rhodes, 2011), future rates are unknown. A simple yet widely-used model for

�uvial incision is the stream power law (Howard and Kerby, 1983):

E = KAmSn (3.1)

where E is incision rate, K is an erodibility coe�cient, A is drainage area, S

is channel gradient, and m and n are empirical parameters. Following Kirby and

Whipple (2012), K is considered here as a bulk parameter of erosional e�ciency.

In addition to substrate erodibility, this erosional e�ciency is also controlled by

factors such as sediment transport, channel hydraulic geometry or runo� dis-

tribution (and thus climatic conditions). For simplicity, and since this analysis

solves for lithological control only, K will however be referred to as �erodibility

K�. The 3D geology of a given landscape, through the erodibility, K, of its indi-

vidual units, can be used to constrain future incision rates, as the rock structure
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will be exhumed over time and exert an in�uence on the rates and patterns of

�uvial incision. Although it is well understood that lithology is an important

factor controlling incision and relief, with more resistant rocks associated with

lower incision rates and steeper slopes (e.g. Bernard et al., 2019; Bursztyn et al.,

2015; Duvall, 2004; Gilbert, 1877; Goode and Wohl, 2010; Hack, 1975; Kühni

and P��ner, 2001; Strong et al., 2019), extracting relevant characteristics and

translating them into quanti�able parameters for comparison between di�erent

lithologies and landscapes, or to be used in numerical landscape evolution mod-

els, is challenging (Bursztyn et al., 2015; Tucker and Hancock, 2010). Erodibility

is often quanti�ed as rock tensile or compressive strength (Bursztyn et al., 2015;

Marshall and Roering, 2014; Sta²kovanová and Minár, 2016), measured in �ume

studies (Attal and Lavé, 2006, 2009), or measured directly in the �eld (Hartshorn

et al., 2002; Stock et al., 2005). These approaches all yield di�erent measures

of erodibility, with di�erent units, and are therefore not directly comparable.

Additionally, measures of erodibility can vary between lithologies across several

orders of magnitude (Attal and Lavé, 2009; Stock and Montgomery, 1999). By

contrast, observed erosion rates are more straightforward to constrain and ex-

tend across a relatively narrow range (e.g. Codilean et al., 2018). However, the

choice of K is expected to in�uence modelled relief to the same extent as erosion

rate E (following Equation 3.1) and therefore needs to be carefully calibrated.

Furthermore, few landscapes are straightforward in their geological setting, and

the ability to reproduce the relief structure of geologically complex landscapes is

therefore crucial for successfully modelling past and future landscape evolution.

An additional factor complicating the modelling of future relief is the dynamic

nature of drainage divides (e.g. Bonnet, 2009; Forte and Whipple, 2018; Willett

et al., 2014). Due to their important role as boundaries in �uvial landscapes,

any shift in drainage divide position, rearranging river basins, is likely to lead

to changes in sediment �ux and erosion rates (Bonnet, 2009; Giachetta et al.,

2014). Based on their study of rock erodibility and drainage divide mobility in

the High Atlas Mountains, Zondervan et al. (2020b) suggest that spatial varia-

tions in erodibility alone can drive divide migration, further highlighting the need
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to carefully constrain values of erodibility.

This study aims to explore the in�uence of heterogeneous lithology on land-

scape evolution, speci�cally drainage divide migration, using the eastern Jura

Mountains in Switzerland as an example. This area has been extensively stud-

ied, and therefore the lithology, as well as the incision history, is relatively well-

constrained. I �rst extract and optimise values of erodibility K for the di�erent

geological units in order to best reproduce the �uvial landscape relief in our

model. I then simulate a range of main channel incision and alternative drainage

scenarios and explore the role of heterogeneous lithology in drainage divide mi-

gration.

3.2 Geologic and tectonic setting of the eastern

Jura

Our study focuses on the eastern tip of the Jura Mountains (Fig. 3.1), an arcuate

mountain range situated in the Alpine foreland. The Jura Mountains were formed

in the Miocene and Pliocene through the detachment and deformation of fore-

land sediments from the Palaeozoic crystalline basement along a basal décollement

(Becker, 2000; Burkhard and Sommaruga, 1998; Jordan, 1992) and are consid-

ered a type example of a thin-skinned fold-and-thrust belt (Laubscher, 1961). The

Palaeozoic crystalline basement was heavily in�uenced by the Variscan orogeny,

during which ductile tectonic deformation led to extensive metamorphism. Fol-

lowing the Variscan orogeny, a series of intermontane troughs formed in the

crystalline basement (McCann et al., 2006; Ziegler, 1982) and were �lled with

Permocarboniferous sediment. Subsequent marine transgressions are evidenced

by the deposition of Triassic sediments, such as clay, evaporites, dolomites and

limestones, as well as Jurassic shallow marine sediments (see Fig. 3.2 for a more

detailed description of the Mesozoic stratigraphy). No Cretaceous sediments are

preserved in the area, which Sinclair and Allen (1992) attribute to widespread
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erosion in the Cretaceous and Palaeogene as a result of Alpine collision forming

a forebulge. Notable tectonic activity during the Tertiary includes the formation

of the Cenozoic Rift System, which includes the Upper Rhine Graben, during

the Eocene to Miocene, and the increasing in�uence of the Alpine collision on

northern Switzerland (Dèzes et al., 2004; Ziegler, 1992). During this time, the

study area was situated at the northern edge of the Alpine molasse basin, re-

sulting in the deposition of terrestrial and marine clastic sediments (Sinclair and

Allen, 1992). In the late Miocene and early Pliocene, the Mesozoic and Cenozoic

sedimentary stack was detached from the crystalline basement along the Triassic

evaporites as a consequence of Alpine collision, leading to the formation of the

Jura. Following Madritsch (2015), the Jura is divided into (i) the folded Jura,

the zone of most intense deformation, visible as a narrow band of high relief and

consisting of thrust sheet stacks and thrust-related folds; (ii) the tabular Jura,

characterised by a Mesozoic stack of sediments gently dipping to the S and SE

and eroded to a cuesta-like landscape, and (iii) the deformed tabular Jura in

between, which unlike the tabular Jura is deformed by occasional thrust faults.

The study area considered here is situated mainly in the deformed tabular and

partly tabular Jura, with an eastern extension of the folded Jura in the southwest

(Fig. 3.1).

While almost the entire study area was glaciated during the Möhlin glaciation

(Middle Pleistocene, >300 ka) and ice covered at least the lower Aare valley

during the Beringen glaciation (185-130 ka) (Preusser et al., 2011), the study

area remained outside the ice extent during the Last Glacial Maximum (LGM)

(Bini et al., 2009).

The main channel network in the study area is currently set by the Rhine

and Aare rivers. Two main capture and drainage reorganisation events dominate

the incision history of the area: The Aare was previously a tributary of the

Danube, draining into the Black Sea (Hagedorn and Boenigk, 2008), until it

was captured by the proto-Doubs 4.2 Ma, resulting in local base level changes

likely exceeding 200 m (Schlunegger and Mosar, 2011). Possibly, the eastward

expansion of the Doubs catchment was a delayed response to incision by the
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Rhône as a result of sea level drawdown on the order of 1500 m (Ryan, 1976)

during the Messinian Salinity Crisis ca. 6-5.3 Ma (Hsü et al., 1973; Krijgsman

et al., 1999). Subsequently, the Aare-Doubs was captured by the proto-Rhine 2.9

Ma. The latter drainage reorganisation events have been suggested to have led

to 400�800 m of base level fall (Yanites et al., 2013). The future evolution of the

drainage network in the area is expected to continue with the Rhine catchment

expanding at the expense of the Danube (Preusser et al., 2011).

Figure 3.1: Simpli�ed geological map of the study area in the eastern Jura Mountains
in central northern Switzerland, with schematic cross-section (modi�ed from Nagra
(2014)). The geological map is based on the geological map by Isler et al. (1984)(cf.
Fig. 3.3) but units are grouped into broader formations. Background digital elevation
model: DHM25©Swisstopo.
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Figure 3.2: Simpli�ed stratigraphic column from the study area showing the Cenozoic
(thin Paleogene and Neogene sequence at the top) and most of the Mesozoic sedimen-
tary succession (modi�ed from Nagra (2014)). The lowest Mesozoic units (Dinkelberg
Fm., Kaiseraugst Fm. and Zeglingen Fm.), the Permo-Carboniferous and the Paleozoic
Crystalline Basement (cf. Fig. 3.1) are not part of this �gure.
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3.3 Methods

3.3.1 The MuddPILE (Parsimonious Integrated Landscape

Evolution) model

This study uses the MuddPILE (Parsimonious Integrated Landscape Evolution)

model (Mudd et al., 2022). The �uvial component of MuddPILE is based on

the stream power incision model (SPIM) (Howard and Kerby, 1983). The SPIM

assumes channel incision is proportional to drainage area A and channel gradient

S, multiplied by an erodibility factor, K (cf. Section 3.1), and steady state

is approximated by erosion balancing regional tectonic uplift. Note that in the

context of the study area in central northern Switzerland, main channel incision in

response to climatic cycles and drainage reorganisations are also important drivers

of �uvial incision, apart from actual tectonic uplift. For simplicity, the e�ect of

these drivers can be substituted in the model as part of the uplift component

(adding up to a cumulative incision). The model assumes that at steady state,

the erosion rate E is equal to uplift rate U . E is then replaced with U in the

most basic form of the stream power equation (Howard and Kerby, 1983):

U = KAmSn (3.2)

where U is the uplift, K is erodibility (cf. Section 3.1), S is channel gradient

andm and n are empirical exponents. This equation can be solved for the channel

gradient S:

S =

(
U

KAm

)1/n

(3.3)

The gradient is the derivative of elevation, so Equation 3.3 can be solved with

a �nite di�erence approximation that assumes the local incision depends on the

slope downstream of a given pixel. That is, the channel gradient of a pixel is

determined by the gradient between it and its downstream neighbour:
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zi − zr
∆xi

=

(
Ui

KiAm
i

)1/n

(3.4)

Equation (3.4) is a �nite di�erence equation where the subscript i indicates

the current pixel and the subscript r indicates the receiver node of that pixel.

This results in:

zi = ∆xi

(
Ui

KiAm
i

)1/n

+ zr (3.5)

The model can solve Equation 3.5 implicitly by using the Fastscape algorithm

for ordering the connectivity between landscape pixels (Braun and Willett, 2013),

to work upstream from the lowest nodes. The elevation of zr is therefore always

de�ned.

The model also quanti�es hillslope relief by setting hillslope angles to a char-

acteristic value on pixels that have a small drainage area. In all analyses and

model simulations presented here, this drainage area threshold is set to 200 pix-

els (0.125 km2), based on visual inspection of the present-day DEM (i.e. re�ecting

the approximate threshold area for initiation of channel morphology).

MuddPILE is capable of ingesting 3D lithologic information to produce spa-

tially variable values of erodibility K and hillslope gradients Sch, thereby approx-

imating the lithologic heterogeneity of a given landscape.

The model additionally caps elevations with the modern topography; i.e. if

at any point during the �uvial snapping the modelling, the elevation of a pixel

would (unrealistically) exceed the elevation it has in the present-day landscape,

the present-day elevation is assigned to that pixel instead.

The model also allows drainage divides to migrate. In landscapes with hetero-

geneous lithology, channels will incise into di�erent lithologies, leading to vari-

ations in channel steepness and hillslope gradients. In the model simulations,

�snapping cycles� are used to migrate divides so that any lithologically-driven

discontinuities in elevation across a divide lead to a change in channel �ow rout-

ing and subsequent changes in channel relief. On each model iteration, the model

solves the �steady� channel relief, snaps the hillslopes, caps elevation with modern
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topography (if necessary; see above), reroutes the �ow based on this new topog-

raphy, and updates the �ow network. Each iteration is called a �snap�. In a given

model simulation, the general shape of the basins stabilises after a few hundred

snaps, but small changes can continue for thousands of snapping cycles.

I have tested the stability of the divide by quantifying how many pixels change

between snaps for the simulations, with incision rates of 0.1 mm/y (and a total

magnitude of incision that sets the model landscape low enough not to be a�ected

by capping elevations with modern topography; see above). The approach is to

select a number of pixels as �test" pixels. Each test pixel has a threshold number

of upstream contributing pixels. The threshold is set to delineate a small number

of moderately sized sub-basins: in the test simulation a threshold of 50,000 pixels

is used, which results in four basins covering approximately one quarter of the

DEM. Each time the convergence is tested, the number of contributing pixels

in each of these basins is compared with the contributing pixels in the previous

check, and the number of pixels changed to the total pixels in the previous check

is computed to give a ratio.

For heterogeneous lithology and including hillslope gradients, the most active

basin has its contributing area change by 0.09 percent of its pixels between snap

numbers 1000 and 1050. The changes to contributing pixels stay below a �back-

ground rate� of 1 percent until snap 2000, when there is a pulse in which 8 percent

of the contributing pixels change basins. Comparison of the raster data sets be-

fore and after the pulse however also indicates that this does not permanently

reorganise the divide location, but instead the divide location rather oscillates

between closely related alternative states.

In addition, very small changes to the elevation of the main channel, brought

about by �oating point errors, can lead to di�erent pixels moving in the simula-

tions. A small change between pixels in �at areas (these can be millimetre scale

changes) will lead to changes in �ow routing directions (in �at areas the minimum

slope sets the elevation change that can result in rerouting a pixel) and this then

will a�ect local drainage area. This subsequently a�ects the local gradient that

can then propagate up to the divide. This suggests that small changes to pixel
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elevations, via changing �ow routing, can have a disproportionate a�ect on the

location of the drainage divide. This behaviour highlights the sensitivity of divide

locations to �ow routing behaviour downstream.

On the last snapping cycle, after the hillslope characteristic slopes are com-

puted, a Gaussian �lter with a radius of 40 m is additionally applied to smooth

any discontinuities in the drainage divides and on hillslopes. The channels are

then reset with the steady state pro�les up to the threshold drainage area, and a

�nal elevation capping is applied.

Note that Section 2.4 includes further descriptions of the model components.

3.3.2 Constraining values of erodibility (K)

The SPIM-based geometric model requires plausible values of erodibility, K, to

be assigned to the stratigraphic units within the 3D lithological data. The aim of

this section is to constrain these K values for the study area by �rst extracting

apparent K values from the present-day landscape, by assuming a constant ero-

sion rate and calculating the erodibility K based on drainage area and gradient

along the drainage network. I then optimise the K values used by the model to

best reproduce the �uvial topography of the present-day landscape.

I use a lithology raster based on the 1:100,000 geological map (Isler et al.,

1984) of the study area and calculate apparent K values for i) each individual

unit (Fig. 3.3), and ii) all Quaternary units grouped into a Rhine Aare domain

and a local topography domain (Fig. 3.4). The folded Jura in the southwest of

the study area is excluded from the K calculations as it is expected to skew the

results, given its evidently di�erent uplift history.

To extract K values from the landscape, the channel network is �rst extracted

from the present-day topography (using the 25 m resolution DEM and a steep-

est descent �ow routing algorithm) and the normalised channel steepness, ksn,

calculated across the network. I calculate normalised channel steepness ksn as:

S = ksnA
−θref (3.6)
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Figure 3.3: Geological map following Isler et al. (1984), used to group values of
apparent erodibility K by lithology. The folded Jura, outlined by a dashed grey line
in the southwest of the study area, is excluded from all K calculations. Rhine-Aare
channel is shown in blue. Full names for the Quaternary units (Q1-Q15) and bedrock
units (B1-B29) are given in the appendix. Background digital elevation model: DHM25
©Swisstopo.
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Figure 3.4: Geological map following Isler et al. (1984), used to group values of
apparent erodibilityK by lithology with all Quaternary units grouped into i) Rhine Aare
domain (QD1) or ii) local topography domain (QD2). The folded Jura, outlined by a
dashed grey line in the southwest of the study area, is excluded from all K calculations.
Rhine-Aare channel is shown in blue. Full names for the bedrock units (B1-B29) are
given in the appendix. Background digital elevation model: DHM25©Swisstopo.
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where S = channel gradient (dimensionless), A = drainage area (m2) and θref

= reference concavity index (dimensionless), setting θref = 0.45, and using the

statistical approach described in Mudd et al. (2014). Since drainage area will

in�uence ksn, the channel network is only extracted for complete basins where

drainage area will be accurate (i.e. the network is extracted from the DEM

cropped to only those pixels not a�ected by nodata values at the edges of the

DEM). Furthermore, the channels of the Rhine and Aare are removed from the

channel network before K is calculated. As the complete basin is not included

for either river, the corresponding drainage area values along the Rhine and Aare

are not accurate and will give erroneous values of K. K is then calculated for

each node (excluding Rhine and Aare pixels) across the channel network with:

K =
E

ksn
n (3.7)

where E = erosion/uplift rate in mm/yr, ksn is normalised channel steepness

(with unit mθ
ref ) and n is the slope exponent in the stream power law (Howard

and Kerby, 1983). In order to extract the channel network, the threshold accu-

mulation for �uvial channels is set to 200 pixels (see selection of drainage area

above), E is 0.1 mm/yr and n is 1. The erosion rate E was set to 0.1 mm/yr,

roughly based on assumptions from an earlier modelling study in the area (Yan-

ites et al., 2017), and is considered to be a good �rst-order approximation of

average long-term incision rate over the last ca. 10 Myr. Using either lithology

raster (Fig. 3.3 and 3.4), the number of channel nodes within each lithological

unit is then determined, and the range of K values within each unit calculated.

3.3.3 Optimising values of erodibility (K)

I then adjust the values of erodibility K for individual rock units to discover

which combination of values best reproduces the modern �uvial topography, for

the given prescribed erosion rate (here 0.1 mm/yr). This best �t combination

is obtained by i) using a Monte Carlo approach to create combinations of K

based on ranges obtained in Section 3.3.2, and ii) comparing the real and model
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Figure 3.5: Example of K values across the channel network. The channel network is
extracted using a threshold drainage area of 200 pixels and K calculated for each point
in the channel network following Equation 3.7. E = 0.1 mm/yr, m = 0.45, n = 1 (see
text for further details). Background digital elevation model: DHM25 ©Swisstopo

landscape for each combination with the aim to minimise the di�erence between

the two. Comparison between real and modern landscapes requires metrics that

describe the goodness of �t between the two landscapes (see below). In order

to reduce the number of possible combinations and thereby minimise computing

time, the lithological units are combined into groups of similar characteristics that

will share a value of K. Here, two grouping schemes are used: i) all Quaternary

units grouped together (Fig. 3.6), and ii) Quaternary units split into a Rhine

Aare domain and a local topography domain (Fig. 3.7).

For each of the groups outlined above, a range of K values is de�ned by aggre-

gating the distributions of K values within each group calculated in Section 3.3.2.
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Figure 3.6: Erodibility groups with all Quaternary units in one group. Rhine-Aare
channel is shown in blue. Background digital elevation model: DHM25 ©Swisstopo.
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Figure 3.7: Erodibility groups with all Quaternary units grouped into i) Rhine Aare
domain or ii) local topography domain. Rhine-Aare channel is shown in blue. Back-
ground digital elevation model: DHM25 ©Swisstopo.

The 25th and 75th percentiles of this distribution are set as the minimum and max-

imum, respectively, of the range for each group (Tables 3.2 and 3.3). Once these

ranges are de�ned, I create an erodibility raster (based on maps in Fig. 3.3 and

3.4, respectively) by picking a random value of K for each group from the ranges

provided. Assuming vertical contacts, this erodibility raster is then passed to the

numerical landscape evolution model along with the DEM of the study area (see

Sections 2.4 and 3.3.1) and the model is run for a �xed number of snapping cycles.

As mentioned in the methods, even after several thousand snapping cycles there

can still be a few pixels in the simulation that change elevation, and divides can
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oscillate, but testing (for con�gurations outlined in Section 3.3.1) suggests that

after a thousand cycles the number of pixels that change between snaps is small.

As mentioned before, the focus for this part of the analysis is on reproducing the

�uvial part of topography only. Therefore, a simpler version of the algorithm

described in Section 2.4 was used, where for each snapping cycle, the elevations

of the entire model landscape (except for the main channels) are solved as being

��uvial�, using Equation 3.5 (that is, without snapping of hillslopes and eleva-

tion capping). The process of randomly sampling K values and running a model

simulation based on these values is repeated a total of 5,000 times. For both

grouping schemes, one model simulation using the median K values obtained in

Section 3.3.2 for each erodibility group is run in addition to the 5,000 randomly

sampled combinations. In addition to the �nal model topography, each itera-

tion of the Monte Carlo sampling outputs the initial and �nal channel networks,

which are subsequently used to assess goodness of �t between the real and model

landscape.

The �t between the real and model landscape is tested by comparing source

point elevations between the two landscapes. The source points/channel heads are

extracted from the channel network by selecting the channel node with the highest

elevation and longest �ow distance from each tributary channel (Fig. 3.8). Source

points within the folded Jura and the Rhine Aare domain are excluded from this

assessment, as they are expected to skew the results. The di�erence between

the real and model landscape is then quanti�ed by i) calculating the di�erence in

median source point elevation, and ii) running a two-sample Kolmogorov-Smirnov

(K-S) test (e.g. Conover, 1965). The two-sample K-S test tests whether two

samples are likely to come from the same distribution, as re�ected by the p-value.

The closer this p-value is to 1, the greater the similarity of the two distributions.

For both grouping schemes, the combination ofK values that produces the highest

p-value is selected and the initial and �nal distribution of source point elevation

for this combination shown in Section 3.4.
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Figure 3.8: Example of source points used to compile distributions of source point
elevation, clipped to exclude the folded Jura and the Rhine Aare Quaternary domain.
The channel network (shown in blue) is extracted with a drainage area threshold of 200
pixels, and the source points (shown in black) de�ned as the points with the longest
�ow distance and highest elevation in each tributary channel. Digital elevation model:
DHM25 ©Swisstopo.
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3.3.4 Model setup and simulations

In this section, the best �t combination of erodibility K is tested by running

a range of incision scenarios using the landscape evolution model MuddPILE

(Parsimonious Integrated Landscape Evolution) (Mudd et al., 2022), described

in Section 3.3.1. A 25 m resolution Digital Elevation Model (DEM) of the study

area (©Swisstopo) is used as the initial elevation raster ingested by the model.

The base level for the model domain is set by the present-day course of the Aare

and Rhine that was adopted from an existing vector data set (Pietsch and Jordan,

2014). Once this channel is obtained, all complete basins in the original DEM

draining into this channel are then selected. Large tributaries that �ow from

outside the original DEM are excluded: any truncation of basin area results in

incorrect χ values, and therefore incorrect steady state topography, so the analy-

sis is limited to complete basins draining into the main channel network (Fig. 3.9).

Figure 3.9: Isolating the main channel network. (a) Shaded relief map of present-
day topography of the study area; (b) Shaded relief map of study area cropped to
pixels draining into the Rhine-Aare main channel. Main channel shown in blue. Digital
Elevation Model: ©Swisstopo.

This study additionally explores the e�ect of drainage reorganisation on fu-

ture local relief and drainage divide migration by assuming reactivation of the

Rinikerfeld channel (a palaeo-drainage path of the Aare river), diverting the �ow

of the Aare from its present-day course to the Rinikerfeld (Fig. 3.10). The main
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channel network supplied to the numerical model is modi�ed by adding a di-

version to the present-day main channel network and removing the �abandoned�

section of the channel.

Figure 3.10: Alternative main channel for the Rinikerfeld scenario (blue). The orig-
inal course of the Aare is plotted in red. Elevation values for channel nodes along the
Rinikerfeld (RF) diversion (marked on the map) are linearly interpolated from the up-
stream and downstream segments of the present-day Aare channel to ensure continuous
drainage through the diversion. Digital elevation model: DHM25 ©Swisstopo.

The model ingests 3D lithology in the form of a �cube� representing the 3D

stratigraphy of the model domain (Gmünder et al., 2013), which consists of voxels

extending 100 m in the horizontal dimension and 25 m in the vertical. Each voxel

has a code indicating its corresponding stratigraphic unit, and the elevation of

each voxel is known. The �cube� of lithologies is �rst converted into a stack of

lithology rasters. For any given pixel in the model domain, the corresponding

stratigraphy code can then be looked up by �nding the correct lithology raster

from the stack using the pixel elevation. Each stratigraphy code has been as-

signed values of erodibility K according to the best �t Monte Carlo simulations

derived in Section 3.3.3; values of characteristic slope Sch are derived from Lud-

wig (2018), corresponding to characteristic mean hillslope gradients observed in

the present-day landscape (Table 3.1). By matching the stratigraphy codes with

their assigned values of K and Sch, rasters of erodibility and characteristic slopes
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Table 3.1: Assignment of K and Sch values to the stratigraphic units in the 3D
lithologic model (Gmünder et al., 2013).

Stratigraphy
Code

Stratigraphic unit EC
K value x10−6 (units
depend on m and n)

Sch value
(dimensionless)

1 Quaternary 1 3.4 0.18
2 Upper Freshwater Molasse 2 3.5 0.21
3 Upper Marine Molasse 2 3.5 0.21
4 Lower Freshwater Molasse 2 3.5 0.21
5 Upper Malm 5 2.7 0.46
6 Wildegg Formation 4 3.0 0.27
7 Ifenthal Formation 4 3.0 0.27
8 Hauptrogenstein 5 2.7 0.46
9 Klingnau Formation 3 3.8 0.21
10 Passwang Formation 4 3.0 0.27
11 Opalinus Clay 3 3.8 0.21
12 Lias, Keuper 3 3.8 0.21
13 Upper Muschelkalk 5 2.7 0.46

14
Middle Muschelkalk, Lower
Muschelkalk, Buntsandstein

4 3.0 0.27

15
Crystalline basement +
Permo-Carboniferous

6 2.7 0.46

can then be created for the model domain (Fig. 3.11c, d). Additionally, a set of

model simulations with uniform erodibility K = 3.5E-06 and characteristic slope

Sch = 0.21 is run.

To simulate main channel incision, the pixels of the Rhine and Aare, repre-

senting the main channel network for the model domain, can be moved down in

elevation. For example, if one wanted to model a scenario where the main chan-

nels will lower at an incision rate of 0.25 mm/yr (that is, relatively with respect to

the stratigraphic stack) over the next 1 million years, one would simply drop them

by 250 metres. Note that the uplift component here is just indirectly simulated

via the cumulative incision (cf. Section 3.3.1), partly resulting in hypothetical

model elevations near or even below sea level. This study simulates main channel

incision of 250, 350, 450, and 550 m at a lowering rate of 0.1 mm/yr. This equates

to incision over 2.5, 3.5, 4.5, and 5.5 Myr, respectively. These four incision sce-

narios are run for both the present-day main channel and the alternative main

channel network (Rinikerfeld diversion).

In summary, three sets of model simulations are run, all of which experience

main channel incision of 250, 350, 450, and 550 m:

1. Heterogeneous lithology, with values of erodibility K derived from the best-
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Figure 3.11: (a) Topography of the present-day landscape ingested by the model. Dig-
ital elevation model: DHM25© Swisstopo; (b) Stratigraphy codes (based on Gmünder
et al. (2013), cf. Table 3.1); (c) Erodibility K; (d) Characteristic slope Sch. Stratig-
raphy codes correspond to the following formations: 0 = None; 1 = Quaternary; 2 =
Upper Freshwater Molasse; 3 = Upper Marine Molasse; 4 = Lower Freshwater Molasse;
5 = Upper Malm; 6 = Wildegg Formation; 7 = Ifenthal Formation; 8 = Hauptrogen-
stein; 9 = Klingnau Formation; 10 = Passwang Formation; 11 = Opalinus Clay; 12 =
Lias, Keuper; 13 = Upper Muschelkalk; 14 = Middle Muschelkalk, Lower Muschelkalk,
Buntsandstein; 15 = Crystalline basement and Permo-Carboniferous.
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�t Monte Carlo combination (Table 3.1, with values for characteristic slope

Sch also as speci�ed there), and the present-day Rhine Aare channel set as

the main channel network.

2. Heterogeneous lithology, with values of erodibility K derived from the best-

�t Monte Carlo combination (Table 3.1, with values for characteristic slope

Sch also as speci�ed there), and a diverted Rhine Aare channel set as the

main channel network.

3. Uniform lithology, with values of erodibility K set to 3.5E-06 and values of

characteristic slope Sch set to 0.21, and the present-day Rhine Aare channel

set as the main channel network.

3.4 Results

3.4.1 Constraining values of erodibility (K)

The results from the K extraction are summarised in Figs. 3.12, and 3.13. Each

lithological unit has a large range of values: within each �violin� two horizontal

dotted lines can be seen representing the interquartile range, and this can exceed

an order of magnitude for some units. Note that the violins represent quite

di�erent sample sizes, as indicated by the numbers in the �gures. When exploring

the units, it becomes apparent that Quaternary units have the greatest degree of

variability. If grouped by bedrock unit, there are some units with non-overlapping

interquartile ranges, but most units continue to have overlapping interquartile

ranges. Fig. 3.13 shows that the two Quaternary domains have signi�cantly

di�erent distributions of K, while the bedrock units are di�cult to distinguish

from one another.
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Figure 3.12: Distribution of K values within each lithological unit following Isler et al., 1984. Each �violin� shows an estimate of the
underlying distribution of K values for the corresponding lithological unit, such that the range of the violins extends past the extreme data
points. The lower and upper end of solid grey bar in the centre of each violin indicates the 25th and 75th percentile, respectively, and the
median is indicated by the white dot. The number of channel nodes in each lithological unit, N , is given above the corresponding violin. The
colour of each violin corresponds to the legend in Fig. 3.3, with the units appearing in the same order as in the legend. Data have been logged
for ease of visualisation.
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Figure 3.13: Distribution of K values within each lithological unit following Isler et al., 1984, with all Quaternary units grouped into two
domains. Each �violin� shows an estimate of the underlying distribution of K values for the corresponding lithological unit, such that the
range of the violins extends past the extreme data points. The lower and upper end of solid grey bar in the centre of each violin indicates the
25th and 75th percentile, respectively, and the median is indicated by the white dot. The number of channel nodes in each lithological unit,
N , is given above the corresponding violin. The colour of each violin corresponds to the legend in Fig. 3.4, with the units appearing in the
same order as in the legend. Data have been logged for ease of visualisation.
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3.4.2 Optimising values of erodibility (K)

Tables 3.2 and 3.3 summarise the ranges of K values used in the Monte Carlo

sampling approach to �nd the best �t combination. As described in Section

3.3.3, the sampling range for each �erodibility group� extends from the 25th to

75th percentile reported in the two tables.

Table 3.2: Ranges of K values for the grouping scheme combining all Quaternary units
into one domain. Group 1 = Quaternary; Group 2 = Tertiary; Group 3 = Mesozoic
Sediments 1; Group 4 = Mesozoic Sediments 2 (+ Paleozoic Sediments; Group 5 =
Mesozoic Sediments 3; Group 6 = Crystalline Basement. See Fig. 3.6 for spatial
distribution of each group. All values in this table are x10−6.

Group 5th percentile 25th percentile Median 75th percentile 95th percentile
1 2.58 3.84 6.36 26.90 410.00
2 2.65 3.42 4.47 5.09 7.54
3 2.21 2.91 3.45 4.03 5.42
4 2.00 2.99 3.91 4.85 6.87
5 1.96 2.62 3.13 4.25 5.52
6 0.99 2.44 3.13 4.31 10.10

Table 3.3: Ranges of K values for the grouping scheme separating the Quaternary into
two domains. Group 0 = Quaternary, Rhine Aare Domain; Group 1 = Quaternary, Lo-
cal Topography Domain; Group 2 = Tertiary; Group 3 = Mesozoic Sediments 1; Group
4 = Mesozoic Sediments 2 (+ Paleozoic Sediments; Group 5 = Mesozoic Sediments 3;
Group 6 = Crystalline Basement. See Fig. 3.7 for spatial distribution of each group.
All values in this table are x10−6.

Group 5th percentile 25th percentile Median 75th percentile 95th percentile
0 3.48 7.54 19.00 66.10 927.00
1 2.23 3.14 3.87 4.79 7.53
2 2.65 3.42 4.47 5.09 7.54
3 2.21 2.91 3.45 4.03 5.42
4 2.00 2.99 3.91 4.85 6.87
5 1.96 2.62 3.13 4.25 5.52
6 0.99 2.44 3.13 4.31 10.10

The comparison between the real and model landscapes is summarised by

Figs. 3.14 and 3.15, and Table 3.4. In three out of the four cases shown (best �t

combination and median K values for both grouping schemes), the median ele-

vation of source point elevations in the model landscape is lower than in the real

landscape. This is consistent with other results from the 5,000 randomly sampled

simulations for both grouping schemes, with the median source point elevation of
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the �nal landscape being lower than in the real landscape in the vast majority of

cases, with no simulations resulting in a median above that of the real landscape

with all Quaternary units grouped together, and 14 simulations with Quaternary

units separated into two domains. Furthermore, in the four cases shown here,

the distributions of source point elevation tend to be more skewed towards lower

values, whereas the distribution is more normal in the real landscape. However,

in the scenarios where Quaternary units are divided into two domains, the dis-

tribution of source point elevations better approximates that seen in the real

landscape (Fig. 3.14 and 3.15). Regarding goodness of �t, the smallest absolute

di�erence in median elevation (2 m) and the highest p-value by far (0.934) is

achieved by the best �t case separating the Quaternary units into two domains

(Fig. 3.14). There is almost complete overlap of the real and model interquartile

ranges in both cases. Both best �t cases outperform their respective median K

combinations in terms of goodness of �t based on both the median source point

elevation and the p-value (see Figs. 3.14 and 3.15). In Figs. 3.14 and 3.15, the

source point elevations are further divided by which erodibility group they are

located in. It is important to note here that the source point elevation is cumu-

lative, being the result of the entire river pro�le, and therefore the distributions

are not exclusively a product of a given erodibility group. However, these �gures

are included to additionally explore how the goodness of �t is distributed across

the landscape. In both grouping schemes, there is a signi�cant overlap between

interquartile ranges in the real and model landscape across all groups. The case

combining all Quaternary units best reproduces the median source point elevation

in groups 4 and 6 (Mesozoic Sediments 2 and Crystalline Basement)(Fig. 3.14),

whereas the case separating the Quaternary units best reproduces the median in

group 1 (Quaternary, local topography domain)(Fig. 3.15). Fig. 3.16 shows the

�nal model landscape, snapped to characteristic slopes, for the best �t K com-

binations and median K values. All simulations show a region of low relief and

low elevation surrounding the lowermost reaches of the Rhine. In the simulations

separating the Quaternary units, this �at topography, represented by the Rhine

Aare domain, extends further upstream, which better represents the real topogra-
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phy. Overall, the best �t combination of K values for the Quaternary separation

scheme (shown in Table 3.4) appears to best reproduce the real landscape, by

i) achieving the highest p-value and thereby closely matching the source point

elevation distribution in the real landscape, and ii) more faithfully reproducing

the �oodplain of the Rhine and Aare.

Table 3.4: K values for each group using both grouping schemes, for best �t scenarios
and median K value. Best �t scenarios were chosen by selecting the result with the
highest p-value when comparing the distribution of source point elevations to the real
landscape. All values in this table except the p-values are x10−6.

Scenario p-value G0 G1 G2 G3 G4 G5 G6

Best �t Q. separation 0.93 9.1 3.4 3.5 3.8 3.0 2.7 2.7

Median Q. separation 9.8E-07 19.0 3.9 4.5 3.5 3.9 3.1 3.1

Best �t all units 0.51 - 3.9 3.6 3.1 3.2 3.2 4.0

Median all units 1.4E-15 - 6.4 4.5 3.5 3.9 3.1 3.1
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Figure 3.14: Left panels: Distribution of source point elevation in the real and model
landscape for the best �t K combinations. Each �violin� shows an estimate of the un-
derlying distribution of source point elevation for the corresponding landscape, such
that the range of the violins extends past the extreme data points. Right panels: Dis-
tribution of source point elevation in the real and model landscape, split by erodibility
group. Each half �violin� shows an estimate of the underlying distribution of source
point elevation for the corresponding landscape and erodibility group, such that the
range of the violins extends past the extreme data points. The lower and upper dot-
ted lines within each violin indicate the 25th and 75th percentile of the corresponding
distribution, respectively, and the median for each distribution is indicated by dashed
line. Note that all source points lying within the Quaternary Rhine Aare Domain and
Folded Jura are excluded from these calculations (see Fig. 3.8).
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Figure 3.15: Left panels: Distribution of source point elevation in the real and model
landscape for the median K combinations. Each �violin� shows an estimate of the un-
derlying distribution of source point elevation for the corresponding landscape, such
that the range of the violins extends past the extreme data points. Right panels: Dis-
tribution of source point elevation in the real and model landscape, split by erodibility
group. Each half �violin� shows an estimate of the underlying distribution of source
point elevation for the corresponding landscape and erodibility group, such that the
range of the violins extends past the extreme data points. The lower and upper dot-
ted lines within each violin indicate the 25th and 75th percentile of the corresponding
distribution, respectively, and the median for each distribution is indicated by dashed
line. Note that all source points lying within the Quaternary Rhine Aare Domain and
Folded Jura are excluded from these calculations (see Fig. 3.8).
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Figure 3.16: Final topography, snapped to characteristic slopes, of model landscape
using the best �t and median combination of K values. The Rhine-Aare channel is
shown in blue.

3.4.3 Model simulations

The �nal topographies for each incision scenario for the three model simulations

(best �t erodibility combination with present-day and alternative main channel

network, and uniform erodibility with present-day main channel network) are

shown in Figs. 3.17, 3.18, and 3.19.

For the case of the model simulations using heterogeneous lithology and the

present-day Rhine Aare main channel, the �nal maximum elevations range from

650 m to 350 m for 250-550 m of main channel incision, respectively (Fig. 3.17).

Thus, the change in maximum elevation in the model landscape roughly follows

the corresponding increase of main channel incision. A clear shift in the main

drainage divide can be seen: based on visual inspection, the southern part of the
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divide shifting northwards by up to 3 km for 250 and 350 m of main channel

incision, and by 5-7 km for 450 and 550 m of main channel incision. The shift

of the northern half of the drainage divide is a little more complex, with some

segments shifting east and others west. The magnitude of the shift in the northern

section is not linearly correlated with the amplitude of main channel incision �

the greatest shift of up to 3 km occurs for the 350 m and 450 m main channel

incision simulations.

Figure 3.17: Final topography, snapped to characteristic slopes, of model landscape
using the best �t combination of K values and simulating main channel incision. Orig-
inal position of the drainage divide (see Fig. 3.11a) shown by the dark grey line, and
�nal modelled position of the drainage divide shown in white. The divides have been
manually mapped. The Rhine-Aare channel is shown in blue. Main channel incision
scenarios are as follows: (a) 250 m; (b) 350 m; (c) 450 m; (d) 550 m.

In the second set of simulations, using heterogeneous lithology and a Rhine-

Aare main channel diverted through the Rinikerfeld, the maximum elevations

match those of the simulations using the present-day Rhine-Aare main channel
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(Fig. 3.18). As in the previous simulations, the southern segment of the drainage

divide shows a more straightforward migration: a northward shift of 2 km for 250

m main channel incision, 1 km for the 350 m simulation, and 6-7km for 450-550

m of main channel incision, respectively. Interestingly, the northern portion of

the divide, closer to the Rinikerfeld diversion, shows an irregular pattern: (i)

for the 250 m scenario, the divide moves further than in the simulation with

the present-day main channel network; (ii) for the 350 m scenario, it moves less

than for the corresponding simulation with the present-day channel, and (iii) the

movement of the drainage divide for the 450-550 m scenarios is comparable to

the corresponding present-day channel simulations.
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Figure 3.18: Final topography, snapped to characteristic slopes, of model landscape
using the best �t combination of K values and an alternative main channel, and simu-
lating main channel incision. Original position of the drainage divide (see Fig. 3.11a)
shown by the dark grey line, and �nal modelled position of the drainage divide shown
in white. The divides have been manually mapped. The diverted Rhine-Aare channel
is shown in blue. Main channel incision scenarios are as follows: (a) 250 m; (b) 350 m;
(c) 450 m; (d) 550 m.

As in the previous two simulations, the maximum �nal elevation in the simula-

tions with uniform erodibility decreases with increasing main channel incision; in

this case, from 600 m to 300 m (Fig. 3.19). The main drainage divide also moves,

with the pattern of shifting comparable to the simulations with heterogeneous

erodibility: a northward shift in the southern portion, and a mixed east-west

shift in the northern segment. However, the pattern and magnitude of drainage

divide migration is nearly identical in all four main channel incision scenarios

using uniform erodibility. That is, the pattern and magnitude of divide migra-

tion for the 250 m scenario closely resemble those of the heterogeneous lithology
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simulations for the same scenario, and the divide does not shift any further in the

simulations with greater main channel incision. Nevertheless, these results break

with the expectation that the uniform lithology cases should lead to exactly the

same �nal model landscape, once the model landscape is low enough not to be

a�ected by capping elevations with modern topography (see Section 3.3.1). The

latter condition is certainly ful�lled at least for the incision scenarios of 450m

and 550m. The di�erence in Fig. 3.19c and d is therefore attributed to the prop-

agating e�ect of very small deviations in main channel pixels elevations, brought

about by �oating point errors (Section 3.3.1).

Figure 3.19: Final topography, snapped to characteristic slopes, of model landscape
using a uniform erodibility K = 3.5E-06 and uniform characteristic slope Sch = 0.21.
Original position of the drainage divide (see Fig. 3.11a) shown by the dark grey line, and
�nal modelled position of the drainage divide shown in white. The divides have been
manually mapped. The Rhine-Aare channel is shown in blue. Main channel incision
scenarios are as follows: (a) 250 m; (b) 350 m; (c) 450 m; (d) 550 m.
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In summary, for a given amplitude of main channel incision, the extent of

drainage divide migration is smaller in uniform than heterogeneous lithology,

and, in the uniform case, does not increase with the amplitude of main channel

incision (in fact, it would become fully stabilised if not in�uenced by �oating

point errors). In our simulations with the Rhine Aare channel diverted through

the Rinikerfeld, the pattern and extent of divide migration is very similar to the

case using the present-day Rhine-Aare main channel.

3.5 Discussion

3.5.1 Extracting and optimising estimates of erodibility (K)

Section 3.3.2 shows that values of K extracted from the topography based on

drainage area and channel gradient do not allow easy distinction between bedrock

units. There is a clearer di�erence between Quaternary and bedrock units, with

Quaternary units overall tending towards a higher median and a wider range

of K values (Fig. 3.12). Importantly, the K distributions are distinct between

the Rhine Aare and local topography Quaternary domains, with the Rhine Aare

domain showing a wider range and higher median (Fig. 3.13). The wide range

in Quaternary K values, especially for the Rhine Aare domain is much related

to their �owing over very low relief �oodplain deposits, which will result in very

high apparent erodibilities. The �oodplains and alluviated channels are trans-

port limited (that is, the bed elevations are determined by the channels' ability

to transport bed sediment) and therefore not well suited to description by the

SPIM, which is designed for bedrock channels. It is curious that there is no clear

di�erentiation between individual bedrock units in terms of erodibility. This

might be a true re�ection of erodibility values; however, channel gradients are in-

herently noisy due to DEM accuracy issues, which is why many studies of channel

steepness use some averaging procedure (e.g. Wobus et al., 2006). This noise in

gradients will lead to substantial scatter in the extracted K values, and could po-

tentially mask any trends in erodibility between lithologic units. Another factor

that could lead to a high degree of scatter in the erodibility values is landscape
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transience: K values here are calculated assuming a spatially homogeneous ero-

sion rate, but in a transient landscape one might expect steeper slopes not because

of lower erodibility, but instead because of faster erosion. This is something that

would need to be explored in more detail using transient model simulations and

given more knowledge of the spatial pattern of erosion rates in the area (which,

however, is very hard to constrain in a comprehensive manner). Additionally,

the wide range in erodibility values within units is indicative of heterogeneity not

just between, but also within lithologies (see also Fig. 3.2). As Marshall and

Roering (2014) point out, most studies concerned with the control of lithologi-

cal characteristics on �uvial incision rates and processes assume that erodibility

is uniform within an individual unit. However, when comparing rock strength

variations to catchment morphology in the Oregon Coast Range, Marshall and

Roering (2014) found that within the same lithology, diagenetically hardened

beds produce steeper hillslopes and higher relief. While internal variations are

di�cult to take into account for studies at regional scales, these �ndings as well as

our results from extracting apparent K values highlight that when investigating

controls on landscape development at the catchment scale, heterogeneities within

individual rock units should be considered.

As pointed out in Section 3.4 while describing results from the Monte Carlo

sampling of erodibility combinations, the median source point elevations are lower

than in the real landscape in the vast majority of cases for both grouping schemes.

This may be because most simulations overestimate the value of K for Quater-

nary units within the Rhine-Aare domain (i.e. along the �oodplain). Since the K

values extracted for these units cover a wide range and can exceed those extracted

for bedrock units by several orders of magnitude (Figs. 3.12 and 3.13), it is pos-

sible that the values at the upper end of this range overestimate the erodibility

of these Quaternary units. This �high erodibility signal� would then propagate

along the channel network, since the Rhine-Aare Quaternary units represent the

furthest downstream portion of the channel network, resulting in lower source

point elevations across the entire landscape. One possible method of testing the



112 CHAPTER 3. DOES LITHOLOGY DRIVE DIVIDE MIGRATION?

in�uence of K values within the Rhine-Aare units on median source point eleva-

tion in the model landscape could be to pick the K values for these units from

an even narrower range than between the 25th and 75th percentile.

An important point to raise is that the best �t combinations of K values are

not necessarily the �correct� values, since multiple combinations arising from the

Monte Carlo sampling can result in model landscapes with equal or better good-

ness of �t relative to the real landscape (equi�nality). Similarly, the �nal model

landscapes produced using the best �t combination for Quaternary units grouped

together and separated are visually di�erent even though both accurately repro-

duce the source point elevation distribution within the real landscape (Figs. 3.14

and 3.16).

This approach of optimising K values is better able to simulate the overall re-

lief of the landscape (as represented by the distribution of source point elevations)

than by extracting pixel-by-pixel values of erodibility and using the median values

to solve the steady state landscape (Figs. 3.15 and 3.16). However, the source

point distribution is an imperfect metric that integrates over several bedrock units

(because the channel passes several units on its way from a source) and results in

equi�nal results. The method additionally compares a near-steady state model

landscape with a transient real landscape, which may bias the comparison of

source point elevations and the consequent K values. One potential improvement

to this method would be to isolate monolithologic sub-catchments and tune pa-

rameters using these catchments. However, such monolithologic sub-catchments

are rather sparse within the study area (Fig. 3.6 and 3.7). Another option would

be to try to minimise the o�set between simulated and real pro�les, although this

is problematic because of the divide migration that is built into the steady state

simulations.
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3.5.2 In�uence of heterogeneous lithology and drainage re-

organisation on drainage divide migration

As shown in Section 3.4.3, the �nal position of the main drainage divide shifts

relative to its original position in the uniform lithology case, but the extent of mi-

gration does not change with the amount of main channel incision. This indicates

that the position the drainage divide migrates to in the uniform lithology cases,

which is similar to the position in the 250 m main channel incision scenarios with

heterogeneous lithology, is one where the model landscape can approximate to-

pographic steady state. The present-day landscape is not in steady state, having

been recently glaciated, and also contains areas, e.g. in the tabular Jura, which

are more dominated by hillslope di�usion or alluviation (e.g. low relief surfaces

at altitude, and Rhine-Aare �oodplain), which cannot be captured by the model.

Uniform vs. heterogeneous lithology, based on our model simulations, has a

stronger in�uence on drainage divide migration than altering the main channel

network does. However, the chosen alternative drainage network is based on a

relatively small alteration to the main channel network, and is not a dramatic

capture event on the scale of the capture of the Aare by the Doubs and later the

Rhine (or, alternatively, just a more pronounced lateral shift of the present-day

main rivers).

Overall, the results agree with the observations of Forte et al. (2016), who

suggest that landscapes can never reach steady state in heterogeneous lithology

(assuming contacts are non-vertical), because incision continuously exposes units

with di�erent erodibility.

From the Monte Carlo sampling shown in Section 3.4.2, it is evident that

di�erent K combinations can strongly a�ect drainage divide positions, as seen in

the �nal model topographies of the best �t simulations which both produce relief

that matches the present-day landscape, while having the main drainage divide

in di�erent positions and a slightly di�erent shape in the sub-catchments.

A further complexity in the study area that is di�cult to faithfully reproduce

using the MuddPILE model is the partial occurrence of limestone bedrock, which
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can a�ect rates of runo�. Detachment limited models and, to a lesser extent,

transport limited models assume a positive correlation between drainage area �

which acts as a proxy for water discharge � and the sediment discharge, i.e. the

larger the drainage area, the higher the sediment load. Internal complexities in

the source-to-sink system such as lakes or signi�cant in�ltration (e.g. in karstic

environments) can break this correlation, meaning that groundwater �ow needs

to be included in the model framework. Although work is underway to create

landscape evolution models capable of including groundwater �ow and accurately

modelling karst-a�ected landscapes (e.g. Gailleton et al., 2022), this was not yet

possible at the time of writing and is therefore one potential limitation of the

modelling simulations presented here.

3.6 Conclusions

Lithology has long since been recognised as an important control on �uvial inci-

sion and relief, and quantifying rock resistance to erosion is therefore crucial for

faithfully reproducing relief in landscapes with heterogeneous lithology, and for

modelling future landscape evolution. However, constraining rock erodibility is

challenging, particularly if the desired outcome is to allow comparison between

study sites. Using a geologically complex study area in the eastern Swiss Jura as

an example, I show a new method of extracting values of erodibility K from the

modern topography, and optimising these to reliably reproduce the �uvial relief of

the real landscape. I then apply these values to a range of incision scenarios in a

numerical landscape evolution model which allows ingestion of spatially variable

3D lithology as well as divide migration, and infer that heterogeneous lithology

controls drainage divide migration to a greater extent than than a scenario of

(moderate) drainage network reorganisation. These �ndings are consistent with

previous studies, which suggest that contrasts in rock erodibility alone can lead

to drainage divide migration, and highlight the importance of including and ac-

curately representing heterogeneous lithology in models of landscape evolution

for robust estimates of future landscape relief.
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Abstract

Large earthquakes can contribute to mountain growth by building topography,

but also contribute to mass removal from mountain ranges through widespread

mass wasting. On annual to decadal timescales, large earthquakes also have the

potential to signi�cantly alter �uvial sediment dynamics if a signi�cant volume

of the sediment generated reaches the �uvial network. In this contribution, I

focus on the Melamchi-Indrawati and Bhote Koshi rivers in central Nepal, which

have both experienced widespread landsliding associated with the 2015 Gorkha

(Nepal) earthquake. Using a time series of high-resolution satellite imagery, I have

mapped exposed gravel along the river from 2012-2021 to identify zones of channel

aggradation and document changes over time. Counter to expectations, I show

negligible increases in coarse sediment accumulation in both catchments since

the Gorkha earthquake. However, an extremely high concentration �ow event

on 15 June 2021 caused an approximately four-fold increase in exposed sediment

along a 30 km reach of the channel with up to 12 m of channel aggradation

in the Melamchi-Indrawati rivers; this event was localised and did not impact

the neighbouring Bhote Koshi catchment. Considering the majority of sediment

transported during the 2021 Melamchi disaster was sourced from further upstream

than the coseismic Gorkha earthquake landslides, it is unlikely that the Gorkha

earthquake facilitated the event by preconditioning the landscape. This highlights

the importance of extreme climatic events in exporting sediment from mountain

river catchments.

4.1 Introduction

By building topography, large earthquakes contribute to the growth of mountain

ranges (Avouac, 2007), but they also play a role in their erosion by producing

sediment through coseismic landsliding, which will eventually be evacuated from

the mountain range (e.g. Dadson et al., 2004; Egholm et al., 2013; Hovius et

al., 2011; Keefer, 1994; Larsen et al., 2010; Parker et al., 2011). In some cases,

the volume lost through mass wasting can equal or even outweigh that gained
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through tectonic uplift (e.g. Francis et al., 2020; Hovius et al., 2011; Marc et al.,

2016; Marc et al., 2019; Parker et al., 2011). Malamud et al. (2004) suggest that

earthquakes above a threshold moment magnitude of Mw = 4.3 trigger landslides

through ground shaking, with landslides usually concentrated in areas of highest

peak ground acceleration (PGA) (Khazai and Sitar, 2004) and near the top of

hillslopes (Densmore and Hovius, 2000; Yin et al., 2009). The sediment generated

by coseismic landsliding either remains on the hillslopes or is delivered to �uvial

systems, where it can cause aggradation and decrease channel capacity, thereby

increasing �ood risk downstream and causing rapid changes in channel morphol-

ogy (Korup et al., 2004; Sims and Rutherfurd, 2017). For example, the 1999

Chi-Chi (Taiwan) and 2008 Wenchuan (China) earthquakes were associated with

up to 18 m and 10 m of channel bed aggradation, respectively (Chen and Pet-

ley, 2005; Whadcoat, 2011; Yanites et al., 2010). Coseismic landslide sediment on

hillslopes often remains as loose sediment until hillslopes revegetate or restabilise,

which may take years. Consequently, large earthquakes are frequently followed by

a period of increased landsliding as the ground shaking destabilises hillslope ma-

terial, leaving loose sediment readily mobilised during subsequent rainfall events

(Chen and Petley, 2005; Dadson et al., 2004; Huang and Fan, 2013; Marc et al.,

2015). In the two years following the Kashmir earthquake, Saba et al. (2010)

documented an increase in landsliding, succeeded by a period of relative stability,

while Li et al. (2022) show a growth in landslide area for �ve years after the 2008

Wenchuan earthquake. Similarly, Kincey et al. (2021) noted elevated rates of

landsliding for three years in the wake of the 2015 Gorkha earthquake.

Coseismic landslides are thought to a�ect the �uvial network for decades to

centuries (Croissant et al., 2017b; Hovius et al., 2011; Wang et al., 2015; Wang

et al., 2017; Yanites et al., 2010). Wang et al. (2015) estimate that the residence

time of suspended sediment supplied by coseismic Wenchuan landslides ranges

from a year to more than a century, which ties in with previous estimates of sub-

annual to centennial timescales, as suggested by a range of studies from across

the globe (Howarth et al., 2012; Koi et al., 2008; Pain and Bowler, 1973; Pearce

and Watson, 1986). The residence time of coseismic bedload is more challenging
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to constrain due to the di�culty of monitoring bedload transport (Croissant et

al., 2017b; Li et al., 2014), although based on a case study of a large landslide

in the Bhote Koshi valley, Croissant et al. (2017b) estimate that half the coarse

fraction of a given sediment volume can be removed within 5-25 years by channel

narrowing to increase sediment transport capacity.

This study focuses on two catchments in central Nepal a�ected by the 2015

Gorkha (Nepal) earthquake. The earthquake had a similar moment magnitude

to the 2008 Wenchuan earthquake (Mw 7.8 compared to Mw 7.9) and caused

widespread landsliding (e.g. Collins and Jibson, 2015; Gnyawali and Adhikari,

2017b; Roback et al., 2018), yet channel aggradation on the scale of that seen

after the Wenchuan earthquake has not been observed in the years following the

event. Here, I use optical satellite imagery to identify zones of sediment input and

aggradation along the Melamchi-Indrawati and Bhote Koshi rivers, two valleys in

central Nepal that experienced widespread landsliding following the 2015 Gorkha

earthquake. My analysis focuses on the period 2012-2021 which includes the

Gorkha earthquake. The aim of this work is to constrain the respective roles

played by the earthquake, hydrometeorological events and valley morphology on

sediment production and export, and to shed light on the causes behind the

distinct response of these two valleys when compared to the ones a�ected by the

1999 Chi-Chi and 2008 Wenchuan earthquakes.

4.2 The 25 April 2015 Mw 7.8 Gorkha (Nepal)

earthquake and associated landslides

The April 2015 Gorkha earthquake was the result of a 140 km long rupture along

the Main Himalayan Thrust (Avouac et al., 2015; Elliott et al., 2016; Hayes et al.,

2015). A sequence of aftershocks followed the main event, the largest of which

occurred on 12 May 2015 in the Dolakha district of Nepal (Fig. 4.1), reaching

a moment magnitude of 7.3 (Collins and Jibson, 2015). Nine thousand deaths

and billions of US dollars in economic losses resulted from the mainshock alone
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(Kargel et al., 2015). While initial surveys (e.g. Kargel et al., 2015) reported

a signi�cantly lower number of landslides than expected for an earthquake of

moment magnitude 7.8, later inventories identi�ed up to 25,000 coseismic land-

slides covering a total area of ca. 87 km2 (Martha et al., 2017; Roback et al.,

2018), which is more consistent with expectations (Malamud et al., 2004). Most

landslides observed in the months following the earthquake had been initiated in

weathered and fractured surface material (Collins and Jibson, 2015). In terms

of regional landslide distribution, Roback et al. (2018) report no regional litho-

logical control � instead, landslides are concentrated where high peak ground

acceleration (PGA), steep slopes and high mean annual precipitation coincide.

Regarding landslide threat to human populations, Collins and Jibson (2015) doc-

umented over 69 partial, full or temporary landslide dams in the aftermath of

the earthquake, although formation of a landslide lake was observed for only half

the dams. At the time of writing, a wide range of Gorkha landslide inventories

have been published, mapping coseismic landslides as points (Kargel et al., 2016;

Tiwari et al., 2017), a mixture of points, polygons and polylines (Robinson et al.,

2017; Williams et al., 2018), or polygons (Gnyawali and Adhikari, 2017b; Kincey

et al., 2021; Martha et al., 2017; Regmi et al., 2016; Roback et al., 2018; Vala-

gussa et al., 2021; Xu, 2018). Of these inventories, Roback et al. (2018) appears

the most complete, including 24,915 landslides covering a total area of 87 km2

and separating the full landslide area from the landslide source.

4.3 Study area

This study focuses on the Melamchi-Indrawati and Bhote Koshi catchments. Both

are located in Nepal's Sindhupalchok district, which was one of the worst a�ected

areas in the aftermath of the Gorkha earthquake in terms of landslide density (e.g.

Collins and Jibson, 2015; Kargel et al., 2016; Roback et al., 2018). Of the 87 km2

of landslides triggered by the Gorkha earthquake and mapped by Roback et al.

(2018), 12.3 km2 are located in the Melamchi-Indrawati catchment and 24.5 km2

in the Bhote Koshi (Roback et al., 2018). Here, I explore how these mountain
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catchments react to large-scale input of coseismic landslide sediment.

The Melamchi-Indrawati catchment is located ca. 20 km east of Kathmandu

(Fig. 4.1) and the Indrawati River is fed by three main tributaries, the Melamchi,

Yangri, and Larke rivers (Fig. 4.1b), originating in the Kanja La range. I focus

on the Melamchi River and the Indrawati River downstream of its con�uence

with the Melamchi River, herein referred to as the Melamchi-Indrawati rivers.

Elevations in the Indrawati catchment range from around 600 m at Dolalghat

to > 5,000 m, and the climate spans temperate to polar tundra environments

(Pandey et al., 2021). Above Nakote, the Melamchi River is steep and narrow,

con�ned into a �classic� V-shaped valley, and widens downstream of Nakote to

include fertile agricultural land on the banks (Baskota et al., 2021) (Fig. 4.1b).

Downstream of Melamchi Bazaar, the Indrawati River widens into a braided sys-

tem with a �oodplain reaching up to a kilometre in width. The catchment also

hosts the developing Melamchi Water Supply Project, aiming to supply water to

households as far away as Kathmandu (e.g. Rest, 2019).

The Bhote Koshi, called Poiqu in China, originates in China's Nyalam County

(Liu et al., 2020). At 3400 km2, its catchment is almost three times the size of

the Melamchi-Indrawati and sources roughly half of its area from the Tibetan

Plateau (Fig. 4.1c). As in the Melamchi-Indrawati, the climate in the Bhote

Koshi catchment ranges from temperate to polar (Karki et al., 2016), and the

lower, temperate part of the catchment features distinct wet and dry seasons,

with ca. 80% of the annual precipitation occurring during the Indian Summer

Monsoon (Bookhagen and Burbank, 2010). Annual rainfall is high (Tanoli et al.,

2017), and the Bhote Koshi is prone to glacial lake outburst �oods (GLOFs) �

Khanal et al. (2015) reported six GLOFs in the Bhote Koshi since 1935. The

Araniko Highway, an important trade and transport route and one of the two

routes linking Nepal with China (Liu et al., 2020; Whitworth et al., 2020), runs

alongside the Bhote Koshi.
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4.3.1 Geologic and geomorphic setting

Both the Melamchi-Indrawati and Bhote Koshi catchments lie within the gneisses,

schists, quartzites and Miocene granitic intrusions of the Higher Himalayan Crys-

tallines (HHC) and the lower-grade metamorphic rocks (phyllites, quartzites, and

slates) of the Lesser Himalayan Sequence (LHS), which are separated by the Main

Central Thrust (MCT) (Department of Mines and Geology, 2011; Gansser, 1964;

Upreti, 1999). The Bhote Koshi catchment additionally extends into the carbon-

ate sedimentary rocks of the Tethyan Himalayan Sequence, separated from the

HHC by the South Tibetan Detachment (STD) (Yin, 2006), as shown in Fig.

4.1a. The studied reach along the Melamchi-Indrawati rivers (Fig. 4.1b) extends

through the HHC, crosses the MCT, and then �ows predominantly through the

quartzites of the Syangja Formation, as well as the Seti Formation's phyllites and

quartzites (Department of Mines and Geology, 2011). The Bhote Koshi study

reach (Fig. 4.1c) lies mostly within the LHS, predominantly the phyllites and

quartzites of the Seti Formation, and also �ows through shales, slates and lime-

stones in the MCT zone near the Nepal-China border (Department of Mines and

Geology, 2011).

4.3.2 Signi�cant hydro-geomorphic events

This section brie�y discusses signi�cant hydro-geomorphic events in both catch-

ments which occurred in the time frame covered by this study (2012-2021).

In August 2014, collapse of the hillside at Jure village along the Bhote Koshi

produced 6 million m3 of debris, killing 156 people and creating a deposit 100

m thick that also reached the opposite bank of the river (van der Geest, 2018).

The landslide created a 55 m high dam blocking the river and forming a 3 km

long lake which �lled and over�owed in 12 hours (Acharya et al., 2016). The

landslide dam eventually breached on 7 September, mostly due to overtopping

(Lamichhane et al., 2021). According to van der Geest (2018), the landslide was

triggered by heavy rainfall during the preceding two days; the slope had been

noted as unstable in the years before the event (Ao et al., 2020; Shrestha and
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Figure 4.1: (a) Catchment geology adapted from Yin (2006) and Dhital (2015).
Gorkha landslides mapped by Roback et al. (2018) shown as black polygons. The
two studied catchments are delineated by the white outline: Melamchi-Indrawati to the
west and Bhote Koshi to the east. (b) Melamchi-Indrawati catchment with main rivers
and localities mentioned in text labelled. (c) Bhote Koshi catchment with main rivers
and localities mentioned in text labelled. Studied river reaches are shown in orange.
Background of all three panels is a shaded relief map from a 30 m Copernicus DEM. B
= Bahrabise, BT = Bremathang, CB = Chanaute Bazaar, D = Dolalghat, K = Kodari,
MB = Melamchi Bazaar, MG = Melamchigaon, N = Nakote, T = Timbu; MCT =
Main Central Thrust, STD = South Tibetan Detachment.
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Nakagawa, 2016).

Originating from Gongbatongshacuo Lake in Tibet Autonomous Region, China,

a moraine-dammed lake which broke its dam as a result of a rainfall-induced de-

bris �ow, a GLOF swept along the Bhote Koshi on 5 July 2016 (Cook et al.,

2018), destroying or damaging parts of the Araniko highway, buildings in Kodari

and Tatopani, and the intake dam of a hydropower project.

Four years later, on 9 July 2020, heavy monsoon rainfall caused a debris �ow

along the Bhote Koshi which killed two people, destroyed or damaged dozens of

houses, swept away a 700 m stretch of the Araniko Highway, and damaged the

Middle Bhotekoshi Hydropower Project (Lamichhane et al., 2021).

Along the Melamchi River, a �ash �ood occurred on 15 June 2021, lasting for

ten hours, and depositing up to 12 m of sand and silt in the river channel (Pandey

et al., 2021). Five people were killed, with 20 still missing as of September 2021,

and 525 families were displaced by the event. The �ood damaged 337 houses,

severely damaged the headworks of the Melamchi Water Supply Project, delaying

delivery of water to households in Kathmandu, and disrupted access to several

villages by blocking roads and damaging or destroying more than a dozen bridges

(Baskota et al., 2021; Maharjan et al., 2021; Pandey et al., 2021). Maharjan

et al. (2021) report that within the Melamchi Municipality alone, more than 1.75

km2 of agricultural land, crucial for subsistence farming, were lost in the wake of

the event. The event is thought to have been caused by a combination of glacial

moraine collapse, landslide dam outburst and heavy precipitation (Baskota et al.,

2021; Maharjan et al., 2021). On 31 July 2021, a second debris �ow scoured the

area previously devastated by the prior event (Baskota et al., 2021).

The above events are well constrained in space and time, facilitating taking

into account their impact during interpretation of the data.

4.4 Methods

In order to quantify changes in sediment deposition patterns, which could then

be linked to events supplying or evacuating sediment and valley morphology, I
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map exposed gravel along the Melamchi-Indrawati and Bhote Koshi rivers over a

time period spanning ten years (2012-2021); these data identify zones of sediment

input and quantify planform changes in channel morphology. I then calculate the

connectivity of the coseismic landslides triggered by the 2015 Gorkha (Nepal)

earthquake to the river network. I measure channel steepness through long river

pro�le analysis and valley width along the study reaches, and I assess their rela-

tion to connectivity.

4.4.1 Determining gravel area along the river channel

Mapping and data processing

I manually mapped exposed gravel along the Melamchi-Indrawati and Bhote

Koshi rivers every year from 2012-2021 to document changes after each monsoon.

I used sub-metre resolution imagery from Maxar Technologies and CNES/Airbus,

available in Google Earth Pro, for the time period between 2012 and 2019 inclu-

sive, and 3 m resolution Planetscope imagery, obtained through Planet's Educa-

tion and Research Program, for 2020 onward (see Appendix B for the full break-

down of imagery dates and sources). From 2012-2019 inclusive, each river was

mapped once per year so that eight post-monsoon mapping epochs were avail-

able. For 2020 and 2021, when su�cient imagery was not available in Google

Earth Pro, I switched to Planetscope imagery. In 2021, I took advantage of Plan-

etscope's higher temporal resolution (imagery available daily) to map both rivers

monthly from June-December inclusive. In the Melamchi-Indrawati catchment,

mapping was carried out from the con�uence with the Bhote Koshi at Dolalghat

up to 3.5 km upstream of Nakote (Fig. 4.1b). Along the Bhote Koshi, I mapped

from the con�uence with the Indrawati at Dolalghat to 10 km upstream of the

Nepal-China border crossing at Kodari. (Fig. 4.1c). As it was not possible to

pick images from the same month or season every year, I mapped exposed sedi-

ment and water combined to avoid changes in exposed gravel area due to seasonal

water level variations (Fig. 4.2).

Total area from each mapping epoch is delineated as a single polygon shape�le.
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Figure 4.2: Examples of mapped sections, with the mapped gravel area polygons
shown in yellow. Top panels show a section around Timbu placed on imagery obtained
through Google Earth Pro (©2022 Maxar Technologies). Bottom panels show a section
around Melamchi Bazaar placed on Planetscope imagery. See Fig. 4.1b for location of
the sections within Melamchi-Indrawati catchment. (a) Gravel area on 3 May 2015; (b)
Gravel area on 1 February 2016. Note the in�ux of gravel from the tributary to the NE;
(c) Gravel area on 2 June 2021; (d) Gravel area on 29 July 2021. Note the dramatic
increase in gravel area extent following the 15 June 2021 Melamchi disaster.
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In order to calculate and visualise changes in gravel area along the river pro�le

and thereby pinpoint the location of any observed changes, the data are processed

as follows (Fig. 4.3):

1. Each polygon shape�le of gravel area is converted into a raster of a resolution

resr = 40 m.

2. For each river, a polyline shape�le representing the river channel within

the studied reach is manually delineated. This is not intended to represent

the actual centreline of the river as it is only used to segment the river

longitudinally. This polyline shape�le is then split into points with a spacing

ds = 50 m.

3. A window is created centred on each of the points, with dimensions dp x

do, with dp representing the window distance along the channel and do the

window distance orthogonal to the channel. I set dp = 500 m and do =

1000 m in the following. The sensitivity of the results to changing the size

of these windows is explored in Chapter 2.

4. The area of the raster representing the mapped combined channel area is

calculated within each window.

5. This �windowed area� is then plotted against distance along the channel, ad-

ditionally smoothed using a rolling mean. In the following, I chose a window

size k = 7 which achieves the best balance in terms of providing reach-scale

information while limiting noise (see sensitivity analysis in Chapter 2).

Constraining uncertainty in mapping

All the mapping was carried out by one researcher: the rigorous uncertainty

calculations following Fan et al. (2018), who had �ve independent mappers, could

therefore not be applied here. Instead, I selected dates on which imagery was

available from both Planetscope and Google Earth Pro, and mapped the full

study reach of each image �ve times, i.e. ten times total for each river. For

the Melamchi-Indrawati rivers, 22 April 2018 was selected, and for the Bhote

Koshi, I chose 7/9 December 2017 and 10 December 2017 for Google Earth Pro

and Planetscope, respectively. Each of the repeatedly mapped areas was then
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Figure 4.3: Steps for processing the data shown using an example section near Melam-
chi Bazaar (see Figs. 4.1b and 4.2c, d for location). (a) Original mapped channel and
gravel areas. (b) The polygon representing the gravel area is converted to a raster and
the line representing the channel is split into points. Note that the rasterisation process
creates apparent gaps where gravel areas are narrower than the resolution of the raster
resr; this does not a�ect the trends in area along the channel (Figs. 2.12a and 2.13a
in 2). (c) A window of width do and length dp is created around each channel point
and the raster area within each window is calculated. (d) The raster area calculated
within each window along the river is smoothed using a rolling window and plotted as
a function of distance along the channel.
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Figure 4.4: (a) Five versions of both the Google Earth (G1-5) and Planetscope (P1-
5) mapped area for Melamchi-Indrawati, 22 April 2018. (b) Histogram of the standard
deviations of the ten di�erent measured areas for each data point in (a). (c) Five versions
of both the Google Earth (G1-5) and Planetscope (P1-5) mapped area for Bhote Koshi,
7/9 December 2017 and 10 December 2017, respectively. Visibility in the Planetscope
imagery was too poor to map the section from 0-18 km. (d) Histogram of the standard
deviations of the ten di�erent measured areas for each data point in (c), with the 75th

percentile indicated by the dashed black line. G = Google Earth; P = Planetscope.

processed as outlined in Section 4.4.1, and the median and standard deviation of

the ten mapped area values calculated for each point along the river (Fig. 4.4).

The 75th percentile of the collection of standard deviations was subsequently

added as an uncertainty envelope in all plots showing area along pro�le, and also

carried forwards to plots showing expansion/removal of sediment along pro�le

(Figs. 4.5 and 4.6). The uncertainty values are 6.2 x 10−3 km2 for the Melamchi-

Indrawati rivers and 5.3 x 10−3 km2 for the Bhote Koshi.

4.4.2 Coseismic landslide connectivity

Roback et al. (2018) assessed the connectivity of the landslides in their com-

prehensive inventory and found that just under a third of landslides occurred

within 50 m of a �uvial channel, while three-quarters were located within 400 m.

Larger landslides, as they tend to have higher runout lengths, are associated with

higher connectivity, as are landslides at higher altitude and relief (Roback et al.,
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2018). While Li et al. (2016) found that 40% by volume of landslides triggered by

the 2008 Wenchuan (China) earthquake were connected to river channels, they

also noted a strong spatial variation in connectivity, ranging from 20 to 90% be-

tween catchments. To test how the connectivity of Gorkha earthquake-triggered

landslides in the Melamchi-Indrawati and Bhote Koshi catchments compares to

connectivity in Roback et al. (2018)'s study area as a whole, I therefore as-

sess the connectivity of a subset of Roback et al. (2018)'s data set, limited to

the Melamchi-Indrawati and Bhote Koshi catchments, and add the inventory of

Gnyawali and Adhikari (2017b), which is also available online via the U.S. Geo-

logical Survey (Gnyawali and Adhikari, 2017a; Roback et al., 2017). Here, I follow

Roback et al. (2018)'s vector-based approach by applying bu�er zones around all

channels exceeding a threshold drainage area Ac, and tagging all landslide poly-

gons intersecting the bu�er as connected to the river network. I set Ac = 0.48

km2, corresponding to the value Roback et al. (2018) found to be the threshold

for �uvial channels, and vary the width of the bu�er zone from 50 to 400 m at

50 m intervals. To assess landslide connectivity by volume, I use the area-volume

scaling law V = αAγ. In their study, Roback et al. (2018) test a wide range

of values for the scaling parameters α and γ. I use the median values Roback

et al. (2018) report for the scaling parameters based on Himalayan mixed soil

and bedrock: log10(α) = -0.59 and γ = 1.36 (Larsen et al., 2010; Roback et al.,

2018).

4.4.3 Valley morphology and channel steepness

I use the topographic analysis package LSDTopoTools (Mudd et al., 2021) to

extract river pro�les, normalised channel steepness, and valley width along the

reaches of the Melamchi-Indrawati and Bhote Koshi considered in this study.

The aim of this analysis is to further identify potential zones of sediment storage.

For valley width, I use the automated method developed by Clubb et al. (2017)

which �rst identi�es �oodplains based on channel relief and local gradient before

calculating the width of the extracted �oodplain at each point in the channel. I

apply the �oodplain and valley width extraction to a 30 m resolution Copernicus
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Digital Elevation Model (DEM). In order to limit the likelihood of overestimating

channel width, which typically occurs when channels become narrower than a

couple of pixels, all tributary channels below a Strahler stream order of 3 are

ignored. I calculate normalised channel steepness ksn from the equation S =

ksnA
−θref , where S = channel gradient (dimensionless), A = drainage area (m2)

and θref = reference concavity index (dimensionless), and using the statistical

approach described in Mudd et al. (2014). The value of θref can signi�cantly

a�ect the values of ksn (Gailleton et al., 2021b), and I therefore constrain θref

using the method outlined by Gailleton et al. (2021b). This yielded a best �t θref

value of 0.15 for the Melamchi-Indrawati and Bhote Koshi catchments combined.

This value is relatively low compared to the global data set shown in Gailleton

et al. (2021b), which may re�ect the importance of debris �ows in controlling

the long-term shape of the long-pro�les in these catchments (e.g. Gasparini et

al., 2004; Whipple et al., 2013). Additionally, Gailleton et al. (2021b) suggest

that the presence of glaciers as well as spatial variations in tectonic processes can

obscure the concavity signal.

4.5 Results

4.5.1 Determining gravel area along the river channel

The changes in gravel area mapped along the Melamchi-Indrawati rivers as well as

the valley width extracted from digital topographic data highlight the transition

from a con�ned river system to a wide and alluvial channel, ca. 5 km downstream

of Melamchi Bazaar (Fig. 4.5b, d), with valley width reaching 1000 m at 45 km.

No such signal is seen along the Bhote Koshi (Fig. 4.6b, d), with valley widths

not exceeding 200 m for the full length of the studied reach. Gravel area along the

Bhote Koshi is lower than along the Melamchi-Indrawati rivers in absolute terms,

and does not show signi�cant spatial variations. Gravel area along both mapped

rivers shows temporal noise across all mapping epochs; this is most pronounced

in the reach extending from 40 to 60 km along the Melamchi-Indrawati rivers

(Figs. 4.5b, c and 4.6b, c). At 37 km downstream along the Bhote Koshi, an
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increase in gravel area between February 2013 and May 2015 is visible (Fig. 4.6b,

c). This peak persists over the subsequent mapping epochs, attenuating slightly

beginning in October 2020. The timing and location of this signal is consistent

with the 2014 Jure landslide (Acharya et al., 2016; Croissant et al., 2017b; van

der Geest, 2018). Following the Gorkha earthquake (i.e. from the May 2015

to Jan/Feb 2016 mapping epochs), both rivers experienced localised increases

in gravel area. Although the mainshock of the Gorkha earthquake series pre-

dates May 2015 imagery, the time interval is short enough that the majority

of coseismic landslide sediment would not yet have been delivered to the river

network, or have been transported a signi�cant distance. The most prominent

increase in gravel area following the Gorkha earthquake is seen at Timbu (Figs.

4.2 and 4.5a, b, c), where the Melamchi River received a large in�ux of sediment

from a debris �ow in a tributary channel, as shown in Fig. 4.2. This peak

persists until early 2020 and neither the Melamchi-Indrawati nor the Bhote Koshi

show any signals that could be linked in space or time to the hydro-geomorphic

events outlined in Section 4.3.2, such as the 2016 Bhote Koshi GLOF, until 2021.

From June to July 2021, there is a marked increase in gravel area along the

Melamchi-Indrawati rivers consistently from just upstream of Timbu to ca. 5 km

downstream of Melamchi Bazaar (Fig. 4.5b, d). The maximum increase in gravel

area observed is 0.18 km2, which coincides with the furthest downstream extent

of the continuous signal and a marked increase in valley width (Fig. 4.5b, c, d).

Although the spatially continuous increase in gravel area stops at the transition

to a wider alluvial valley, localised increases of up to 0.08 km2 are observed

along the remaining study reach until Dolalghat. The location and timing of

this signal is consistent with �eld reports documenting the aftermath of the 15

June 2021 Melamchi disaster (Baskota et al., 2021; Pandey et al., 2021) (Section

4.3.2), which is rea�rmed by this signal being absent in the Bhote Koshi (Fig.

4.6). Immediately upstream of Melamchigaon, a local increase in gravel area

of ca. 0.1 km2 is observed in July 2021, and the resulting peak persists until

the last mapping epoch in December 2021. In the same time period, Baskota

et al. (2021) and Pandey et al. (2021) document a reactivation of a landslide at
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Melamchigaon, which brie�y dammed the Melamchi River, thereby contributing

to the scale of the June 2021 Melamchi disaster. Between July and December

2021, I observe additional increases in gravel area between Timbu and Chanaute

Bazaar, and the July 2021 peak translates several kilometres more downstream, to

the approximate location of the MCT at 40 km along the study reach (Fig. 4.5b,

c). In summary, no signi�cant continuous signals in either the spatial or temporal

dimension are observed along the Bhote Koshi, and the �rst and only such signal

along the Melamchi-Indrawati rivers appears in July 2021, following the June

2021 Melamchi disaster, and persists until the end of the mapping period. While

some changes in gravel area along both rivers could be attributed to the Gorkha

earthquake, these are localised and small by comparison.

4.5.2 Coseismic landslide connectivity

I determined the connectivity of the Gorkha earthquake-triggered landslides mapped

by Gnyawali and Adhikari (2017b) and Roback et al. (2018) in the Melamchi-

Indrawati and Bhote Koshi catchments by number, volume, and area (Fig. 4.7).

In terms of the connectivity between the rivers and Gorkha induced landslides,

my results agree with Roback et al. (2018)'s, suggesting that landslide-channel

connectivity is comparable in the Melamchi-Indrawati and Bhote Koshi catch-

ments relative to the full area mapped by Gnyawali and Adhikari (2017b) and

Roback et al. (2018). It is worth noting that both landslide inventories assessed

here contain only landslides mapped in the immediate aftermath of the Gorkha

earthquake (26 April to 15 June 2015 in the case of Roback et al. (2018)), and

I therefore cannot gain an insight into the temporal evolution of connectivity

in the study catchments. Moreover, merely determining whether a landslide is

connected to the river network or not is not su�cient for quantifying its impact

on the sediment dynamics of the river. For this, it is necessary to determine

the extent of the connection (i.e. length of connection), estimate the volume of

sediment that can be delivered to the channel, and determine how mobile this

sediment is, as regular �ows may not be able to mobilise the wide range of grain

sizes provided by a landslide or debris �ow (Korup 2005).
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Figure 4.5: Changes in gravel area along the Melamchi-Indrawati rivers: (a) Long-
pro�le of Melamchi-Indrawati river within the study area; (b) Mapped gravel area along
pro�le; (c) Di�erence in mapped area along pro�le between each time period; (d) Val-
ley width extracted with LSDTopoTools plotted alongside mapped expansion in gravel
between June and July 2021 (i. e. before and after the Melamchi event). Areas until
November 2019/April 2020 inclusive mapped in Google Earth Pro; areas from June
2021 onward mapped in QGIS from Planetscope imagery. Locations mentioned in the
text are labelled in (a) and shown with vertical grey lines. Dashed grey line indicates
approximate location of Main Central Thrust (MCT), separating the Higher Himalayan
Crystallines (HHC) from the Lesser Himalayan Sequence (LHS).
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Figure 4.6: Changes in gravel area along the Bhote Koshi: (a) Long-pro�le of Bhote
Koshi within the study area; (b) Mapped gravel area along pro�le; (c) Di�erence in
mapped area along pro�le between each time period; (d) Valley width extracted with
LSDTopoTools. Areas from October 2016 and October 2018 onward mapped in QGIS
from Planetscope imagery; all other areas mapped in Google Earth Pro. Locations
mentioned in the text are labelled in (a) and shown with vertical grey lines. Dashed
grey line indicates approximate location of Main Central Thrust (MCT), separating the
Higher Himalayan Crystallines (HHC) from the Lesser Himalayan Sequence (LHS).
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Figure 4.7: Percentage of landslides triggered by the 2015 Gorkha earthquake con-
nected to the �uvial network, by number (top), area (centre) and volume (bottom) in
the Melamchi-Indrawati and Bhote Koshi catchments. The �uvial network is de�ned
here as all channels exceeding a threshold drainage area Ac = 0.48 km2 and a bu�er
zone of widths ranging from 50-400 m created around the channels. A landslide polygon
intersecting a given bu�er zone is deemed connected to the river network.
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4.5.3 Valley width and channel steepness

As shown in Figs. 4.5d and 4.6d and further highlighted in Fig. 4.8a and 4.8b,

the Melamchi-Indrawati and Bhote Koshi rivers show clear di�erences in valley

width along-pro�le. While the Melamchi-Indrawati transitions from a con�ned

river system to a wide, alluvial channel at ca. 37 km, with valley width reaching

1000 m at 45 km, valley width remains comparatively constant along the studied

reach of the Bhote Koshi and does not exceed 200 m. The spatial distribution of

normalised channel steepness in the Melamchi-Indrawati catchment follows the

expectations established by the pattern of total valley width: the headwaters

are steepest, and the wide alluvial section of the Indrawati River downstream

of Melamchi Bazaar has the lowest gradient. In the Bhote Koshi catchment,

the pattern of normalised channel steepness is slightly more complex. The lowest

gradients are present in the headwaters on the Tibetan Plateau as well as the lower

reaches near the con�uence with the Indrawati River. In the section around the

Nepal-China border, the tributary channels and trunk channel show the steepest

gradients. The spatial distribution of normalised channel steepness in the Balephi

River (adjacent to the Melamchi-Indrawati catchment) mirrors that seen in the

Melamchi-Indrawati catchment, with the highest gradients in the headwaters and

smaller tributaries and the gentlest channel slopes in the lower reaches. In the

headwaters of the Melamchi River, Fig. 4.8a and 4.8b show a wide (>300 m)

section with low gradient compared to the adjacent reaches. Downstream of this

section, the valley narrows to <50 m again, and normalised channel steepness

abruptly increases. There is a similar con�guration (i.e. a wide, �at section

abruptly followed by a narrow and steep channel) in the neighbouring Yangri

valley, also indicated in Fig. 4.8a and 4.8b. My preliminary analysis shows no

such con�gurations in the Bhote Koshi catchment or elsewhere in the Melamchi-

Indrawati catchment.
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Figure 4.8: (a) Total valley width in the Melamchi-Indrawati catchment. (b) Total
valley width in the Bhote Koshi catchment. (c) Normalised channel steepness ksn in the
Melamchi-Indrawati and Bhote Koshi catchments, using a best �t value of θref = 0.15
for the combined catchments. Boxes in panels (a) and (c) outline similar con�gurations
in the Melamchi and Yangri rivers: a wide, �at reach followed by a narrow and steep
reach. To extract the channel network for this �gure, I selected a drainage area threshold
of 15,000 pixels. The minimum and maximum values of the colour bars in all panels
are set to the 10th and 90th percentile, respectively, of the data shown.
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4.6 Discussion

The mapped gravel areas along the Melamchi-Indrawati and Bhote Koshi rivers

show temporal noise throughout the mapping period from 2012-2021, indicating

that the two river systems are not static and gravel bars shift over time. Although

I note several localised increases in gravel area following the Gorkha earthquake,

potentially linked to input of coseismic landslide sediment, these changes are small

compared to the signi�cant increase in gravel area along the central reaches of

the Melamchi-Indrawati rivers in the months following the June 2021 Melamchi

disaster, or in the Bhote Koshi following the Jure landslide (Figs. 4.5 and 4.6).

In the following discussion, I address several questions arising from these ob-

servations: i) Why was no large-scale signal observed following the Gorkha earth-

quake?, ii) Did the Gorkha earthquake help prepare the landscape for the 2021

Melamchi disaster?, and iii) Can an event such as the Melamchi disaster be ex-

pected to occur elsewhere in the future?

4.6.1 Lack of clear signal following the 2015 Gorkha earth-

quake

Neither of the two studied catchments shows more than small, localised changes

in gravel area that could be attributed to a sediment pulse delivered by Gorkha

earthquake-triggered landslides. This agrees with my observations on several

�eld visits to the area in February 2018, October/November 2018, and October

2019, where I did not see evidence of accumulation or downstream transport of

coarse sediment that could be attributed to coseismic landslide sediment. It is

possible that large-scale channel aggradation such as that observed following the

Chi-Chi and Wenchuan earthquakes (Chen and Petley, 2005; Whadcoat, 2011;

Yanites et al., 2010) did not happen in the aftermath of the Gorkha earthquake

because the landslides were not connected to active river channels to the same

extent (Collins and Jibson, 2015; Cook et al., 2016). A landslide connected to

the river network will deliver sediment to the channel and therefore contribute

to an increase in sediment load downstream, whereas a landslide isolated on a
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hillslope and not connected to the �uvial domain will not immediately contribute

to the �uvial sediment budget. Whether a landslide ends up contributing to the

budget will also depend on how quickly it becomes stabilized, mostly through re-

vegetation, although the landslide mass will remain more able to mobilise than

an intact hillslope depending on the time since the event. Revegetation of hill-

slopes can occur rapidly in tropical and/or wet climates. For example, Lin et al.

(2007) reported 66% of vegetation recovering in four years following the 1999

Chi-Chi earthquake, and Saba et al. (2010) demonstrated that hillslopes had

re-vegetated and stabilised within two years of the 2005 Kashmir earthquake �

much earlier than expected � facilitating a rapid return of landslide activity to

pre-earthquake conditions. Fan et al. (2018) and Gan et al. (2019) showed that

hillslopes returned to pre-earthquake conditions between seven and nine years

after the 2008 Wenchuan earthquake, with Fan et al. (2018) citing re-vegetation,

grain coarsening and densi�cation of the mass wasting deposits as the main pro-

cesses promoting rapid hillslope stabilisation. Based on these observations, Fan

et al. (2018) suggest that long-term hillslope processes contribute signi�cantly

more to mass removal following large earthquakes than short-term mass wasting

processes. Although, to my knowledge, there are no studies assessing hillslope

stability or patterns of re-vegetation, the majority of landslides in the area af-

fected by coseismic landsliding following the 2015 Gorkha earthquake have been

shown to persist until at least 2018 (Kincey et al., 2021).

These �ndings suggest that the lack of large-scale aggradation following the

Gorkha earthquake cannot with any certainty be attributed to anomalously low

connectivity or rapid re-vegetation in the studied area. In the following sections,

I discuss the importance of alternative controls on downstream sediment transfer,

including major hydrological events and valley morphology.



140 CHAPTER 4. EXTREME EVENTS CONTROL SEDIMENT EXPORT

4.6.2 Potential in�uence of the Gorkha earthquake on the

2021 Melamchi disaster

In this section, I explore the possibility that the Gorkha earthquake facilitated

the Melamchi disaster by preparing the landscape with a supply of loose sedi-

ment ready to be released during a subsequent event. For example, following

the 1999 Chi-Chi earthquake in Taiwan, Typhoon Toraji (2001) resulted in a

three-fold increase in landslide area compared to pre-earthquake Typhoon Herb

even though the latter brought more rainfall (Lin et al., 2004, 2006). Previous

studies following large earthquakes note elevated suspended sediment loads for

several years following the event itself, suggesting that further triggering events

beyond the earthquake itself are needed to �ush out coseismic landslide sediment

(Dadson et al., 2004; Hovius et al., 2011; Yanites et al., 2010). In their study

focusing on the Wenchuan earthquake, Wang et al. (2015) additionally found that

the residence time of coseismic landslide sediment in catchments is decreased by

periods of intense rainfall such as tropical cyclones.

In order to assess the potential in�uence of the Gorkha earthquake on the

Melamchi disaster, I �rst need to consider the causes of the Melamchi disaster

in greater detail. At the time of writing, three detailed reports documenting

the impact of the Melamchi disaster and exploring its causes have been pub-

lished (Baskota et al., 2021; Maharjan et al., 2021; Pandey et al., 2021). While

the initial report from Pandey et al. (2021) describes the event as an outburst

�ood from a landslide dam triggered by intense localised rainfall, Maharjan et al.

(2021) and Baskota et al. (2021), with the bene�t of additional information from

satellite imagery and further �eld excursions, rule out a single trigger, instead

listing multiple factors as a cause of the event. They propose a chain of events

culminating in the Melamchi disaster: First, collapse of glacial moraine in the

Pemdang Khola � a tributary of the Melamchi River � through heavy rainfall or

high snowmelt released a wave of glacial lake water and glacial sediments. The

resulting debris accumulated in Bremathang, a wide sandy plain downstream of

the con�uence between the Pemdang Khola and Melamchi Khola (Baskota et al.,



4.6. DISCUSSION 141

2021; Maharjan et al., 2021), which itself has been interpreted as an old landslide

dam (Maharjan et al., 2021). The Pemdang Khola �oodwaters and debris incised

into the old dam, releasing a debris �ow which contributed to bank erosion and

toe cutting downstream. At Melamchigaon, an old landslide which was reacti-

vated �rst by the Gorkha earthquake and subsequently during this event, is also

thought to have dammed the river, and the eventual dam outburst added to the

disastrous scale of the event.

While Maharjan et al. (2021) cannot link the Melamchi event to the 2015

Gorkha earthquake with any certainty, they suggest that the earthquake desta-

bilised the hillslopes in the area a�ected by coseismic landsliding during the earth-

quake, as corroborated by Kincey et al. (2021), who show increased landslide ac-

tivity since the earthquake. This, combined with recent strong monsoons, could

have facilitated the initial breach of the glacial lake in the Pemdang Khola. Con-

versely, Baskota et al. (2021) argue that since the only earthquake-induced land-

slides that were reactivated during the Melamchi event are concentrated along

riverbanks and were reactivated through bank erosion and toe cutting once the

event was already underway, the Gorkha earthquake cannot be listed as an un-

derlying cause of the Melamchi event.

The volume of coseismic Gorkha landslides connected to a �uvial channel in

the Melamchi-Indrawati valley, calculated in Section 4.6.1, ranges from 26 to 48

million m3 for the inventory of Gnyawali and Adhikari (2017b) and from 43 to

77 million m3 for Roback et al. (2018)'s landslide inventory, with the lower end

of the range indicating landslides within 50 m of a channel and the upper end

including all landslides within 400 m of a channel. Based on these calculations

alone, it is therefore possible that Gorkha landslides contributed a signi�cant

amount of the 1.3x107 m3 deposited between Nakote and Dolalghat (Maharjan

et al., 2021). However, these are likely overestimates since my calculations take

into account all channels exceeding Ac = 0.48 km2 in the Melamchi-Indrawati

catchment, and therefore are not limited to only those landslides that would have

been able to supply sediment directly to the reach of the Melamchi River a�ected

by the June 2021 event. Additionally, the triggers of the Melamchi event proposed
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by Baskota et al. (2021) and Maharjan et al. (2021), outlined above, indicate

that the majority of the sediment involved in the June 2021 event was sourced

from higher in the catchment than the Gorkha earthquake-triggered landslides,

suggesting that hillslope preconditioning by the earthquake likely played only a

minor role in facilitating the Melamchi disaster.

4.6.3 In�uence of valley morphology on the 2021 Melamchi

disaster

This study focused on the Melamchi-Indrawati and Bhote Koshi catchments in

central Nepal, both of which experienced severe coseismic landsliding during the

2015 Gorkha earthquake sequence. Additionally, the studied reaches in both

catchments �ow predominantly across the rocks of the Higher Himalayan Crys-

tallines (HHC) and Lesser Himalayan Sequence (LHS), and are crossed by the

Main Central Thrust (MCT). However, the evolution of gravel area during the

study period from 2012-2021 is dramatically di�erent between the two catch-

ments, with the Melamchi-Indrawati river experiencing a sharp increase in gravel

area associated with a catastrophic high concentration �ow event in June 2021,

which persists until the end of the mapping period. In this section, I explore the

potential in�uence of valley morphology and geomorphic history on the occur-

rence of this event in the Melamchi-Indrawati but not the Bhote Koshi catch-

ment. Baskota et al. (2021), Maharjan et al. (2021), and Pandey et al. (2021) all

agree that Bremthang, a wide, sandy plain in the headwaters of the Melamchi

River, was a key component of the Melamchi disaster. As Baskota et al. (2021)

point out, the low gradient of Bremthang allowed water and debris to accumu-

late. I therefore hypothesise that the con�guration of the Bremthang facilitated

the Melamchi disaster, with a �at and wide reach upstream acting as a sediment

trap connected to a steep, con�ned channel allowing rapid evacuation of sediment

once the old landslide dam was breached, adding to the catastrophic impact of

the event further downstream. As shown in Fig. 4.8, the Bremthang is visible in

maps of channel steepness and channel width as a wide and �at section abruptly
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followed by a transition to a steep and narrow channel downstream. I also note

that the headwaters of the Yangri River, immediately to the east of the Melamchi

River, show a similar con�guration, albeit less pronounced than the Bremthang

along the Melamchi River. Landslide dams such as the Bremthang are made of

heterogeneous material with wide range of grain sizes, up to very large boulders.

They can therefore persist for decades to centuries. By contrast, valley �ll accu-

mulating behind a landslide dam is composed of �ner grained alluvium and lake

sediment (Weidinger, 2006), meaning it can be mobilised relatively easily once

the landslide dam is incised. As reported by Baskota et al. (2021), the Melamchi

River is currently incising into the downstream end of the Bremthang valley �ll,

forming a steep scarp whose collapse led to a second debris �ow event on 31 July

2021. This further highlights the potential of landslide-dammed valley �ll as sed-

iment stores that can be released during extreme hydrological events, and ties in

well with Devrani et al. (2015)'s observation from the upper Ganga basin that

during extreme events, low-gradient reaches aggrade and high-gradient reaches

incise. My insights from assessing the patterns of valley width and normalised

channel steepness in the Melamchi-Indrawati and Bhote Koshi catchments indi-

cate that topographic analysis can help identify sediment stores that may pose a

similar risk to the valley �ll in the Bremthang, which signi�cantly contributed to

the scale of the 2021 Melamchi disaster.

4.7 Conclusions

By producing sediment through widespread mass wasting, large earthquakes are

expected to in�uence �uvial and sediment dynamics for years to centuries. In

this study, I have mapped gravel area in the Melamchi-Indrawati and Bhote

Koshi catchments in central Nepal from 2012 to late 2021 to assess the impact

of the 2015 Gorkha earthquake, which triggered over 25,000 landslides and was

expected to result in considerable channel aggradation given the aftermath of the

2008 Wenchuan earthquake, which had a similar moment magnitude. However,

my data show only localised and small increases in gravel area that can be directly
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linked to landslides triggered by the Gorkha earthquake. The only clear, reach-

scale signal in either catchment is a sharp increase in gravel area from June to

July 2021 along a 30 km stretch of the Melamchi-Indrawati rivers, caused by an

extreme high concentration �ow event on 15 June 2021. I explore the reasons for

the absence of a clear signal attributable to the Gorkha earthquake, the extent of

the in�uence of the Gorkha earthquake on the 2021 Melamchi disaster, and the

potential control of valley morphology on the occurrence of similar events. From

a review of �eld reports following the Melamchi disaster, I �nd that the majority

of sediment transported during the event was sourced from further upstream

than the coseismic landslides. This indicates that hydrological triggers played a

greater role in facilitating the Melamchi disaster than hillslope preconditioning

by the 2015 Gorkha earthquake, suggesting that extreme climatic events, rather

than the instability of hillslopes, limit the export of sediment from these two

catchments.
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Source to sink: the journey of

landslide sediment generated by the

2015 Gorkha (Nepal) earthquake

This chapter is intended for revision and submission, although the choice of jour-

nal and the author list are not yet �nalised.

Mikael Attal, Hugh Sinclair and I conceptualised the study. I directed the

project, carried out �eldwork in 2018 and 2019, processed and visualised the

data and wrote the manuscript with input from Mikael Attal and Hugh Sinclair.

The 2015 Acoustic Doppler Current Pro�ler (ADCP) transects were collected

by Lizzie Dingle (then at the University of Edinburgh), Christo� Andermann

(GFZ Potsdam) and Edward Tipper (University of Cambridge). Sta� at the

NERC GEF (Geophysical Equipment Facility) provided training in the use of

the Leica Viva GS10 systems, remotely provided technical support in the �eld,

and sent RTK data to AUSPOS and APPS for correction. Boris Gailleton wrote

the code for orthogonal reprojection of the ADCP transects. This chapter uses

the colourmaps batlow, batlowW, hawaii, and nuuk (Crameri, 2018) to prevent

visual distortion of the data and exclusion of readers with colour vision de�ciencies

(Crameri et al., 2020).
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Abstract

Large rivers draining the Himalayas feed the Indo-Gangetic plain, which in turn

supports 10% of the world's population. However, they are also prone to �ooding

and very sensitive to any changes in sediment supply from the mountains. Such

changes can be brought about by anthropogenic in�uence (e.g. road building,

urbanisation) or through extreme geomorphic events such as glacial lake outburst

�oods, debris �ows, or mass wasting associated with large earthquakes. It is

therefore important to quantify the timescales over which sediment produced

by a given event may be exported from the mountains, and the magnitude of

changes that should be expected at the mountain front. This will help us to

understand and predict future changes in �ood inundation extent. Here, I focus

on the gravel bedload fraction of coseismic landslide sediment associated with

the 2015 Gorkha (Nepal) earthquake and its progress through the Koshi basin in

central and eastern Nepal. I monitor the changes in channel bed elevation at six

sites along the Koshi River using high-resolution cross-sections obtained with an

Acoustic Doppler Current Pro�ler (ADCP). My observations show no signi�cant

change in channel bed elevation between February 2018 and October 2019. This is

consistent with previous research, which shows that no large-scale export of coarse

sediment from the coseismic landslide a�ected areas of the catchment occurs

until a devastating �ooding event in June 2021. Using channel geometries and

grain size distributions measured in the �eld, I calculate the grain sizes that

can be entrained at each �eld site during monsoon �oods and contrast this with

the grain size distribution of a coseismic debris �ow. My results suggest that

the earthquake-supplied bedload sediment is too coarse to be entrained during

regular monsoon �ows and would likely require discharges with a return interval

of decades to a century instead.
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5.1 Introduction

Rivers draining the Himalayas irrigate the Indo-Gangetic plain, which supports

roughly 10% of the global population. However, they are also prone to frequent

and often devastating �oods, such as the 2008 Koshi avulsion (Chakraborty et al.,

2010; Sinha, 2009), the 2013 Uttarakhand �oods (Ziegler et al., 2014), and the

2014 Karnali �oods (Risk Nexus, 2015). In the time period from 2001 to 2008

alone, �oods were directly responsible for nearly a third of deaths linked to natu-

ral disasters in Nepal and over US$130 million in economic losses (DWIDP, 2010;

MoHA, 2011)1,2. The low-gradient, aggrading nature of mountain-fed Himalayan

rivers (Dingle et al., 2016; Sinha et al., 2005) combined with their high sediment

loads (Lupker et al., 2012; Milliman and Syvitski, 1992) makes them prone to

high rates of channel migration and avulsion (Chakraborty et al., 2010; Dingle

et al., 2020b) and sensitive to changes in sediment supply from the mountains.

A change in sediment �ux can alter the elevation of the channel bed, reducing or

increasing the channel's capacity to hold water and thereby changing the thresh-

old discharge at which the river will overtop its banks (Lane et al., 2007; Sims

and Rutherfurd, 2017; Slater et al., 2015; Stover and Montgomery, 2001). In

their modelling study of the Karnali River in western Nepal, Dingle et al. (2020a)

demonstrated that channel bed lowering of ca. 2 m led to a reduction in �ood

inundation extent by 36%, further highlighting the key role which channel bed

elevation plays in determining inundation extent. Climate change and changes in

land use (e.g. road building and urbanisation) can drive �uctuations in channel

bed elevation, as can hydro-geomorphic events such as heavy rainfall, outburst

�oods or mass wasting. In the Melamchi River in central Nepal, a catastrophic

�ood event in June 2021 released a wave of �ne valley �ll sediment, causing aggra-

dation of up to 12 m and extending as far as 60 km downstream of the source

(Baskota et al., 2021; Cook et al., 2022; Maharjan et al., 2021). Widespread

mass wasting as a consequence of major earthquakes has also been documented

to result in signi�cant channel aggradation of up to 18 m (Chen and Petley, 2005;

1DWIDP: Department of Water Induced Disaster Prevention
2MoHA: Ministry of Home A�airs
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Whadcoat, 2011; Yanites et al., 2010). The 2015 Gorkha (Nepal) earthquake

(Avouac et al., 2015; Elliott et al., 2016; Hayes et al., 2015), which triggered ca.

25,000 landslides (Roback et al., 2018), could therefore be expected to also result

in several metres of channel aggradation which, when translated to the mountain

front, would signi�cantly impact �ood extent on the plains.

This study focuses on the Koshi basin in central and eastern Nepal, aiming to

document whether large-scale transport of gravel size coseismic landslide sediment

can be detected in the years following the Gorkha earthquake, and to estimate

the �ow conditions necessary to transport this sediment. To that end, I use a

time series of high-resolution channel cross-sections acquired with an Acoustic

Doppler Current Pro�ler (ADCP) in combination with �eld measurements of

channel geometry and gravel grain size.

5.2 Study area

Comprising a drainage area of 50,000 km2 at the Himalayan mountain front,

the Koshi River, alongside the Karnali and Narayani, is one of the three largest

rivers draining the central Himalayas. The Koshi River originates in Tibet, �ows

through the Nepal Himalayas and emerges from the mountain range through a

narrow gorge near Chatara. On the Indo-Gangetic plain, the river has deposited

an alluvial fan extending across 10,000 km2 (Devkota et al., 2018) while �owing

through the Nepal Terai and the Indian state of Bihar before joining the Ganges.

Shortly after leaving the mountain range, the Koshi is known as the Saptakoshi

for its seven major tributaries: the Indrawati, Sun Koshi, Tamakoshi, Likhu,

Dudh Koshi, Arun, and Tamor. Devkota et al. (2009) estimate 120 million m3

per year of sediment is delivered at Chatara, around 90% of which is transported

during the summer monsoon (Dixit et al., 2009; Nayak, 1996). This high sedi-

ment load � among the highest worldwide (Milliman and Syvitski, 1992) � makes

the Koshi a very dynamic river (Gole and Chitale, 1966; Sinha and Jain, 1998;

Wells and Dorr, 1987), whose frequent and often devastating avulsions and �oods
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have earned it the name �Sorrow of Bihar� (Thakur and Jha, 1993). Perhaps the

most well-known of these �ood events is the avulsion of 18 August 2008, during

which the Koshi shifted east by approximately 60 km (Chakraborty et al., 2010).

Sinha et al. (2014) estimate that the resulting �ooding a�ected more than 3 mil-

lion people in Nepal and northern Bihar. Flooding along the Koshi River also

negatively a�ects wildlife, such as the endangered Ganges river dolphin and a di-

verse range of wetland birds and wild water bu�alo in the Koshi Tappu Wildlife

Reserve (Limbu and Subba, 2011).

The largest aftershock associated with the 2015 Gorkha earthquake occurred

in the Tamakoshi catchment within Nepal's Dolakha district on 12 May 2015 (Fig.

5.1), reaching a moment magnitude of 7.3 (Collins and Jibson, 2015). Of the 87

km2 of coseismic landslides mapped by Roback et al. (2018) in the aftermath of

the 2015 earthquake sequence, 40 km2 lie within the Koshi catchment. Given

the scale of channel aggradation observed in the wake of earthquakes of similar

magnitude (e.g. Chen and Petley, 2005; Whadcoat, 2011; Yanites et al., 2010) and

the �ood-prone nature of the Koshi River, exacerbated by its perched position

above the surrounding �oodplains (Chakraborty et al., 2010; Dingle et al., 2016;

Sinha et al., 2005), determining the magnitude and timing of a sediment pulse

from coseismic landsliding is essential.

5.3 Methods

In this study, I use ADCP surveys to obtain high-resolution channel cross-sections

from which I can then produce a time series of channel bed elevation change.

Field measurements of channel geometry and grain size on gravel bars are used

to estimate the size of sediment that can be mobilised as bedload, and I then

compare the size of sediment the river is able to mobilise with the size of a

coseismic debris �ow deposit.
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Figure 5.1: Overview map of the Koshi basin showing locations of survey sites (red
circles) and major rivers. White star indicates epicentre of 12 May 2015 Dolakha earth-
quake and coseismic landslides mapped by Roback et al. (2018) are shown in black.
Inset shows close-up of Indrawati and Bhote Koshi catchments. BAHR = Bahrabise;
DOLA = Dolalghat; DOLB = Dolalghat B; KHUR = Khurkot; KOSI = Koshi Bridge,
MELA = Melamchi Bazaar; SIPA = Sipaghat; SUKU = Sukute; T = Timbu debris
�ow.

5.3.1 Acoustic Doppler Current Pro�ler (ADCP) surveys

Eight sites in total were surveyed using an ADCP in the Koshi catchment in

late 2015, February and October/November 2018, and October 2019 (Fig. 5.1

and Table 5.1). I surveyed three sites along the Indrawati River (Melamchi

Bazaar, Sipaghat, and Dolalghat) and three sites along the Bhote Koshi/Sun

Koshi (Bahrabise, Sukute, and Dolalghat upstream of the con�uence with the In-

drawati River, hereafter referred to as Dolalghat B). These six sites lie within an

area heavily a�ected by coseismic landsliding associated with the 2015 Gorkha

earthquake (e.g. Roback et al., 2018), and in the study area which the work



5.3. METHODS 151

presented in Chapter 4 focuses on. ADCP surveys were additionally carried

out at Khurkot just downstream of the con�uence between the Sun Koshi and

Tamakoshi, and at the Koshi Bridge in Chatara, immediately upstream of the

mountain front (Fig. 5.1). Due to the lack of suitable sites for ADCP surveys, no

surveys could be carried out between Khurkot and Koshi Bridge. All surveys used

a SonTek RiverSurveyor M9 (i.e. 9-beam) instrument mounted on a hydroboard

alongside RiverSurveyor Live 4.1 software for controlling the instrument from the

river bank and exporting data. During the 2018 and 2019 surveys, two Leica

Viva GS10 systems were set up as base station and a rover mounted alongside

the ADCP, respectively. At each site, the base station was placed at a location

which can be precisely located in the future and remained in place for a minimum

of two hours. Before further processing of the data, the coordinates recorded by

the base station were corrected using AUSPOS, a free online GPS processing

facility provided by Geoscience Australia, in order to obtain absolute positions.

Coordinates and water surface elevation measurements for all ADCP transects

were then adjusted to re�ect the corrected base station coordinates. Additionally,

all transects collected at a given site were reprojected onto a straight line so they

can be plotted on a common x-axis.

Table 5.1: Dates of ADCP surveys for all eight sites. July and September 2015 surveys
were carried out by Dr Edward Tipper and Dr Christo� Andermann at the University
of Cambridge and GFZ Potsdam, respectively, and October 2015 surveys by Dr Lizzie
Dingle, then at the University of Edinburgh.

Site 2015 February 2018 October/November 2018 October 2019

Bahrabise 16/10/2015 24/02/2018 01/11/2018 24/10/2019
Dolalghat - 26/02/2018 29/10/2018 23/10/2019
Dolalghat B - - 31/10/2018 23/10/2019

Khurkot
27/07/2015

23/02/2018 02/11/2018 22/10/201918/09/2015
18/10/2015

Koshi Bridge 28/07/2015 20/02/2018 04/11/2018 21/10/2019
Melamchi Bazaar - - 30/10/2018 28/10/2019
Sipaghat 16/10/2015 27/02/2018 28/10/2018 28/10/2019
Sukute 16/10/2015 26/02/2018 31/10/2018 25/10/2019

The 2015 surveys were omitted from the time series of elevation changes, as

due to technical di�culties and incompatibility between the GPS instruments

used in these and later surveys, the 2015 channel elevations are o�set from later
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values by up to 20 m. Changes of such magnitude are not consistent with our

observations in the �eld. The same applies to the surveys at Dolalghat B and

Melamchi Bazaar, as our GPS instruments at these sites were unable to get an

accurate position. Despite this, the pro�les themselves are accurate and can

therefore be used to obtain channel geometry. For each transect, I extract the

total discharge, total cross-sectional area and channel width directly from River-

Surveyor. The raw data are then exported from the software in order to calculate

absolute elevation values and the wetted perimeter for each transect. Absolute

elevation values are obtained by subtracting measured water depth from the mea-

surements of water surface elevation, corrected using the information from AUS-

POS. The wetted perimeter for each transect is determined as the sum of the

distance between all individual depth measurements, travelling from the start

to the end edge of the transects. For a detailed description on how the ADCP

transects are processed, refer to Chapter 2.

5.3.2 Collecting grain size and channel geometry data

I measured gravel bar surface grain size at seven of the eight surveyed sites in

October/November 2018 and October 2019, with the exception of Koshi Bridge

where no undisturbed gravel bars were available due to construction of a new

ferry terminal. I followed the approach used in Quick et al. (2020)'s study of the

Koshi and Karnali rivers, ensuring that at each site, measurements were taken

on portions of the gravel bar that appeared to be mobilised regularly and that

are representative of the range of grain sizes present. The size of 100 pebbles was

measured on-site, employing a tape measure to ensure pebbles were picked at

consistent intervals. Additionally, �ve photographs were taken of the gravel bar

surface and loaded into ERDAS IMAGINE, where 100 further pebbles were mea-

sured by placing a grid with 100 nodes over the image and measuring the pebble

at each grid intersection. Where pebbles covered more than one grid intersection,

a pebble covering n intersections was measured n times, although Attal et al.

(2015) point out that this approach may lead to overestimating the D50 and D84

values. In both transects and photographs, the intermediate b-axis of each pebble
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was measured � in the case of photo counting in ERDAS IMAGINE, it is assumed

that this is the shortest axis visible on the surface since it has been shown that the

short axis of pebbles is usually orthogonal to the surface (Attal and Lavé, 2006;

Bunte and Abt, 2001; Whittaker et al., 2011). Clasts measuring less than 2 mm,

and therefore classed as sand, were excluded from any further calculations and

visualisation, as they were assumed to be transported as suspended load rather

than bedload during monsoon �oods. In addition to gravel bars at each ADCP

site, I measured grain size along a transect on a debris �ow deposit near Timbu

(Fig. 5.1), in a tributary channel to the Melamchi River. From optical satellite

imagery accessible in Google Earth Pro, I know that this debris �ow occurred

during or following the 2015 monsoon and can therefore likely be attributed to

the 2015 Gorkha earthquake. The grain size distribution from this debris �ow is

used as a proxy for sediment associated with coseismic mass wasting in the Koshi

basin.

Additionally, I measured channel gradient (averaged over ca. 200 m), bankfull

width, and height of bankfull water level above current water level at each of

the eight surveyed sites in October/November 2018 using an LTI TruPulse 360

laser range �nder. Channel gradient was obtained based on measurements of

the horizontal and vertical distance between two points along the channel banks,

chosen to be ca. 200 m apart. Bankfull channel width and bankfull height were

determined using high water marks and vegetation patterns on the channel banks

or bridge supports. The markers of bankfull height and width are clearly visible

at all sites (Fig. 5.2). Each measurement was repeated between three and �ve

times, and the values of bankfull width, bankfull height, and channel gradient

used in later calculations represent the median of all measurements at a given

site. The bankfull channel extent is here assumed to correlate to the annual

monsoon �ow conditions, i.e. a �ood event with a one year return interval.
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Figure 5.2: Field photographs of all ADCP sites. Each row represents one site, with
the left-hand column facing downstream and the right-hand column facing upstream.
Flow direction is indicated by black arrow, white dashed line indicates high water marks
used for bankfull geometry estimates, and red star represents approximate location of
gravel bar surface transects and photographs. ADCP surveys carried out from foot
bridge pictured at all sites except Dolalghat, Dolalghat B, Koshi Bridge, and Sipaghat,
where surveys were carried out from the road bridge pictured. All photographs taken
in February 2018 by Mikaël Attal, except Dolalghat B and Melamchi Bazaar (taken by
Emma Graf in October 2019 and October 2018, respectively).
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Figure 5.2 continued. Each row represents one site, with the left-hand column facing
downstream and the right-hand column facing upstream. Flow direction is indicated by
black arrow, white dashed line indicates high water marks used for bankfull geometry
estimates, and red star represents approximate location of gravel bar surface transects
and photographs. ADCP surveys carried out from foot bridge pictured at all sites
except Dolalghat, Dolalghat B, Koshi Bridge, and Sipaghat, where surveys were carried
out from the road bridge pictured. All photographs taken in February 2018 by Mikaël
Attal, except Dolalghat B and Melamchi Bazaar (taken by Emma Graf in October 2018
and October 2019, respectively).
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5.3.3 Sediment entrainment calculations

The channel geometry and hydrology information derived from the ADCP surveys

as well as the gravel bar surface size and channel geometry measured in the �eld

are used to (i) calculate the D50 value of sediment that can be mobilised at each

�eld site under the surveyed conditions, (ii) calculate the D50 value of sediment

that can be mobilised at each �eld site under the estimated bankfull conditions,

and (iii) estimate the discharge needed at each site to entrain sediment of a size

corresponding to the D50 value of of the coseismic debris �ow deposit at Timbu.

All three exercises require an estimate of channel gradient at each site, which

was measured in the �eld in October/November 2018 and additionally extracted

from a 30 m Copernicus Digital Elevation Model (DEM) of the Koshi basin and

averaged over 1 km. A comparison of the two approaches is shown in Fig. 5.3,

which indicates that at several sites, channel gradient measured in the �eld is

consistently higher than channel gradient extracted from the DEM, whereas the

opposite is the case for Bahrabise and Koshi Bridge. Consequently, all following

calculations were carried out for both versions of channel gradient to explore

their impact on the results. The reliability of each channel gradient method is

discussed further in Section 5.4.3.

Figure 5.3: Channel gradient along the studied sections of the Koshi River. Channel
gradients extracted from a 30 m Copernicus DEM and averaged over 1 km are plotted
in black; channel gradients measured in the �eld at each ADCP site using a laser range
�nder are shown by red markers. Vertical grey dashed lines indicate location of ADCP
survey sites: BAHR = Bahrabise; DOLA = Dolalghat; DOLB = Dolalghat B; KHUR =
Khurkot; KOSI = Koshi Bridge, MELA = Melamchi Bazaar; SIPA = Sipaghat; SUKU
= Sukute.

For (i), I �rst calculate the shear stress acting on the channel bed under the
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�ow conditions at the time of the ADCP surveys using:

τ = ρgRS (5.1)

where τ = shear stress (Pa), ρ = density of water (1,000 kgm−3), g = grav-

itational acceleration (9.81 ms−2), R= hydraulic radius (m), and S = channel

gradient (dimensionless). Hydraulic radius R is calculated as A
P
, where A is the

cross-sectional area of the channel (m2) and P is the wetted perimeter (m). Both

A and P can be determined from the ADCP surveys at each site. The critical

shear stress required to entrain a given median grain size (D50) (Bu�ngton and

Montgomery, 1997) can be calculated as:

τc = τ ∗c∆ρgD50 (5.2)

where τc = critical shear stress (Pa), τ ∗c = dimensionless critical shear stress

or Shields parameter, ∆ρ = di�erence in density between bedrock and water

(kgm−3), and D50 = median grain size (m). Equation 5.2 can be rearranged to

calculate the median grain size entrained for a given shear stress:

D50 =
τc

τ ∗c∆ρg
(5.3)

In the absence of constraints tailored to this system, the standard value of

0.045 was used for τ ∗c (Gessler, 1971; Miller et al., 1977), and ∆ρ was set to 1650

kgm−3. To calculate the median grain size that can be entrained at bankfull

conditions, three con�gurations of the �additional� bankfull channel above the

surveyed active channel are considered: rectangular, symmetric trapezoidal, and

asymmetric trapezoidal (Fig. 5.4). Channel gradient is assumed to remain con-

stant, so only the �additional� cross-sectional area and wetted perimeter need to

be calculated in order to determine the bankfull hydraulic radius.

Rb =
Aa + Ab

Pa + Pb

(5.4)

where Rb = bankfull hydraulic radius (m), Aa = active cross-sectional area
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(m2), Ab = bankfull cross-sectional area (m2), Pa = active wetted perimeter (m),

and Pb = bankfull wetted perimeter (m). Bankfull channel area and bankfull wet-

ted perimeter are calculated for the three channel con�gurations as illustrated in

Fig. 5.4, and Chapter 2 considers the calculations for bankfull channel area and

wetted perimeter in greater depth. The shear stress acting on the channel bed

at bankfull �ow and the median grain size that can be entrained under these

conditions are then calculated using Equations 5.1 and 5.3.

Figure 5.4: Schematic showing how bankfull geometry measured in the �eld in Octo-
ber/November 2018 was included in the calculations. (a) Rectangular bankfull channel;
(b) symmetric trapezoidal bankfull channel; (c) asymmetric trapezoidal bankfull chan-
nel. Active wetted perimeter obtained from ADCP transects outlined in blue; �extra�
wetted perimeter added during bankfull �ow outlined in red.

Thirdly, this study explores the discharge required to entrain the median

grain size of the sampled coseismic debris deposit. As above, channel gradient is

assumed to remain constant, and three con�gurations of the bankfull channel are

considered, as shown in Fig. 5.4. First, I calculate the shear stress and hydraulic

radius Rc required to entrain this grain size with Equation 5.2 and by rearranging

Equation 5.1. For simplicity in the following calculations, bankfull width is kept

constant in the rectangular channel scenario, while the angle γ of the sloping

banks is kept constant in the trapezoidal channel cases. Bankfull height h is then

varied between 0.1 m and 10 m at intervals of 0.1 m and the resulting bankfull

hydraulic radius Rb calculated. For each iteration, the resulting hydraulic radius

Rb is compared with the �target� hydraulic radius Rc, and the bankfull width

and height combination producing the hydraulic radius closest to Rc selected for

the next calculation step. Subsequently, I calculate the velocity V for the given

channel con�gurations as follows:
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V =
1

nm

R
2
3S

1
2 (5.5)

where V = �ow velocity (ms−1), nm =Manning's roughness coe�cient (dimen-

sionless), R = hydraulic radius (m), and S = channel gradient (dimensionless).

A value of nm = 0.03 was used for Manning's coe�cient; this is considered as the

standard value for rivers with gravel to cobble-sized sediment (Arcement Jr. and

Schneider, 1989). From this, I can then obtain discharge Q:

Q = AV (5.6)

where Q = discharge (m3s−1), A = cross-sectional area (m2), the sum of active

cross-sectional area Aa and bankfull cross-sectional area Ab, and V = �ow velocity

(ms−1).

5.4 Results

5.4.1 ADCP surveys

From time series of channel bed elevations (Fig. 5.5) it becomes apparent that

there are no consistent increases in channel bed elevation at any of the six sites.

At Bahrabise, bed elevations decreased by ca. 1 m across the entire channel from

February to November 2018 and did not change further by October 2019 (Fig.

5.5a), while bed elevations �uctuated around the same elevation at Dolalghat

(Fig. 5.5b), with �uctuations also reaching ca. 1 m. The situation is similar

at Khurkot (Fig. 5.5c), although the maximum elevation di�erence reached is

two metres, between February and November 2018 in the deepest part of the

channel. Surveys at Koshi Bridge show lowering of up to 3 m in the middle of

the channel between February and November 2018, which persists until the last

surveys in October 2019 (Fig. 5.5d). At Sipaghat (Fig. 5.5e), the picture is less

clear: the channel on the right bank on the river appears to have experienced an

increase in channel bed elevation of ca. 0.8 m between February 2018 and October

2019, while the elevation of the channel closer to the left bank �uctuated between
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surveys, with the biggest di�erence reaching almost 3 m between October 2018

and 2019. However, the October 2018 transect which shows the deepest channel

also exhibits a lot of noise. Finally, the surveys at Sukute (Fig. 5.5f) document

a decrease in channel bed elevation of up to 2.5 m in the deepest part of the

channel between February 2018 and October 2018, with the elevation of this

section increasing again by ca. 2 m by the time of the last survey in October

2019. Although all six sites shown here experienced changes in channel bed

elevation on the order of several metres between February 2018 and October

2019, bed lowering was more persistent and no site showed a consistent increase

in channel bed elevation that could be attributed to a sediment pulse passing

through. This lack of a consistent increase becomes even more apparent when

comparing the median channel bed elevations of transects collected in February

2018 and October 2019 (Fig. 5.6): at none of the sites do the interquartile

ranges extend much beyond a change of one metre in either direction, and all

sites except Dolalghat show a median negative change, indicating bed lowering.

These �ndings match the absence of a consistent increase in gravel area along

the Melamchi and Indrawati rivers that could be linked to coseismic landslide

sediment input following the 2015 Gorkha earthquake, which is documented in

detail in Chapter 4.
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Figure 5.5: Channel cross-sections at all ADCP sites from February 2018 to October
2019, with left bank of river on the right-hand side of the plot. (a) Bahrabise, (b)
Dolalghat, (c) Khurkot, (d) Koshi Bridge, (e) Sipaghat, (f) Sukute. Note that the river
at Sipaghat splits into two branches. In February 2018, I only surveyed the branch on
the right bank; in October 2018, the branch closer to the left bank (corresponding to
the most active branch at the time), and in October 2019, I surveyed both.
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Figure 5.6: Di�erence in median channel bed elevation between all transects collected
at the ADCP sites from February 2018 to October 2019. A di�erence greater than
zero indicates an increase in median elevation and a di�erence less than zero indicates
a decrease. The dashed horizontal line indicates no change. The lower and upper
bounds of the boxes indicate the 25th and 75th percentile of the underlying distribution,
respectively, and the median is indicated by the horizontal line in each box. BAHR
= Bahrabise; DOLA = Dolalghat; KHUR = Khurkot; KOSI = Koshi Bridge; SIPA =
Sipaghat; SUKU = Sukute.

5.4.2 Grain size measurements

Fig. 5.7 shows example photographs of the gravel bar surface at each surveyed

site. Figs. 5.8 and 5.9 show grain size distributions for each site from Octo-

ber/November 2018 and October 2019, respectively, and separate the distribu-

tions obtained from transects in the �eld and from analysis of photographs using

ERDAS IMAGINE. At each site, the distributions from transects agree well with

those from photographs, particularly at the coarser end of the range. There are

some discrepancies between transect and photograph distribution at the �ner end

of the range, particularly at Dolalghat and Sipaghat (Figs. 5.8b, f and 5.9b, f),

with the transect distribution typically being coarser. It is possible that this is

due to human error as larger clasts may have been preferentially picked up. Ad-

ditionally, the transects capture a larger portion of the gravel bar compared to

the photographs, which focus on small patches. It is also possible that smaller

grains are partially buried on the photographs and their size was therefore un-
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derestimated. When comparing all grain size distributions at each site between

October/November 2018 and October 2019 (Fig. 5.10), it becomes apparent that

the grains sampled in 2019 are consistently �ner, with the notable exception of

Dolalghat B, where the distributions match almost completely except for the 70th

percentile and up (Fig. 5.10c). Potentially, a �ood event, most likely during the

2019 summer monsoon, deposited additional �ne gravel from further upstream.

Sampling bias between the years is unlikely to be the cause of the consistent

di�erence in distributions, as the same approach was taken in both years and

sampling was carried out by the same team. Table 5.2 lists the D50 and D84, cal-

culated after combining the transect and photograph distributions, for each site

in both 2018 and 2019. Additionally, the D50 and D84 of the debris �ow deposit,

for which only one transect distribution from 2019 is available, is given. Since

the ADCP surveys do not show evidence of downstream translation of a sediment

pulse that could be linked to coseismic mass wasting following the 2015 Gorkha

earthquake, it is assumed that the sediment measured within river channels is not

characteristic of post-earthquake sediment supply in the area. Instead, the D50

and D84 of the debris �ow deposit represent an end-member scenario of coarse

post-earthquake sediment supply. In the following sections, I explore the scale of

�ooding required to entrain coarse sediment such as the Timbu debris �ow at the

surveyed locations along the Koshi River.
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Figure 5.7: Example photographs of gravel bar surfaces at each �eld site. Photographs
are from the October 2019 �eld campaign. (a) Bahrabise, (b) Dolalghat, (c) Dolalghat
B, (d) Khurkot, (e) Melamchi Bazaar, (f) Sipaghat, (g) Sukute, (h) Timbu debris �ow.
Camera case measures 11.5 cm along its longest axis, and the scale in (h) is given by
houses in the background.



5.4. RESULTS 165

Figure 5.8: Grain size distributions from the October 2018 �eld campaign. Teal lines
denote distributions derived from photographs using ERDAS IMAGINE, and the red
distribution corresponds to the transect collected on-site. (a) Bahrabise, (b) Dolalghat,
(c) Dolalghat B, (d) Khurkot, (e) Melamchi Bazaar, (f) Sipaghat, (g) Sukute. Grey
shading indicates the range between the smallest and largest D50 collected at each site.
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Figure 5.9: Grain size distributions from the October 2019 �eld campaign. Teal lines
denote distributions derived from photographs using ERDAS IMAGINE, and the red
distribution corresponds to the transect collected on-site. (a) Bahrabise, (b) Dolalghat,
(c) Dolalghat B, (d) Khurkot, (e) Melamchi Bazaar, (f) Sipaghat, (g) Sukute, (h) Timbu
debris �ow. Grey shading indicates the range between the smallest and largest D50

collected at each site.
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Figure 5.10: Di�erence in grain size distributions between the October 2018 and
2019 �eld campaigns. (a) Bahrabise, (b) Dolalghat, (c) Dolalghat B, (d) Khurkot, (e)
Melamchi Bazaar, (f) Sipaghat, (g) Sukute. Grey shading indicates the range between
the smallest and largest D50 collected at each site.
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Table 5.2: D50 and D84 measured at all sites in October/November 2018 and October
2019. BAHR = Bahrabise; DOLA = Dolalghat; DOLB = Dolalghat B; KHUR =
Khurkot; MELA = Melamchi Bazaar; SIPA = Sipaghat; SUKU = Sukute.

Site
October/November 2018 October 2019

D50 (mm) D50 (-ϕ) D84 (mm) D84 (-ϕ) D50 (mm) D50 (-ϕ) D84 (mm) D84 (-ϕ)

BAHR 200 7.64 367 8.52 95 6.57 210 7.71

DOLA 70 6.13 116 6.86 34 5.09 78 6.29

DOLB 103 6.68 166 7.38 999 6.63 141 7.14

KHUR 81 6.33 167 7.38 54 5.75 104 6.70

MELA 176 7.46 357 8.48 92 6.53 217 7.76

SIPA 67 6.07 128 6.99 66 6.04 150 7.22

SUKU 100 6.64 173 7.43 81 6.34 164 7.36

Timbu - - - - 173 7.43 270 8.08

5.4.3 Sediment entrainment calculations

Figs. 5.11 and 5.12 show the grain size that can be entrained under the �ow con-

ditions observed during each survey, calculated using channel gradient obtained

from the DEM and from �eld measurements, respectively, and contrast this with

the D50 measurements collected for each site during the October/November 2018

and October 2019 �eld campaigns. When using channel gradients from the DEM

for the calculations, the river is not able to entrain either of the observed D50 at

the time of the ADCP surveys. A notable exception is Bahrabise (Fig. 5.11a),

where �ow conditions in October 2015 and October 2019 appeared su�cient to

entrain the D50 measured in October 2019 (which is notably smaller than the

D50 measured in October/November 2018). By contrast, the river at Bahrabise

is unable to entrain either D50 using the channel gradients measured in the �eld

(Fig. 5.12a), while Dolalghat and Melamchi Bazaar reach the shear stress needed

to entrain the 2019 D50 (Fig. 5.12b, e), with Dolalghat B, Khurkot and Sipaghat

even reaching the threshold of entraining the coarser 2018 D50 (Fig. 5.12c, d,

f). Clearly, the channel gradient chosen for the calculations is a signi�cant fac-

tor in determining the grain size that can be entrained at each site. Since I did

not observe bedload transport on the scale suggested by Fig. 5.12 during any

of the �eld campaigns, it seems likely that the slopes measured in the �eld are
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overestimates. It is very di�cult to measure low gradients using a laser range

�nder due to the low precision of the instrument. Any features along the channel

banks, such as cobbles or boulders, are also likely to result in erroneously high

gradients. Therefore, the results using channel gradients extracted from the DEM

(Fig. 5.11) are likely more representative of actual conditions � i.e., at the times

surveyed, conditions were not su�cient to entrain the observed bedload, except

potentially at Bahrabise, and the DEM channel gradients are used in all later

calculations.

While Figs. 5.11 and 5.12 focus on �ow conditions at the time of the ADCP

surveys, Fig. 5.13 presents the grain size that can be entrained at each site

under bankfull conditions, i.e. regular monsoon �oods, and compares this D50

with the D50 of the Timbu debris �ow deposit. Using the bankfull width and

height of bankfull channel above current channel, three scenarios for the shape

of the �additional� bankfull channel are considered: (a) rectangular channel, (b)

symmetric trapezoidal channel, and (c) asymmetric trapezoidal channel. Under

bankfull conditions, the river can entrain the Timbu debris �ow D50 at Bahrabise

and Koshi Bridge in all channel scenarios, whereas the other sites fall under

the threshold across all scenarios. An exception to this is Sipaghat, which lies

above the threshold in the rectangular channel scenario. The above suggests that

at the majority of surveyed sites, regular annual monsoon �oods (i.e. with a

return interval of one year) are not su�cient to entrain the sediment supplied

by coseismic mass wasting in the wake of the 2015 Gorkha earthquake. This

agrees well with the observations from Section 5.4.1, which suggest no large-scale

transport of a bedload sediment pulse.
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Figure 5.11: Grain size that can be entrained at each �eld site, using channel gradients
extracted from a 30 m Copernicus DEM. Each black cross represents the estimated grain
size calculated from an individual transect. The coloured circle indicates the median
estimated grain size for each survey date, and the range of estimates is shown by the
solid black line. The surface D50 measured at each site in October/November 2018
and October 2019 is indicated on each plot with a horizontal grey and red dashed line,
respectively. (a) Bahrabise, (b) Dolalghat, (c) Dolalghat B, (d) Khurkot, (e) Koshi
Bridge, (f) Melamchi Bazaar, (g) Sipaghat, (h) Sukute.
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Figure 5.12: Grain size that can be entrained at each �eld site, using the median of
channel gradients measured in the �eld. Each black cross represents the estimated grain
size calculated from an individual transect. The coloured circle indicates the median
estimated grain size for each survey date, and the range of estimates is shown by the
solid black line. The surface D50 measured at each site in October/November 2018
and October 2019 is indicated on each plot with a horizontal grey and red dashed line,
respectively. (a) Bahrabise, (b) Dolalghat, (c) Dolalghat B, (d) Khurkot, (e) Koshi
Bridge, (f) Melamchi Bazaar, (g) Sipaghat, (h) Sukute.
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Figure 5.13: Grain size that can be entrained at each �eld site under bankfull condi-
tions, using channel gradients extracted from a 30 m Copernicus DEM. Each black cross
represents the estimated grain size calculated from an individual transect. The coloured
circle indicates the median estimated grain size for each survey site, and the range of
estimates is shown by the solid black line. The dashed line indicates the measured D50

of the debris �ow deposit at Timbu. (a) Rectangular bankfull channel; (b) symmetric
trapezoidal bankfull channel; (c) asymmetric trapezoidal bankfull channel. BAHR =
Bahrabise; DOLA = Dolalghat; DOLB = Dolalghat B; KHUR = Khurkot; KOSI =
Koshi Bridge; MELA = Melamchi; SIPA = Sipaghat; SUKU = Sukute.

Finally, Fig. 5.14 provides an estimate of the discharge needed to entrain the

debris �ow D50 at each ADCP site. As above, three scenarios for the geometry

of the channel above the surveyed channel are explored: (a) rectangular, (b)

symmetric trapezoidal, and (c) asymmetric trapezoidal. It follows from the results

presented in Fig. 5.13 that Bahrabise requires the lowest discharge at ca. 250

m3s−1. Much higher values are needed at the six other sites: at the lower end of

the spectrum, the median discharge at Sipaghat falls just under 2,000 m3s−1 (Fig.

5.14b, c) while Dolalghat B and Koshi Bridge can require in excess of 5,000 m3s−1

(Fig. 5.14). Of the three channel geometry scenarios, the rectangular channel

requires a slightly higher discharge at most sites (Fig. 5.14a). An exception to
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the results outlined above is the symmetric trapezoidal scenario for Dolalghat,

which suggests very high discharges of ca. 23,000 m3s−1 are required to mobilise

the debris �ow D50. This exceptionally high value compared to the other sites and

channel con�gurations is potentially due to the very low angle γ of the sloping

channel banks in the symmetric trapezoidal con�guration at this site � at an

angle of 1°, bankfull height and width need to increase to an implausible level (10

m and 1,000 m, respectively) to reach the target hydraulic radius. This indicates

that the rectangular and asymmetric trapezoidal model are more appropriate

for Dolalghat and at the same time highlights the need for bankfull geometries

faithfully reproducing the conditions at a given �eld site.

Figure 5.14: Discharge needed at each site to entrain the D50 of the Timbu debris �ow.
Each black cross represents the estimated discharge calculated from an individual tran-
sect. The coloured circle indicates the median estimated discharge for each survey site,
and the range of estimates is shown by the solid black line. (a) Rectangular bankfull
channel; (b) symmetric trapezoidal bankfull channel; (c) asymmetric trapezoidal bank-
full channel. BAHR = Bahrabise; DOLA = Dolalghat; DOLB = Dolalghat B; KHUR =
Khurkot; KOSI = Koshi Bridge, MELA = Melamchi Bazaar; SIPA = Sipaghat; SUKU
= Sukute.
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5.5 Discussion

5.5.1 Lack of a coarse sediment pulse in the aftermath of

the 2015 Gorkha (Nepal) earthquake

A time series of channel bed elevation changes in the Koshi basin, obtained using

an ADCP, indicates no continuous aggradation at any of the six surveyed sites

from February 2018 to October 2019, suggesting that there is no evidence of a

coarse sediment pulse passing through the river during this time period. This

observation agrees with the results presented in Chapter 4, which show no large-

scale migration of gravel along the Melamchi-Indrawati and Bhote Koshi rivers

over the time scales captured by the ADCP surveys. Using the grain size dis-

tribution of a coseismic debris �ow deposit to represent mass wasting sediment

supplied by the Gorkha earthquake, I demonstrate that at the majority of �eld

sites, regular annual monsoon �oods are not su�cient to mobilise this sediment.

This o�ers one possible explanation for the absence of a coseismic landslide sedi-

ment pulse: the bulk of the deposits is too coarse to be removed by rivers except

during extreme events.

Sinha et al. (2019)'s study of the hydrology of the Koshi basin provides an

opportunity to compare the discharges required to move the debris �ow deposit

with the discharge recorded at some of the ADCP sites: their studied sites of

Khurkot and Chatara are equivalent to the Khurkot and Koshi Bridge ADCP

sites, respectively (Fig. 5.15). From the estimates presented in this chapter, the

interquartile range of discharge required to mobilise the debris �ow D50 extends

from 2,600-3,800 m3s−1 at Khurkot and from 3,500-5,500 m3s−1 at Koshi Bridge

(Fig. 5.14). Sinha et al. (2019) compiled data from gauging stations for the pe-

riod 2003-2007, showing that the Koshi River reaches its annual peak discharge

in August, reaching 2,000 m3s−1 at Khurkot and 4,000 m3s−1 at Chatara/Koshi

Bridge. They further build on the data acquired from gauging stations by using

Gumbel statistics to estimate the peak discharge for di�erent return intervals

(Fig. 5.15). Based on this analysis, the discharge required to mobilise the debris
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�ow sediment has a return period of �ve years at Khurkot and of under two years

at Chatara/Koshi Bridge. However, it is important to note that the majority

of coseismic landsliding occurred hundreds of kilometres further upstream than

Khurkot and Chatara and these estimates are therefore not indicative of the con-

ditions necessary for coseismic landslide sediment to reach these two sites � the

limiting factor will be whether the river is able to mobilise coseismic landslide

sediment where it has been delivered to the channel. Since Melamchi Bazaar is

the closest ADCP site to the sampled Timbu debris �ow deposit and Sinha et al.

(2019) unfortunately do not include data from any stations nearby, the closest

equivalent sites in their study in terms of discharge will be selected. While the

Busti (Tamakoshi) and Rabuwa Bazaar (Dudh Koshi) (see Fig. 5.1 for the lo-

cation of these rivers in the Koshi basin) stations have an upstream catchment

area of 3,000 and 3,700 km2, respectively, compared to the 800 km2 at Melamchi

Bazaar, the average discharge recorded at these two stations in October from

2003-2007 is the closest to the discharge recorded at Melamchi Bazaar in October

2018 and 2019, reaching 100-200 m3s−1. Fig. 5.14 shows that 2,000-3,000 m3s−1

are required to mobilise the debris �ow D50 at Melamchi Bazaar. At both Busti

and Rabuwa Bazaar, �oods of such discharge are estimated to have a return period

in excess of 100 years (Sinha et al., 2019). While these are very rough estimates,

return periods on the scale of decades to a century are consistent with the results

presented in Chapter 4 and Section 5.4.1. Nepal's Department of Hydrology and

Meteorology (DHM) operates hydrological gauging stations at Helambu on the

Melamchi River and Dolalghat on both the Sun Koshi and Indrawati branches.

Data from these stations would provide more robust estimates of the return pe-

riods; however, a request for the data needs to be sent to and approved by the

DHM, which does not �t into the time frame of this thesis.
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Figure 5.15: Sinha et al. (2019)'s estimates for peak �ood discharges at sites in the
Koshi basin for di�erent return periods, based on Gumbel statistics. Figure redrawn
from original paper to show only the four stations mentioned in the text.

5.5.2 Implications of the sediment entrainment results: are

they really representative?

The results presented in Section 5.4.3 show that at the majority of surveyed sites,

�ow conditions at the time of the ADCP surveys were not su�cient to entrain

either the the D50 of gravel sampled in October/November 2018 or October 2019,

which is consistent with �eld observations. However, the situation is di�erent

at the Bahrabise site: Here, the results suggest that the river could mobilise

the October 2019 D50 at the time of the October 2015 and 2019 surveys (Fig.

5.11a). While no grain size measurements are available for Koshi Bridge, Fig.

5.11e suggests that the river could mobilise clasts 20-35 mm across at the time

of the October/November 2018 and October 2019 surveys. I did not observe any

evidence in the �eld to suggest that either site was able to mobilise grains of the

sizes suggested. As touched upon in Section 5.4.3, this could be partially due
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to erroneously high channel gradients extracted from the DEM or measured in

the �eld. Additionally, the hydraulic radii are calculated based on the individual

ADCP transects and not the actual shortest channel cross-section, so they are

likely to be overestimates and in turn result in overestimates of the grain size that

can be entrained. It is also possible that while a pebble of the �mobilisable� D50

placed into the river would be transported, the shear stresses acting on the channel

bed at the time of the ADCP surveys were not su�cient to �break� clasts free from

the bed. Based on �eld observations, armouring is a regular feature on the studied

gravel bars, and one may therefore consider that sediment entrainment will occur

only once the armour is broken, which would require mobilisation of the coarsest

fraction that makes up this armour (e.g. Gomez, 1983; Willetts et al., 1987).

To explore this scenario, I use D84 as the representative grain size for sediment

entrainment (Fig. 5.16). This indicates that mobilisation of the measured D84

could not occur at any of the surveyed sites, matching observations in the �eld.

A further complicating factor is the e�ect of gravel-sand mixtures on critical

shear stress and sediment transport: for example, Shvidchenko and Hoey (2001)

show that in a stream of mixed grain sizes, larger particles have a reduced entrain-

ment threshold as they are more exposed and unstable than in a uniform bed.

For simplicity, my calculations in this chapter assume that the river bedload con-

sists entirely of gravel. However, my observations in the �eld con�rm that sand

is present in the studied rivers, and therefore the entrainment thresholds in this

chapter may be overestimates.

Additionally, Fig. 5.14b highlights how sensitive the results are to the choice

of channel con�guration and to the bankfull geometries measured in the �eld.

Although no better constraints on the bankfull channel geometry were available

at the time of writing, any future calculations would require more detailed infor-

mation on the morphology of the channels above the water level surveyed with

the ADCP, as well as more robust estimates of channel gradient.
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Figure 5.16: Grain size that can be entrained at each �eld site at the time of �eld
measurements, compared to the D84 measured in the �eld, using channel gradients
extracted from a 30 m Copernicus DEM. Each black cross represents the estimated
grain size calculated from an individual transect. The coloured circle indicates the
median estimated grain size for each survey date, and the range of estimates is shown
by the solid black line. The surface D84 measured at each site in October/November
2018 and October 2019 is indicated on each plot with a horizontal grey and red dashed
line, respectively. (a) Bahrabise, (b) Dolalghat, (c) Dolalghat B, (d) Khurkot, (e) Koshi
Bridge, (f) Melamchi Bazaar, (g) Sipaghat, (h) Sukute.
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5.5.3 Limitations and potential for further research

A primary limitation of this study is the absence of surveyed sites between

Khurkot and Koshi Bridge (spanning a distance of ca. 200 km). This means

it is di�cult to get an understanding of how channel geometry, grain size, and

the likelihood of entrainment change between the headwaters and the mountain

front.

Second, the ADCP transects were collected with the initial aim of compiling a

time series of high-resolution channel cross-sections in order to quantify changes

in bed elevation over time. Issues with correlating base station positions used in

2015 and subsequent base station positions, as well as insu�cient satellite cov-

erage at the Melamchi Bazaar and Dolalghat B sites, meant that this was not

possible. Since the 2015 ADCP transects could not be used to asses channel bed

elevation change, as explained in Section 5.3.1, it is possible that a sediment pulse

passed through the area between October 2015 and February 2018 which could

not be captured due to the long gap in ADCP surveys. However, neither �eld

observations nor the sediment entrainment calculations presented in this chapter

indicate large-scale removal of coseismic landslide sediment in the three years

following the Gorkha earthquake. Moreover, Chapter 4 documents no evacuation

of gravel-size sediment from the upper parts of the Koshi catchment until the

Melamchi �ood event of June 2021, which is outwith the time frame covered by

the ADCP surveys. As pointed out in Section 5.4.1, although there is consider-

able uncertainty associated with the absolute elevation of the ADCP transects

due to issues with the GPS instruments, the high precision of the ADCP instru-

ment used means that the shape of the individual transects, i.e. the morphology

of the channel bed, is represented faithfully. However, as it was not possible

to ensure transects were carried out across the same section of the river due to

�ow conditions (see also Fig. 8.7 in the Appendix), any apparent changes in

channel cross-section could be caused by the transects capturing di�erent por-

tions of bedforms. To constrain the extent to which bedforms are responsible for

changes in the channel cross-sections, one could reconstruct the bathymetry of

the channel bed using the approach developed by Liening (2018). However, only
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between two and four transects were collected at most sites, which does not pro-

duce su�cient coverage to create a robust model of the bathymetry. This would

therefore be something to bear in mind for any future ADCP surveys in the area.

Cook et al. (2022) documented 5 m of channel aggradation as far downstream

as Dolalghat in the months following the 2021 Melamchi disaster, presenting an

opportunity to document the evolution of the sediment pulse associated with this

event � this is, however, complicated by the bridges at Melamchi Bazaar having

been destroyed during the disaster, so repeat surveys at Melamchi Bazaar are not

possible. However, the Sipaghat, Dolalghat, and Khurkot sites are still accessible.

As shown in Section 5.4.3, the grain size that can be entrained is highly sen-

sitive to the channel gradient used in the calculations. Field measurements of

channel gradient are likely not representative due to the di�culties of accurately

capturing low gradients with a laser range �nder, and were therefore not used be-

yond initial exploratory calculations. However, channel gradients extracted from

the DEM are subject to noise and artefacts in the elevation data � for exam-

ple, the DEM gradients for Koshi Bridge are very likely overestimates, as they

result in grain sizes in excess of 30 cm possibly being entrained under the �ow

conditions at the time of the ADCP surveys. This is not consistent with �eld

observations. One possibility to tackle this issue could be to carry out a rigor-

ous sensitivity analysis using di�erent values of channel gradient � for example,

averaging the gradient extracted from the DEM over a range of distances. Ad-

ditionally, comparing the channel gradients extracted from the 30 m Copernicus

DEM with gradients extracted from a di�erent DEM, for example a 12.5 m ALOS

PALSAR3 DEM or a 30 m SRTM4 DEM, would help to identify areas where noise

ampli�es the gradients.

Finally, this study uses the grain size distribution obtained from one mea-

surement of a debris �ow deposit to represent the sediment supplied to the Koshi

3ALOS PALSAR: Advanced Land Observing Satellite Phase Array type L-band Synthetic

Aperture Radar
4SRTM: Shuttle Radar Topography Mission
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River by Gorkha earthquake-triggered landslides. Additional measurements from

a wider range of deposits would more faithfully re�ect the variety of landslide

sediment delivered to the river system and yield better estimates of the �ow con-

ditions necessary to mobilise this sediment. With a knowledge of the lithologies

making up the landslide deposits, it would also be possible to use published peb-

ble abrasion rates to estimate the D50 of the sediment arriving at each survey

site instead of using a blanket value for all sites. For instance, the Timbu debris

�ow sampled in this study is composed exclusively of Higher Himalayan gneiss,

which is representative of the upstream catchment lithology. Attal and Lavé

(2009) found that Higher Himalayan gneiss loses between 0.1-3% mass per km

transported, with increasing mica content resulting in higher rates of abrasion.

However, it is also important to consider the impacts of mass wasting elsewhere

in the catchment � for example, due to an earthquake closer to the mountain

front, or associated with road construction � which may supply coarse sediment

to reaches further downstream. Based on the results presented in Section 5.4.3,

particularly Fig. 5.13, I suggest that steeper channels in the headwaters (e.g. at

Bahrabise or Melamchi) as well as reaches with high discharge near the moun-

tain front (e.g. at Koshi Bridge) would facilitate entrainment of coarse sediment,

whereas coarse sediment supplied to the middle reaches of the river (e.g. Dolal-

ghat, Khurkot) could not be easily mobilised.

5.6 Conclusions

Widespread mass wasting associated with large earthquakes has the potential to

signi�cantly alter �ood inundation extent through channel aggradation and in-

creasing the risk of avulsion. In this study, I focused on the Koshi River in central

and eastern Nepal. This aggrading river system is prone to devastating �oods

and is expected to experience channel bed aggradation in the wake of coseismic

landsliding associated with the 2015 Gorkha earthquake, likely with signi�cant

implications for �ood risk. I combine a time series of channel bed elevation change

at six sites along the Koshi River, from the landslide-a�ected portions of the catch-
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ment to the mountain front, with estimates of the sediment carrying capacity of

the river drawing on �eld measurements of channel geometry and gravel grain

size. Our results show no major downstream transport of bedload that could

be associated with the evacuation of coseismic landslide sediment. Comparing

grain sizes supplied by coseismic mass wasting with the �ow conditions present

at my study sites indicates that extreme �ood events are needed to mobilise this

sediment, suggesting that coseismic Gorkha landslide sediment could persist in

the catchment for decades to centuries, although more robust measurements of

bankfull geometry and coseismic landslide grain size distributions are needed to

better constrain the timescales.



Chapter 6

Discussion

In unglaciated landscapes, river networks represent the main erosional engine,

controlling the pace of landscape evolution by setting the base level for hillslope

processes and incising into bedrock (Burbank et al., 1996; Whipple and Tucker,

1999; Whipple, 2004). Of particular importance in this context is the resistance

of bedrock to erosion, which controls the rate at which rivers can transmit pertur-

bations such as climatic and tectonic forcings to the entire landscape (Brocard et

al., 2016; Jansen et al., 2010; Whittaker and Boulton, 2012; Wobus et al., 2006).

Additionally, rivers play an important role in balancing the growth of mountain

ranges through tectonic uplift by eroding and transporting material from moun-

tains to basins and seas (e.g. Attal and Lavé, 2009; Whipple, 2009; Willett, 1999).

Constraining the timescales on which sediment is exported from mountain ranges

is essential to assess �ood hazard (e.g. Croissant et al., 2017a; Korup et al., 2004;

Raven et al., 2009; Sims and Rutherfurd, 2017), understand the mass balance of

mountain building (e.g. Dadson et al., 2004; Egholm et al., 2013; Guzzetti et al.,

2009; Hovius et al., 2011; Keefer, 1994; Korup et al., 2010), and study sediment

transfer from source to sink (Benda and Dunne, 1997). Within this context, my

thesis set out to answer the following research questions:

1. Is it possible to extract plausible values of rock erodibility from topography,

and can heterogeneous lithology alone drive drainage divide migration?

2. Are large earthquakes or extreme hydro-geomorphic events the primary

183
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driver of sediment export from mountain river catchments?

3. What discharge is needed to mobilise coseismic landslide sediment asso-

ciated with the 2015 Gorkha (Nepal) earthquake, and what is the likely

return period for such an event?

Below, I present a short summary of how each research question was addressed,

before discussing further questions arising from the �ndings in Chapters 3, 4 and

5 and �nally bringing the results from the three core chapters together.

6.1 Chapter summaries

6.1.1 Is it possible to extract plausible values of rock erodi-

bility from topography, and can heterogeneous lithol-

ogy alone drive drainage divide migration?

Lithology is an important control on landscape evolution, governing relief (Berlin

and Anderson, 2007; Brocard et al., 2016; Gilbert, 1877; Hack, 1975; Kühni

and P��ner, 2001), rates of landscape adjustment to perturbations (Brocard et

al., 2016; Cook et al., 2009; DiBiase et al., 2018; Goldrick and Bishop, 1995;

Jansen et al., 2010; Tooth et al., 2002; Zondervan et al., 2020a), and rates of

drainage divide migration (Bernard et al., 2019; Zondervan et al., 2020b), which

in turn in�uences rates and patterns of �uvial incision (Bonnet, 2009; Giachetta

et al., 2014). However, extracting and quantifying relevant rock properties is

challenging. Rock resistance to erosion is often quanti�ed through measurements

of rock strength (Bursztyn et al., 2015; Marshall and Roering, 2014; Roy et al.,

2015; Sta²kovanová and Minár, 2016) or calculated based on channel hydraulics

(Attal et al., 2008; Kirby and Whipple, 2001; Stock and Montgomery, 1999;

Whipple et al., 2000; Whittaker et al., 2007; Zondervan et al., 2020a) � these

approaches work well for individual study areas but lead to measures of erodibility

with di�erent units, making it di�cult to compare between studies. In Chapter

3, I explored a new approach to constrain the erodibility parameter K in the

stream power law using digital topographic data, and explore the in�uence of
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heterogeneous lithology on drainage divide migration in a numerical landscape

evolution model. By calculating apparent K values from normalised channel

steepness, ksn, and optimising them through Monte Carlo sampling, I successfully

constrain a combination of K values capable of accurately reproducing modern

relief in the geologically complex eastern Swiss Jura. I then test the response of

the landscape to changes in base level fall and reorganisation of drainage pathways

and show that while drainage reorganisation and increased rates of relative uplift

result in drainage divide migration, drainage divides are signi�cantly more mobile

in model simulations with spatially variable lithology, and associated contrasts in

rock erodibility.

6.1.2 Are large earthquakes or extreme hydro-geomorphic

events the primary driver of sediment export from

mountain river catchments?

Large earthquakes in�uence the growth of mountain ranges by adding mass via

tectonic uplift and removing mass through widespread landsliding (Dadson et al.,

2004; Egholm et al., 2013; Guzzetti et al., 2009; Hovius et al., 2011; Keefer, 1994;

Korup et al., 2010), with some studies suggesting that coseismic mass wasting

can equal or outweigh an earthquake's contribution to orogenic growth (Francis

et al., 2020; Hovius et al., 2011; Larsen et al., 2010; Li et al., 2014; Marc et al.,

2016; Marc et al., 2019; Parker et al., 2011). Coseismic mass wasting is also

associated with channel bed aggradation and increased sediment �ux in the years

following a large earthquake (Chen and Petley, 2005; Whadcoat, 2011; Yanites

et al., 2010), with coseismic landslide sediment potentially a�ecting river catch-

ments for decades to centuries (Croissant et al., 2017b; Hovius et al., 2011; Wang

et al., 2015; Wang et al., 2017; Yanites et al., 2010). Extreme precipitation can

also aid mass removal from mountain ranges following large earthquakes � for

example, intense precipitation from cyclones helped export coseismic landslide

sediment following the 1999 Chi-Chi earthquake, so that sediment loads returned

to pre-earthquake levels within six years (Dadson et al., 2004; Hovius et al.,
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2011; Huang and Montgomery, 2012; Yanites et al., 2010). In Chapter 4, I docu-

ment the movement of gravel bedload along two mountain rivers � the Melamchi-

Indrawati and Bhote Koshi � in central Nepal by mapping the extent of gravel

using high-resolution optical satellite imagery from 2012-2021. Both rivers experi-

enced widespread coseismic landsliding following the 2015 Gorkha (Nepal) earth-

quake, and have a well-constrained history of other signi�cant hydro-geomorphic

events such as large landslides, debris �ows, and glacial lake outburst �oods. I

demonstrate that coseismic landsliding associated with the 2015 Gorkha earth-

quake produces only localised and small changes in gravel area. By contrast, a

catastrophic �ooding event along the Melamchi-Indrawati rivers in June 2021 led

to an up to four-fold increase in gravel area along a 30 km reach of the river. A

combination of heavy rainfall, snowmelt, glacial moraine collapse and landslide

dam outburst led to the release of �ne-grained valley �ll sediment that had pre-

viously accumulated behind an old landslide dam. The sediment sources were

not linked to coseismic landsliding during the Gorkha earthquake, highlighting

the importance of extreme hydrological events in exporting coarse sediment from

mountain catchments.

6.1.3 What discharge is needed to mobilise coseismic land-

slide sediment associated with the 2015 Gorkha (Nepal)

earthquake, and what is the likely return period for

such an event?

Mountain-fed rivers on the Indo-Gangetic plain are aggrading systems, charac-

terised by high sediment loads and low gradients (Dingle et al., 2016; Lupker et

al., 2012; Milliman and Syvitski, 1992; Sinha et al., 2005). These characteristics

make the rivers sensitive to changes in sediment supply and prone to �ooding and

avulsion (Chakraborty et al., 2010; Dingle et al., 2020b). For example, the Koshi

River avulsion in 2008 (Chakraborty et al., 2010; Sinha, 2009) permanently dis-

placed more than a million people. Changes in channel bed elevation additionally

signi�cantly impact �ood inundation extent (Dingle et al., 2020a), and quantify-
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ing the magnitude and timing of sediment pulses is therefore essential to assess

the impact of a given event on �ood hazard. In Chapter 5, I focus on the Koshi

River in central and eastern Nepal, which was a�ected by widespread landsliding

following the 2015 Gorkha (Nepal) earthquake. I estimate the �ow conditions

necessary to entrain coseismic deposits, using �eld measurements of coseismic de-

bris �ow grain size distribution as well as gravel grain size and channel geometry

at eight sites along the Koshi River. I show that in the western portion of the

Koshi catchment, coseismic Gorkha earthquake deposits are too coarse to be mo-

bilised during regular annual monsoon �oods. Using published rating curves for

four gauging stations along the Koshi River (Sinha et al., 2019), I tentatively es-

timate that mobilising coseismic debris �ow deposits associated with the Gorkha

earthquake requires discharges with a return period of a hundred years, although

more robust estimates for the grain size distribution of coseismic deposits and for

channel gradient and bankfull geometry are required to con�rm this.

A further important point to note is that the work presented in Chapter 5

shows how important channel morphology � both active and bankfull � is in

determining the entrainment threshold or discharge required to entrain a given

grain size. Detailed models of the three-dimensional structure of each �eld site

would have been invaluable and would have allowed me to better constrain the

bankfull channel geometry and therefore calculate more robust estimates of the

discharge required to mobilise sediment of a given size. As planned at the outset

of this PhD project, Structure from Motion surveys could be used to capture

the �dry� portion of the channel at each �eld site, and it is in theory possible

to reconstruct the bathymetry of the surveyed channel section by carrying out

ADCP surveys such that the reach being studied is well covered, and then in-

terpolating between the transects. However, as discussed in detail in Chapter 2,

ground-based Structure from Motion surveys are not well suited for �eld sites fea-

turing �owing water, and collecting enough ADCP transects to create a plausible

reconstruction of channel bathymetry is a highly time-consuming task. Another

possible approach to get a better idea of the cross-sectional channel morphology

is to survey the dry portion of the channel with a laser range �nder, in addition to
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surveying the active channel cross-section with an ADCP or echo sounder. While

this method would not yield information on the channel morphology beyond a

given transect, it would still greatly improve the robustness of the calculations

presented in Chapter 5, which primarily consider the cross-sectional structure of

the channel.

6.2 How can estimates of erodibility K be im-

proved?

In Chapter 3, I presented a method for extracting and optimising values of erodi-

bility K, which can then be used in a landscape evolution model based on the

stream power incision model (SPIM). Using this approach, values of K are ex-

tracted from digital topographic data for a site in the eastern Swiss Jura by �rst

calculating normalised channel steepness ksn and then calculating K as E
knsn

, as-

suming the stream power law exponent n = 1 and setting erosion rate E = 0.1

mmyr−1 based on knowledge of the uplift history in the study area. These ap-

parent values of K are then grouped by lithology, resulting in a range of values

for each unit. Using a Monte Carlo approach, combinations of K values are then

created by randomly sampling from the K range for each group of lithological

units. Finally, landscape evolution model simulations are run with each combi-

nation of K values, and the combination that best reproduces the relief of the

modern landscape based on matching the distribution of channel source point

elevations is identi�ed. I show that using this approach, it is possible to create a

combination of plausible erodibility values that can faithfully reproduce the relief

of a given landscape.

A primary limitation of this approach, however, is that it requires a good un-

derstanding of the uplift history in the study area � good constraints of erosion

rate E are necessary as this will in�uence the values of erodibility K. The current

version of this method further assumes spatially uniform erosion rates, which is

not necessarily the case in a given study area. Additionally, the method of ex-

tracting and optimising K presented in this thesis relies on detailed information
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on the geology of the study area so that the apparent K values extracted from

topography can be grouped by rock unit. To simplify the Monte Carlo sampling

and reduce computational cost, units are further assigned to between �ve and six

groups (as opposed to the ca. 40 individual units) which share similar character-

istics. This additionally requires detailed knowledge of the rock characteristics,

meaning that the approach presented here is designed for a well-constrained study

area and cannot be applied to any given location.

Moreover, previous studies have shown that di�erences in rock erodibility can

also occur within units, instead of merely between units, due to heterogeneities

in rock structure, for example due to diagenetic processes (Marshall and Roering,

2014), fractures (Kühni and P��ner, 2001; Roy et al., 2015), and joints (Baynes

et al., 2015; Lamb et al., 2008). While the ranges of apparent K values extracted

from topographic data will re�ect the variability within a given rock unit to a

certain extent, all units are treated as uniform during the optimisation process,

and erodibility is assumed to be spatially uniform within each unit. In addition,

estimates of K values are extracted from �uvial topography only (i.e. the channel

network) and do not consider the in�uence of hillslope processes.

Finally, the method for extracting and optimising values of erodibility pre-

sented in Chapter 3 currently assumes that the slope exponent n of the stream

power law is equal to unity. While n can be set to unity under the assumption

that erosion is proportional to stream power (DiBiase and Whipple, 2011; Lague

et al., 2005; Whipple and Tucker, 1999), this relationship is not necessarily true,

and whether n is greater or less than one signi�cantly a�ects the evolution of

river pro�les and the propagation rate of knickpoints (Tucker and Whipple, 2002;

Whipple and Tucker, 1999). Several studies have found instead that n tends to

be greater than one, indicating a nonlinear relationship between erosion rate and

channel gradient (DiBiase and Whipple, 2011; Harel et al., 2016; Lague, 2014;

Whittaker and Boulton, 2012). While changing the value of n will not a�ect

relative di�erences in erodibility between units, the absolute values as well as

the units of K will change. Therefore, the �best �t� combination of K values

may look very di�erent than where n = 1, and varying the value of n will help
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constrain parameters that produce model landscapes faithfully reproducing real

relief.

In order to improve the approach for extracting and optimising values of

erodibility presented in Chapter 3 and brie�y summarised above, one could select

mono-lithologic subcatchments to get a better understanding of variability within

individual units and potentially identify units whose erodibility is not captured

well by this approach. Source point elevation distribution may also not be the

most �tting metric to assess the goodness of �t between the real and model land-

scape. As shown in Chapter 3, di�erent combinations of K values can produce

model landscapes that have a very di�erent relief structure to the real topography

but faithfully reproduce the distribution of source point elevations. Therefore,

another metric should ideally be included which can further narrow down the

optimised combinations of K values to only those best reproducing the real land-

scape. For example, locations of drainage divides or the shape of river pro�les

(taking into account the drainage divide migration built into the model) could be

included. Finally, the approach for extracting and optimising values ofK requires

a good qualitative understanding of the resistance of each rock unit to erosion,

and the Monte Carlo sampling process can therefore be modi�ed to ensure that

each randomly sampled combination follows a given hierarchy. For example, such

a hierarchy would ensure that the erodibility value picked for Quaternary units

will never be lower than for a bedrock unit. As shown in Figs. 3.12 and 3.13,

there is signi�cant overlap of the interquartile K ranges between bedrock units,

and establishing this hierarchy could therefore help produce a greater number of

plausible combinations.

A �nal point of note is that MuddPILE, the model used for the landscape

evolution simulations in Chapter 3, may not be the best suited for the purpose of

extracting and optimising values of the erodibility coe�cient K. MuddPILE was

originally designed as a fast and lightweight landscape evolution model to allow

reproduction of simulations published in papers by the Land Surface Dynamics

research group at the University of Edinburgh. Its capability to ingest 3D lithol-

ogy was added speci�cally for the collaboration with Nagra and was therefore
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tailored exactly to the speci�cations of the project. It would therefore be inter-

esting to explore how the approach to extract and optimise values of erodibility

K presented in Chapter 3 could be adapted to other landscape evolution mod-

els with existing components for ingesting 3D lithological information, such as

Fastscape, Landlab or LithoCHILD (Braun and Willett, 2013; Forte et al., 2016;

Hobley et al., 2017; Yanites et al., 2017).

To conclude, extracting plausible values of erodibility K in any given location

remains a challenging task, although the method for extracting and optimising

values of K presented in Chapter 3 of this thesis is promising for study areas

where the underlying geology is well constrained, and has tangible opportunities

for further improvement.

6.3 Why did the 2015 Gorkha (Nepal) earthquake

not result in a stronger signal in �uvial and

sediment dynamics?

In Chapter 4, I mapped gravel area along the Melamchi-Indrawati and Bhote

Koshi rivers in central Nepal from 2012-2021, both of which experienced widespread

landsliding following the 2015 Gorkha (Nepal) earthquake. Counter to expecta-

tions � given signi�cant channel aggradation following earthquakes of similar mo-

ment magnitude (Chen and Petley, 2005; Whadcoat, 2011; Yanites et al., 2010) �

neither river showed evidence of large-scale channel aggradation or downstream

transport of a coarse sediment pulse that could be linked to the Gorkha earth-

quake (see Chapter 4). The only changes in gravel area that can be attributed

to coseismic mass wasting associated with the Gorkha earthquake are relatively

small and localised, such as at Timbu in the Melamchi catchment, where a debris

�ow during the 2015 monsoon created a large fan at the con�uence between the

Melamchi River and one of its tributaries. Additionally, in Chapter 5 I presented

a time series of channel cross-sections at six sites along the Koshi River in central
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and eastern Nepal and showed that between February 2018 and October 2019, no

change in channel bed elevation that could be linked to a sediment pulse passing

through was recorded. In this section, I build on the discussion of Chapters 4 and

5 to explore factors that may explain the lack of a coseismic landslide sediment

pulse in the aftermath of the Gorkha earthquake.

One possibility is that the Gorkha earthquake triggered fewer landslides than

others of comparable magnitude. For example, the Mw 7.7 1999 Chi-Chi (Taiwan)

earthquake triggered ca. 20,000 landslides. Dadson et al. (2004) estimate a total

landslide area of 500 km2, although this estimate includes an additional 30,000

landslides triggered by Typhoon Toraji in 2001, of which only 20% were reac-

tivated Chi-Chi earthquake triggered landslides. By contrast, the Mw 7.9 2008

Wenchuan (China) earthquake alone triggered around 56,000 coseismic landslides,

covering a total area of 110,000 km2 (Dai et al., 2011). Estimates of coseismic

landslide volume associated with the Wenchuan earthquake range from 2.8-15

km3 (Li et al., 2016; Parker et al., 2011). At a moment magnitude of 7.8, the

2015 Gorkha (Nepal) earthquake sits between the Chi-Chi and Wenchuan earth-

quakes. Roback et al. (2018) mapped ca. 25,000 coseismic landslides associated

with the Gorkha earthquake, covering a total area of 87 km2 and representing a

volume of 0.12-1.1 km3. Clearly, there is a dramatic di�erence in the number,

area and volume of landslides generated by the Wenchuan and Gorkha earth-

quakes, although both had comparable moment magnitudes and both occurred

on the margins of the Tibetan Plateau. Given the relationship between moment

magnitude and coseismic landslide volume, developed by Keefer (1994) and Mala-

mud et al. (2004) based on historic landslide inventories, the volume of landslides

triggered by the Gorkha earthquake is not smaller than expected for an event of

moment magnitude 7.8. Instead, Xu et al. (2016) propose that the Wenchuan

earthquake triggered far more coseismic landslides due to the steeper dip angle

of its seismogenic fault, increasing deformation of the hanging wall and concen-

trating the surface energy released by the earthquake in a relatively small area.

In conclusion, the Chi-Chi and Wenchuan earthquakes triggered more coseismic

landslides than expected for their magnitude due to intense precipitation and
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steep fault angles, respectively. While the Gorkha earthquake can therefore be

expected to result in less channel aggradation than the Chi-Chi and Wenchuan

earthquakes, this does not explain the complete lack of sediment export from

coseismic mass wasting in the six years after the event.

It is also possible that hillslopes in the area a�ected by coseismic landsliding

during the 2015 Gorkha earthquake re-vegetated and stabilised relatively quickly,

thereby e�ectively �sealing� the coseismic landslide deposits. Re-vegetation of

hillslopes can occur rapidly in tropical and/or wet climates. For example, Lin et

al. (2007) reported 66% of vegetation recovering in four years following the 1999

Chi-Chi (Taiwan) earthquake, and Saba et al. (2010) demonstrated that hillslopes

had re-vegetated and stabilised within two years of the 2005 Kashmir earthquake

� much earlier than expected � facilitating a rapid return of landslide activity to

pre-earthquake conditions. Fan et al. (2018) and Gan et al. (2019) showed that

hillslopes returned to pre-earthquake conditions between seven and nine years

after the 2008 Wenchuan (China) earthquake, with Fan et al. (2018) citing re-

vegetation, grain coarsening and densi�cation of the mass wasting deposits as

the main processes promoting rapid hillslope stabilisation. Based on these ob-

servations, Fan et al. (2018) suggest that long-term hillslope processes contribute

signi�cantly more to mass removal following large earthquakes than short-term

mass wasting processes. In the area a�ected by coseismic landsliding during the

2015 Gorkha earthquake, Kincey et al. (2021) compile a multi-temporal landslide

inventory over eleven mapping epochs, from pre-monsoon 2014 to post-monsoon

2018. For each 1 km2 grid cell in their mapping area, landslide �birth� is as-

signed to the �rst epoch in which the cell was �rst impacted by a landslide, and

landslide �death� indicates the epoch in which the cell was last impacted by a

landslide. Although Kincey et al. (2021) do not assess hillslope stability or re-

vegetation patterns, they show that in ca. 75% of the cells registering a coseismic

landslide birth, the landslides persist until the �nal mapping epoch, after the

2018 monsoon. This tentatively suggests that hillslopes have not yet extensively

re-vegetated in the three years following the 2015 Gorkha earthquake.

As touched upon in Chapters 1.2.2 and 4, connectivity also exerts a major
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control on sediment delivery from mass wasting deposits to river channels. While

Roback et al. (2018) estimate that 30% and 75% of coseismic Gorkha landslides

are located within 50 and 400 m of a river channel, respectively, Li et al. (2016)

note a strong spatial variation in connectivity in their study of landslides trig-

gered by the Wenchuan earthquake. In Chapter 4, I explore whether the absence

of a coseismic landslide sediment pulse in the Melamchi-Indrawati and Bhote

Koshi catchments is linked to lower connectivity relative to the full area mapped

by Roback et al. (2018) and show that the connectivity in both catchments is

consistent with Roback et al. (2018)'s �ndings. Therefore, it is unlikely that

low connectivity is the reason for the lack of coseismic landslide sediment in the

river channels. However, Korup (2005) point out that in addition to landslide-

river connectivity, the nature of the contact between the landslide deposit and

the river channel is important in determining the �uvial response to landsliding.

In their study of alpine river systems impacted by landslides in southwest New

Zealand, they �nd that a �point� geomorphic coupling interface, i.e. a landslide

emplaced roughly perpendicular to the channel, promotes �uvial erosion of the

landslide toe. Additionally, as highlighted by Croissant et al. (2017b), once sedi-

ment has been delivered to a river, its export time is governed by the grain size,

river discharge, and river geometry. Consequently, I estimate the discharge re-

quired to mobilise coseismic mass wasting deposits associated with the Gorkha

earthquake in Chapter 5. Although better constraints are needed to con�rm the

results, my �ndings indicate that coseismic deposits related to the Gorkha earth-

quake are too coarse to be mobilised under annually recurring �ow conditions

and require extreme events. Lastly, Sklar et al. (2009) show that sediment pulses

tend to disperse in place rather than translate downstream when their volumes

are large compared to a river's carrying capacity, such as in the case of landslides

or debris �ows (Ho�man and Gabet, 2007; Sutherland et al., 2002). By contrast,

smaller volumes or �ner grain sizes are more likely to move downstream by trans-

lating. In the absence of robust constraints on hillslope stability and rates of

revegetation at the time of writing, it is therefore most likely that the absence of

large-scale downstream transport of coarse sediment following the 2015 Gorkha
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earthquake is due to the volume and coarse size of the coseismic mass wasting

deposits promoting dispersal rather than translation.

As shown in Chapters 4 and 5, there is no evidence of large-scale sediment

export in the Koshi River basin within six years following the 2015 Gorkha earth-

quake. Evidence presented in both chapters and discussed above suggests that

this is due to the mobilisation of the coseismic sediment released by mass wasting

requiring discharges recurring on decadal timescales, promoting dispersal of the

sediment pulse rather than translation downstream. An interesting question aris-

ing from these �ndings is whether future earthquakes in the Nepal Himalaya will

result in a similar �uvial response. Since source lithology exerts a strong control

on the grain size distribution of sediment (Attal and Lavé, 2006; Brocard et al.,

2016; Wolcott, 1988), it is intuitive that the grain size distribution of coseismic

mass wasting deposits depends on the bedrock lithology of the area a�ected by

coseismic landsliding. Fig. 6.1 shows that the coseismic landslides associated

with the 2015 Gorkha earthquake lie within the Higher Himalayan Crystallines

and Lesser Himalayan Sequence. In the Melamchi-Indrawati catchment, the vast

majority of coseismic landslides were triggered in the Higher Himalayan Crys-

tallines. The coseismic debris �ow deposit at Timbu, whose grain size distribution

was used in Chapter 5 to estimate the discharge required to mobilise coarse mass

wasting deposits in the Koshi River basin, also consists exclusively of Higher Hi-

malayan gneiss. In order to get a better understanding of the �uvial response to

coseismic mass wasting during future events, it would be interesting to (i) obtain

grain size distributions of mass wasting deposits in a range of Himalayan litholo-

gies, and (ii) estimate the rough location and density of coseismic landslides for

a hypothetical future earthquake. This would then allow tentative predictions of

the likely grain sizes supplied to a given river network during future coseismic

mass wasting events as well as the discharge required to mobilise these coseismic

deposits.
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Figure 6.1: Catchment geology and distribution of coseismic landslides associated with
the 2015 Gorkha (Nepal) earthquake. Geology adapted from Yin (2006). Landslides
mapped by Roback et al. (2018) shown as black dots and Roback et al. (2018)'s mapping
area delineated by the dashed black line. Koshi basin outlined in white.

6.4 Can an event such as the Melamchi disaster

be expected to happen again?

The time series of gravel area along the Melamchi-Indrawati and Bhote Koshi

rivers from 2012-2021, presented in Chapter 4, shows a dramatic increase in

gravel area along the Melamchi-Indrawati rivers following an extreme �ood event

in June 2021. Between June and July 2021, the gravel area increased up to

four-fold along a 30 km reach of the river; this signal persists, with the zone of

highest aggradation extending further downstream, until the �nal mapping epoch

in December 2021. The �ash �ood occurred on 15 June 2021, depositing up to

12 m of sand and silt in the river channel (Pandey et al., 2021). It damaged or

destroyed hundreds of residential buildings, the headworks of the Melamchi Water
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Supply Project, roads, bridges, and wide swathes of agricultural land (Baskota

et al., 2021; Maharjan et al., 2021; Pandey et al., 2021). The Melamchi �ash �ood

is thought to have been caused by a chain of events, starting with the collapse of

glacial moraine in a tributary of the Melamchi River due to heavy rainfall or high

rates of snowmelt. The resulting wave of glacial lake water and glacial sediments

accumulated in Bremathang, a wide sandy plain upstream of an old landslide

dam (Maharjan et al., 2021). Incision into the landslide dam led to the eventual

breach of the dam and the release of a debris �ow along the Melamchi River.

Baskota et al. (2021) additionally report ongoing incision into the downstream

end of the Bremathang valley �ll, forming a steep scarp which collapsed on 31

July 2021, leading to a second debris �ow event.

A key component in determining the scale of the Melamchi event, as outlined

above, was Bremathang (Baskota et al., 2021; Cook et al., 2022; Maharjan et

al., 2021; Pandey et al., 2021). It was formed as a result of a landslide dam

which acted as a sediment trap. The �at sandy plain immediately upstream

of the dam represents the accumulation of �ne grained sediment in the trap;

the plain connected to a steep, con�ned channel facilitating rapid evacuation

of sediment. Such landslide dams are numerous in mountainous areas, and are

made of heterogeneous material with a wide range of grain sizes, up to very large

boulders. They can therefore persist for decades to centuries. By contrast, valley

�ll accumulating behind a landslide dam is composed of �ner grained alluvium

and lake sediment (Weidinger, 2006), meaning it can be mobilised relatively easily

once the landslide dam is incised. The Melamchi event has shown the potential for

stores of �ne lake sediment held behind old landslide dams � termed �sediment

bombs� by Cook et al. (2022) � to contribute to catastrophic �ooding events

once the landslide dam is breached, highlighting the importance of locating such

sediment stores and assessing their stability.

In Chapter 4, I showed that changes in normalised channel steepness and total

valley width accurately indicate the location of the Bremathang landslide dam

and valley �ll con�guration in the Melamchi valley, and also indicate another

such con�guration in the neighbouring Yangri valley. In an ongoing study, Cook
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et al. (2022) also aim to identify additional �sediment bombs�, and expand their

analysis to include the entire Himalayan range. Their preliminary results suggest

that mean hillslope gradient and glacier extent during the last glacial maximum

(LGM) are the primary controls on the distribution of sediment bombs, indicating

that postglacial adjustment may promote their formation. Cook et al. (2022)'s

�ndings indicate that sediment bombs are more widespread across the Himalaya

than previously thought, and should be considered in �uvial hazard assessments.

Once sediment bombs have been identi�ed, the hazard posed by a given land-

slide dam and valley �ll con�guration could be assessed by determining (i) the

volume of sediment retained by the landslide dam, (ii) the stability of the land-

slide dam, (iii) the conditions required to release the stored sediment, and (iv)

the likely impacts of the released sediment bomb on human livelihoods. Previ-

ous studies assessing the stability of natural landslide dams have found that the

morphology (Casagli and Ermini, 1999; Korup, 2004) and grain size distribution

(e.g. Casagli et al., 2003; Costa and Schuster, 1988) of a given dam in�uence its

stability. The greater the volume of the landslide dam and the more cohesive the

deposited material, the greater the stability of the dam (Uhlir, 1998; Weidinger,

2006). Additionally, Weidinger (2006) found that the mode of emplacement of the

Ringmo landslide dam (western Nepal) as an in-situ collapse promoted stability

by forming a dam composed of large interlocking blocks of rocky debris interca-

lated with compacted �ner material. In the case of the Tal rockslide (Marsyandi

Valley, Nepal), cementation of the �ner sediments making up the dam also in-

creased its stability (Shaller, 1991; Weidinger, 2006). Landslide dams fail by

overtopping, slope failure, or piping of water through the dam deposit (e.g. Peng

and Zhang, 2012; Weidinger, 2006). To obtain robust estimates of the condi-

tions leading to dam failure, dam height, width, shape, and erodibility need to

be accurately quanti�ed (e.g. Peng and Zhang, 2012). Regarding the impact of a

given sediment bomb on human livelihoods downstream, it is necessary to model

the likely �ood inundation extent associated with the release of both water and

sediment, and map it over the location of settlements, infrastructure, and agri-

cultural land. Early warning systems are another key strategy to mitigate the
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impact of a given �ood event. For example, Maharjan et al. (2021) point out that

thanks to early informal warnings from residents of upstream settlements as well

as the timing of the �oods � during daylight hours � the loss of life incurred by

the Melamchi disaster was signi�cantly reduced.

In light of the current climate crisis, extreme events are predicted to become

more frequent, and the magnitude of peak �ows is also forecast to increase (e.g.

IPCC, 2022; Middelkoop et al., 2001; Milly et al., 2002). Regardless of climate

change scenarios, Lane et al. (2008)'s modelling study in an upland river catch-

ment in the UK predicts an increase in the number of sediment delivery events

as well as the volume of sediment delivered. Given this information, events such

as the Melamchi disaster are likely to happen again, and assessing the location

and stability of Himalayan �sediment bombs� is therefore essential.

6.5 Controls on sediment �ux in active mountain

ranges

While the core chapters of this thesis explore di�erent locations, spatial and

temporal scales � ranging from detailed observations of the �uvial response to

hydro-geomorphic events within individual catchments in Nepal to modelling the

long-term evolution of �uvial landscape relief in the eastern Swiss Jura � all

three explore the factors controlling the response of landscapes to external per-

turbations and re-a�rm our understanding of the crucial role river networks and

lithology play in landscape evolution.

The resistance of rocks to erosion is known to be instrumental in shaping

landscape relief, controlling the rates of landscape adjustment to perturbations,

and in�uencing the rate and direction of drainage divide migration (e.g. Bernard

et al., 2019; Brocard et al., 2016; DiBiase et al., 2018; Gilbert, 1877; Kühni

and P��ner, 2001). My work in Chapter 3 further highlights the importance of

lithology in landscape evolution by showing that including 3D lithology in nu-

merical modelling simulations changes the �uvial relief structure and signi�cantly

increases the mobility of drainage divides.
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Lithology has further been shown to exert an in�uence on the supply of sed-

iment to rivers; for example, by a�ecting the spatial distribution of coseismic

landslides (Chigira et al., 2010; Khazai and Sitar, 2004) or by controlling the size

and shape of sediment (Attal and Lavé, 2006; Brocard et al., 2016; Di Capua

et al., 2016; Litty and Schlunegger, 2017; Milhous, 1982; Wolcott, 1988). In turn,

the size and shape of bedload � as well as the hardness of bedload relative to the

channel bed (Cowie et al., 2008) � determine the rate at which sediment can be

transported through the �uvial network (Carling et al., 1992; Cassel et al., 2021;

Demir and Walsh, 2005; Komar and Li, 1986) and therefore the timescales on

which a perturbation signal (e.g. from a sediment pulse associated with landslid-

ing, wild�res, outburst �oods etc.) can reach the rest of the river catchment.

In addition to sediment characteristics, both valley and channel morphology

in�uence the magnitude and timescales of sediment �ux. While exploring the

response of two catchments in the Nepal Himalaya to extreme hydro-geomorphic

events in Chapter 4, I found that valley morphology can act as an important

control on sediment transfer within catchments. In the Melamchi valley of central

Nepal, a wide, �at reach upstream of an old landslide dam allowed �ne glacial

and lacustrine sediment to accumulate. Incision into the landslide dam allowed

the accumulated sediment to be released as a debris �ow travelling swiftly along

the steep and con�ned channel downstream and depositing sediment as far as 60

km downstream (Baskota et al., 2021; Cook et al., 2022; Maharjan et al., 2021;

Pandey et al., 2021). My work in Chapter 5 � estimating the timescales on which

landslide sediment linked to the 2015 Gorkha (Nepal) earthquake is likely to

reach the Himalayan mountain front � additionally highlights the importance of

channel slope and cross-sectional morphology in determining the grain size a river

can entrain as bedload, as well as the discharge required to mobilise sediment of

a given size. Channel morphology, and particularly channel steepness, has been

shown to correlate with rock erodibility and erosion rate (e.g. Codilean et al.,

2018; DiBiase et al., 2010; Gabet, 2020; Gailleton et al., 2021a; Harel et al.,

2016; Jansen et al., 2010; Kirby and Whipple, 2012), further demonstrating how

the interplay between lithology and �uvial networks can shape sediment �ux and
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landscape evolution.

As outlined above, the work presented in this thesis �ts in well with the ex-

isting body of research and improves our understanding of the factors controlling

landscape response to perturbations, particularly regarding the role of rock erodi-

bility in controlling drainage divide mobility and the importance of valley and

channel morphology in governing the rate of sediment export from river catch-

ments.
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Chapter 7

Conclusions

7.1 Concluding remarks

The overarching theme of this thesis is to explore factors governing the rate at

which landscapes adjust to external perturbations on a range of spatial and tem-

poral scales. My �ndings, presented in Chapters 3, 4, and 5 and discussed in

Chapter 6, tie in well with the existing body of research outlined in Chapter 1

and add to our understanding of the role which lithology, valley and channel mor-

phology play in governing landscape response to perturbations. In particular, this

thesis (i) presents a new approach for the extraction and calibration of the rock

erodibility coe�cient K for geologically complex landscapes, improving models

of future landscape relief; (ii) highlights the hazardous potential of stores of �ne

sediment in the Himalaya, along with promising metrics for the identi�cation of

these �sediment bombs�; (iii) provides a �rst estimate of the timescales on which

sediment associated with coseismic landsliding during the 2015 Gorkha (Nepal)

earthquake may reach the Indo-Gangetic plain.

On millennial and longer timescales, lithology is a prominent factor determin-

ing the response of a �uvial landscape to increased rates of main channel incision:

contrasts in rock erodibility control landscape relief and promote the mobility of

drainage divides, which in turn sets rates and patterns of �uvial erosion (Chap-

ter 3). In Chapter 4, I explored the response of two catchments in the Nepal

203
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Himalaya to a range of hydro-geomorphic events, including coseismic landsliding,

glacial lake outburst �oods, and debris �ows. Valley morphology emerged as a

key control on sediment export from these mountain catchments, with wide, �at

reaches acting as sediment traps where sediment can accumulate, ready to be

�ushed downstream by subsequent extreme hydrological events. At the reach

scale, Chapter 5 demonstrates that channel morphology is crucial in determining

the size of sediment a river can entrain as bedload, and a robust understanding

of a river's transport capacity is necessary to estimate the timescales on which a

given pulse of sediment can be removed from a catchment.

Within the broader context of exploring landscape response to perturbations,

this thesis set out to answer the following key research questions:

1. Is it possible to extract plausible values of rock erodibility from topography,

and can heterogeneous lithology alone drive drainage divide migration?

2. Are large earthquakes or extreme hydro-geomorphic events the primary

driver of sediment export from mountain river catchments?

3. What discharge is needed to mobilise coseismic landslide sediment asso-

ciated with the 2015 Gorkha (Nepal) earthquake, and what is the likely

return period for such an event?

Below, I present the answers to these three core questions, derived from Chapters

3, 4, and 5:

1. By extracting apparent values of erodibility K from measurements of nor-

malised channel steepness, it is possible to obtain a range of plausible erodi-

bility values that produce relief matching that of the present-day landscape.

I demonstrate this method using the geologically variable and complex

eastern Swiss Jura as an example. I further test the in�uence of changes

in relative uplift on drainage divide migration through model simulations

with heterogeneous lithology, drainage reorganisation, and uniform lithol-

ogy. The model simulations show that, regardless of the magnitude of base

level fall, heterogeneous lithology leads to the greatest amount of drainage
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divide migration.

2. I map the extent of gravel along two rivers in central Nepal, both of which

experienced coseismic landsliding associated with the 2015 Gorkha (Nepal)

earthquake, from 2012-2021 using high-resolution optical satellite imagery.

My results show that while the Gorkha earthquake only resulted in minor

and localised increases in gravel area, a disastrous �ooding event which oc-

curred along the Melamchi River in June 2021 led to an up to four-fold

increase in gravel area along a 30 km reach of the river. Reviewing �eld

reports and satellite imagery linked to the event reveals that coseismic land-

slides did not contribute as sediment sources, highlighting the importance

of extreme hydrological events in exporting mass from tectonically active

mountain ranges.

3. Using �eld measurements of the grain size distribution of a coseismic debris

�ow deposit associated with the 2015 Gorkha (Nepal) earthquake as well

as �eld measurements of channel geometry and hydraulics, I estimate the

discharge required to mobilise the median grain size of the coseismic de-

bris �ow deposit at eight sites along the Koshi River in central and eastern

Nepal. I show that the coseismic debris �ow deposit is too coarse to be en-

trained during annual monsoon �oods in the area. Using published rating

curves for four gauging stations along the Koshi River, I estimate that a

�ood event with a return period of a hundred years would be required to

mobilise coseismic deposits associated with the 2015 Gorkha earthquake.

This highlights the importance of taking grain size distributions and chan-

nel geometry into account when estimating the residence time of coarse

coseismic sediment in a given catchment.

7.2 Future Research

Throughout working on this thesis, I encountered methodological limitations and

promising avenues for further research, which I discussed in Chapters 2-6 and will

brie�y summarise below:
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1. As discussed in Chapter 2, the ADCP � while a powerful instrument in its

own right � was not necessarily the best choice for this project. As I was

primarily interested in channel bed elevation and channel cross-sectional

morphology, I did not need the full range of features o�ered by the ADCP

(e.g. velocity maps), and extracting data relevant to my research from the

ADCP output was unnecessarily complicated. This shows the importance of

choosing �eld equipment which is as simple as possible and only as complex

and feature-rich as necessary for a given project. Additionally, instead

of only testing equipment prior to deployment in the �eld, doing a full

�dry run� of �eld surveys, including data extraction and processing, could

higlight any issues which may complicate or hinder the intended work. For

example, this would have shown early on that the ground-based Structure

from Motion approach would not work for my �eld sites, and would have

saved valuable time in the �eld.

2. While the method for extracting and optimising plausible values of the

erodibility coe�cient K, presented in Chapter 3, showed promising results

for my study site in the eastern Swiss Jura and using the MuddPILE model,

there are several avenues for improvement and further development, as dis-

cussed in Chapters 3 and 6. To validate the K extraction method, it should

be applied to di�erent sites and attempted using other landscape evolution

models capable of ingesting 3D lithology, such as Fastscape, LithoCHILD,

or Landlab. The issue of equi�nality � in this case, multiple di�erent com-

binations of K values producing model landscapes matching the real land-

scape in terms of source point elevation distribution � could be at least

partially addressed by identifying additional metrics to assess the goodness

of �t between two landscapes. The sensitivity analysis could additionally

be re�ned; for example, by setting the slope exponent in the stream power

incision model, n, greater or less than unity. The changes and further re-

search suggested here will enable us to better understand the controls on

landscape evolution and improve models of future landscape relief.

3. Chapter 4 has highlighted the potential for stores of �ne sediment trapped
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behind landslide dams, termed �sediment bombs� by Cook et al. (2022),

to contribute to extreme �ood events, as was the case for the June 2021

Melamchi disaster. My work presented in Chapter 4 suggests that com-

bining measurements of normalised channel steepness and valley width can

identify such sediment bombs, while Cook et al. (2022) additionally �nd

that hillslope gradient and glacier extent during the last glacial maximum

(LGM) in�uence their distribution. Identifying the location of Himalayan

sediment bombs, as well as assessing the landslide dam stability and esti-

mating the conditions necessary to breach the dams, would be an important

step towards understanding and managing the hazard posed by these fea-

tures.

4. In Chapter 5, I con�rm that accurate measurements of active and bankfull

channel geometry, as well as channel slope, are crucial to obtain robust

estimates of the discharge needed to entrain a given grain size. My results

could further be re�ned by incorporating the lithologies present at each �eld

site and accounting for the di�erence in abrasion rates between lithologies,

as well as by accounting for the role of bed armouring and mixed gravel and

sand bedload.
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Chapter 8

Appendix

8.1 Appendix A

This is the appendix for Chapter 3. It contains:

1. Full legends for the geological map �gures, Figs. 3.3 and 3.4.

2. Parameter �les for the MuddPILE model simulations with heterogeneous

lithology and the present-day Rhine-Aare channel set as local base level.

Figure 8.1: Full legends for the geological map �gures including all units in Chapter
3, based on the geological map by Isler et al. (1984) (Fig. 3.3). Unit codes (e.g. Q1,
B1) correspond to unit codes in the abbreviated legends for the corresponding �gures.
EC1 etc. refer to the �erodibility class� each unit was assigned to for the optimisation
of erodibility K values by Monte Carlo sampling (see Fig. 3.6)
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Figure 8.2: Full legends for the geological map �gures with Quaternary separation in
Chapter 3, based on the geological map by Isler et al. (1984) (Fig. 3.4). Unit codes
(e.g. Q1, B1) correspond to unit codes in the abbreviated legends for the corresponding
�gures. EC1 etc. refer to the �erodibility class� each unit was assigned to for the
optimisation of erodibility K values by Monte Carlo sampling (see Fig. 3.7)

Parameter �le for MuddPILE model simulation with 250 m

of base level fall

# Parameters for extracting simple surface metrics

# Comments are preceded by the hash symbol

# Documentation can be found at:

# https://lsdtopotools.github.io/LSDTT_documentation/LSDTT_basic_usage.html

# These are parameters for the file i/o

read fname: JO210721_dhm25elev_16_IsolateFixedChannel

write fname: JO_2500ky_

# General DEM stuff (and the fixed channel)

channel heads fname: NULL

read_initial_raster: true

raster_is_filled: true

carve_before_fill: false

fixed_channel_csv_name: jo210721_channel_nodes.csv

# Forcings

rudimentary_steady_forcing_uplift: 0.0001

n: 1

m: 0.45

# Smoothing parameters

smoothing_window_radius: 50
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smoothing_sweeps: 1

# Single channel parameters

fixed_channel_dig_and_slope: true

single_channel_drop: 234.0

single_channel_fd_string: dist_S_m

single_channel_elev_string: elevation(m)

test_single_channel_name: JO_2500ky_test_single_channel.csv

only_test_single_channel: false

# This is for printing of the channel network

print_initial_channel_network: true

print_final_channel_network: true

# Lithocube parameters

load_lithology: true

only_test_lithology: false

vo_filename: vo_h100m_v25m_20200903_JO_UTM.vo

vo_asc_filename: vo_h100m_v25m_20200903_JO

print_K_raster: true

print_lithocode_raster: true

print_Sc_raster: true

load_lithocode_to_K_csv: true

load_lithocode_to_Sc_csv: true

lookup_filename_K: lookup_table_strati_K.csv

lookup_filename_Sc: lookup_table_strati_Sc.csv

# Capping model landscape with present-day elevation

use_initial_topography_as_max_elevation: true

# Critical slope parameters

cycle_fluvial_snapping: true

cycle_hillslope_snapping: true

print_snapped_to_steady_frame: true
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snapping_cycles: 2000

snap_print_rate: 1000

snap_to_steady_critical_slopes_use_LithoCube: true

threshold_contributing_pixels: 200

temp_chan_name_for_crit_slopes: JO_2500ky_temp_channels

# Lithology codes to ignore

forbidden_lithocodes: -9999,0

# Base level fall

elevation_change: -234.0

# end of file

Parameter �le for MuddPILE model simulation with 350 m

of base level fall

# Parameters for extracting simple surface metrics

# Comments are preceded by the hash symbol

# Documentation can be found at:

# https://lsdtopotools.github.io/LSDTT_documentation/LSDTT_basic_usage.html

# These are parameters for the file i/o

read fname: JO210721_dhm25elev_16_IsolateFixedChannel

write fname: JO_3500ky_

# General DEM stuff (and the fixed channel)

channel heads fname: NULL

read_initial_raster: true

raster_is_filled: true

carve_before_fill: false

fixed_channel_csv_name: jo210721_channel_nodes.csv

# Forcings

rudimentary_steady_forcing_uplift: 0.0001

n: 1

m: 0.45
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# Smoothing parameters

smoothing_window_radius: 50

smoothing_sweeps: 1

# Single channel parameters

fixed_channel_dig_and_slope: true

single_channel_drop: 334.0

single_channel_fd_string: dist_S_m

single_channel_elev_string: elevation(m)

test_single_channel_name: JO_3500ky_test_single_channel.csv

only_test_single_channel: false

# This is for printing of the channel network

print_initial_channel_network: true

print_final_channel_network: true

# Lithocube parameters

load_lithology: true

only_test_lithology: false

vo_filename: vo_h100m_v25m_20200903_JO_UTM.vo

vo_asc_filename: vo_h100m_v25m_20200903_JO

print_K_raster: true

print_lithocode_raster: true

print_Sc_raster: true

load_lithocode_to_K_csv: true

load_lithocode_to_Sc_csv: true

lookup_filename_K: lookup_table_strati_K.csv

lookup_filename_Sc: lookup_table_strati_Sc.csv

# Capping model landscape with present-day elevation

use_initial_topography_as_max_elevation: true

# Critical slope parameters

cycle_fluvial_snapping: true
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cycle_hillslope_snapping: true

print_snapped_to_steady_frame: true

snapping_cycles: 2000

snap_print_rate: 1000

snap_to_steady_critical_slopes_use_LithoCube: true

threshold_contributing_pixels: 200

temp_chan_name_for_crit_slopes: JO_3500ky_temp_channels

# Lithology codes to ignore

forbidden_lithocodes: -9999,0

# Base level fall

elevation_change: -334.0

# end of file

Parameter �le for MuddPILE model simulation with 450 m

of base level fall

# Parameters for extracting simple surface metrics

# Comments are preceded by the hash symbol

# Documentation can be found at:

# https://lsdtopotools.github.io/LSDTT_documentation/LSDTT_basic_usage.html

# These are parameters for the file i/o

read fname: JO210721_dhm25elev_16_IsolateFixedChannel

write fname: JO_4500ky_

# General DEM stuff (and the fixed channel)

channel heads fname: NULL

read_initial_raster: true

raster_is_filled: true

carve_before_fill: false

fixed_channel_csv_name: jo210721_channel_nodes.csv

# Forcings

rudimentary_steady_forcing_uplift: 0.0001

n: 1
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m: 0.45

# Smoothing parameters

smoothing_window_radius: 50

smoothing_sweeps: 1

# Single channel parameters

fixed_channel_dig_and_slope: true

single_channel_drop: 434.0

single_channel_fd_string: dist_S_m

single_channel_elev_string: elevation(m)

test_single_channel_name: JO_4500ky_test_single_channel.csv

only_test_single_channel: false

# This is for printing of the channel network

print_initial_channel_network: true

print_final_channel_network: true

# Lithocube parameters

load_lithology: true

only_test_lithology: false

vo_filename: vo_h100m_v25m_20200903_JO_UTM.vo

vo_asc_filename: vo_h100m_v25m_20200903_JO

print_K_raster: true

print_lithocode_raster: true

print_Sc_raster: true

load_lithocode_to_K_csv: true

load_lithocode_to_Sc_csv: true

lookup_filename_K: lookup_table_strati_K.csv

lookup_filename_Sc: lookup_table_strati_Sc.csv

# Capping model landscape with present-day elevation

use_initial_topography_as_max_elevation: true



242 CHAPTER 8. APPENDIX

# Critical slope parameters

cycle_fluvial_snapping: true

cycle_hillslope_snapping: true

print_snapped_to_steady_frame: true

snapping_cycles: 2000

snap_print_rate: 1000

snap_to_steady_critical_slopes_use_LithoCube: true

threshold_contributing_pixels: 200

temp_chan_name_for_crit_slopes: JO_4500ky_temp_channels

# Lithology codes to ignore

forbidden_lithocodes: -9999,0

# Base level fall

elevation_change: -434.0

# end of file

Parameter �le for MuddPILE model simulation with 550 m

of base level fall

# Parameters for extracting simple surface metrics

# Comments are preceded by the hash symbol

# Documentation can be found at:

# https://lsdtopotools.github.io/LSDTT_documentation/LSDTT_basic_usage.html

# These are parameters for the file i/o

read fname: JO210721_dhm25elev_16_IsolateFixedChannel

write fname: JO_5500ky_

# General DEM stuff (and the fixed channel)

channel heads fname: NULL

read_initial_raster: true

raster_is_filled: true

carve_before_fill: false

fixed_channel_csv_name: jo210721_channel_nodes.csv

# Forcings
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rudimentary_steady_forcing_uplift: 0.0001

n: 1

m: 0.45

# Smoothing parameters

smoothing_window_radius: 50

smoothing_sweeps: 1

# Single channel parameters

fixed_channel_dig_and_slope: true

single_channel_drop: 534.0

single_channel_fd_string: dist_S_m

single_channel_elev_string: elevation(m)

test_single_channel_name: JO_5500ky_test_single_channel.csv

only_test_single_channel: false

# This is for printing of the channel network

print_initial_channel_network: true

print_final_channel_network: true

# Lithocube parameters

load_lithology: true

only_test_lithology: false

vo_filename: vo_h100m_v25m_20200903_JO_UTM.vo

vo_asc_filename: vo_h100m_v25m_20200903_JO

print_K_raster: true

print_lithocode_raster: true

print_Sc_raster: true

load_lithocode_to_K_csv: true

load_lithocode_to_Sc_csv: true

lookup_filename_K: lookup_table_strati_K.csv

lookup_filename_Sc: lookup_table_strati_Sc.csv

# Capping model landscape with present-day elevation
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use_initial_topography_as_max_elevation: true

# Critical slope parameters

cycle_fluvial_snapping: true

cycle_hillslope_snapping: true

print_snapped_to_steady_frame: true

snapping_cycles: 2000

snap_print_rate: 1000

snap_to_steady_critical_slopes_use_LithoCube: true

threshold_contributing_pixels: 200

temp_chan_name_for_crit_slopes: JO_5500ky_temp_channels

# Lithology codes to ignore

forbidden_lithocodes: -9999,0

# Base level fall

elevation_change: -534.0

# end of file
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8.2 Appendix B

This is the appendix for Chapter 4. It contains:

1. Tables indicating the imagery dates, sources and extent for each mapping

epoch along the Melamchi-Indrawati and Bhote Koshi Rivers.

2. The extent of mapping from imagery in Google Earth Pro for each mapping

epoch along the Melamchi-Indrawati and Bhote Koshi Rivers.

Table 8.1: Imagery dates and sources for Melamchi-Indrawati rivers. Extent refers to
distance along the polyline representing the channel and is consistent with the distances
shown in Fig. 4.5. Asterisk indicates imagery used to constrain mapping uncertainty.

Mapping epoch Date (dd/mm/yy) Imagery source Extent

Post-2012 monsoon
28/10/12 Maxar Technologies 5 - 53.5 km

31/10/12 Maxar Technologies 53.5 - 64.4 km

Post-2013 monsoon 10/11/13 CNES/Airbus 47.2 - 64.4 km

Post-2014 monsoon 03/05/15 CNES/Airbus 5 - 64.6 km

Post-2015 monsoon
30/01/16 Maxar Technologies 53.7 - 64.4 km

01/02/16 Maxar Technologies 4.9 - 53.7 km

Post-2016 monsoon

28/12/16 CNES/Airbus 51 - 64.4 km

17/01/17 CNES/Airbus 31 - 51 km

29/01/17 CNES/Airbus 9 - 31 km

Post-2017 monsoon*
22/04/18 Maxar Technologies 17.2 - 64.4 km

22/04/18 Planetscope 2.5 - 65.8 km

Post-2018 monsoon 06/03/19 Maxar Technologies 7.1 - 64.4 km

Post-2019 monsoon

28/11/19 CNES/Airbus 9.5 - 28.6 km

03/04/20 Maxar Technologies 28.6 - 31.7 km

19/04/20 Maxar Technologies 31.7 - 60.4 km

Post-2020 monsoon

02/06/21 Planetscope 1.6 - 65.8 km

29/07/21 Planetscope 1.6 - 65.8 km

11/08/21 Planetscope 20 - 65.8 km

12/09/21 Planetscope 0.7 - 65.8 km

Post-2021 monsoon

13/10/21 Planetscope 0 - 65.8 km

14/11/21 Planetscope 2.7 - 65.8 km

13/12/21 Planetscope 1.6 - 65.8 km



246 CHAPTER 8. APPENDIX

Table 8.2: Imagery dates and sources for the Bhote Koshi. Extent refers to distance
along the polyline representing the channel and is consistent with the distances shown
in Fig. 4.6. Asterisk indicates imagery used to constrain mapping uncertainty.

Mapping epoch Date (dd/mm/yy) Imagery source Extent

Post-2012 monsoon
31/10/12 Maxar Technologies 47.5 - 63.7 km

13/02/13 Maxar Technologies 0 - 47.5 km

Post-2013 monsoon 10/11/13 CNES/Airbus 41.1 - 63.7 km

Post-2014 monsoon

04/12/15 CNES/Airbus 32.1 - 35.1 km

03/05/15 CNES/Airbus 35.1 - 63.7 km

04/05/15 CNES/Airbus 0 - 32.1 km

Post-2015 monsoon
11/01/16 Maxar Technologies

0 - 13.3 km

19.9 - 30.5 km

33.9 - 58.3 km

30/01/16 Maxar Technologies 58.3 - 63.7 km

Post-2016 monsoon 29/10/16 Planetscope 0 - 63.7 km

Post-2017 monsoon*

07/12/17 CNES/Airbus 32 - 33.4 km

09/12/17 CNES/Airbus
2.2 - 32 km

33.4 - 63.7 km

10/12/17 Planetscope 18 - 63.7 km

Post-2018 monsoon 29/10/18 Planetscope 0 - 63.7 km

Post-2019 monsoon 17/10/19 Planetscope 0 - 63.7 km

Post-2020 monsoon

20/10/20 Planetscope 0 - 63.7 km

02/06/21 Planetscope 0 - 63.7 km

12/09/21 Planetscope 0 - 63.7 km

Post-2021 monsoon

13/10/21 Planetscope 0 - 63.7 km

14/11/21 Planetscope 14.4 - 63.7 km

13/12/21 Planetscope 18.5 - 63.7 km



8.2. APPENDIX B 247

Figure 8.3: Mapping extent for each imagery date along the Melamchi-Indrawati
rivers. Only the extent for images available in Google Earth Pro is shown; the full
extent of mapping with Planet imagery is given in Table 8.1.
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Figure 8.4: Mapping extent for each imagery date along the Bhote Koshi River. Only
the extent for images available in Google Earth Pro is shown; the full extent of mapping
with Planet imagery is given in Table 8.2.
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8.3 Appendix C

This is the appendix for Chapter 5. It contains:

1. Figures of the measured bankfull width and bankfull height.

2. Coordinates of the base station at each ADCP site.

3. Cross-sections at the Melamchi Bazaar and Dolalghat B sites.

4. Dates and coordinate corrections for each ADCP transect.

5. Channel geometry extracted from each ADCP transect.

6. Map view of all ADCP transects at each site.

Figure 8.5: Height of bankfull level above current water surface (a) and bankfull width
(b) for each of the ADCP sites, measured in Autumn 2018 using a laser range �nder.
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Table 8.3: Base station coordinates for the ADCP sites. BAHR = Bahrabise; DOLA =
Dolalghat; DOLB = Dolalghat B; KHUR = Khurkot; KOSI = Koshi Bridge; MELA =
Melamchi; SIPA = Sipaghat; SUKU = Sukute. Latitude and longitude are in WGS84,
easting and northing in UTM Zone 45 North.

Site Latitude Longitude Height (m) Easting Northing

BAHR 27.79662 85.89526 830.9464 391172.2 3075162
DOLA 27.63854 85.70548 596.4233 372291.2 3057832
DOLB 27.64061 85.71002 573.0246 372741.8 3058056
KHUR 27.33778 85.99406 413.6671 400492.6 3024249
KOSI 26.85495 87.15213 80.04115 515112.8 2970378
MELA 27.89293 85.57726 763.3634 359884.7 3079103
SIPA 27.74677 85.60603 670.2424 362615 3069929
SUKU 27.70048 85.75472 611.0237 377218.8 3064644

Figure 8.6: Channel cross-sections at (a) Dolalghat B and (b) Melamchi Bazaar from
October 2018 to October 2019, with left bank of river on the right-hand side of the plot.
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Table 8.4: Information on all ADCP transects. Parameters: is_lb_left: Does the transect start on the left bank?; radio_broken: Was the
Pac Crest ADL broken?; x_error, y_error, z_error: Correction for the X, Y and Z coordinates; geoid_transform: Geoid transform for EGM96;
z_correction: Adjustment to elevation for Bahrabise. Page 1 of 3.

Site Date Filename is_lb_left radio_broken x_error y_error z_error geoid_trans z_correction

Bahrabise 16/10/2015 20151016161938.csv Yes No 0 0 0 -40.3887 0
Bahrabise 16/10/2015 20151016162314.csv No No 0 0 0 -40.3887 0
Bahrabise 24/02/2018 20180224104442.csv Yes No -1.118 -1.556 0.669 -40.3887 0.245
Bahrabise 24/02/2018 20180224104804.csv No No -1.118 -1.556 0.669 -40.3887 0.245
Bahrabise 01/11/2018 20050323092202.csv Yes Yes 0 0 0 -40.3887 0.245
Bahrabise 01/11/2018 20050323092502.csv No Yes 0 0 0 -40.3887 0.245
Bahrabise 24/10/2019 20191024115553r.csv No No -1.1905 0.6148 8.92725 -40.3887 0.245
Bahrabise 24/10/2019 20191024115854r.csv Yes No -1.1905 0.6148 8.92725 -40.3887 0.245
Bahrabise 24/10/2019 20191024120147r.csv No No -1.1905 0.6148 8.92725 -40.3887 0.245
Bahrabise 24/10/2019 20191024120422r.csv Yes No -1.1905 0.6148 8.92725 -40.3887 0.245
Bahrabise 24/10/2019 20191024120706r.csv No No -1.1905 0.6148 8.92725 -40.3887 0.245
Bahrabise 24/10/2019 20191024120938r.csv Yes No -1.1905 0.6148 8.92725 -40.3887 0.245
Dolalghat 26/02/2018 20180226161741r.csv No No -0.114 -1.523 5.973 -47.8075 0
Dolalghat 26/02/2018 20180226162012r.csv Yes No -0.114 -1.523 5.973 -47.8075 0
Dolalghat 29/10/2018 20050320160141.csv No Yes 0 0 0 -47.8075 0
Dolalghat 29/10/2018 20050320161517.csv No Yes 0 0 0 -47.8075 0
Dolalghat 29/10/2018 20050320162022.csv Yes Yes 0 0 0 -47.8075 0
Dolalghat 29/10/2018 20050320163044.csv No Yes 0 0 0 -47.8075 0
Dolalghat 29/10/2018 20050320163445.csv Yes Yes 0 0 0 -47.8075 0
Dolalghat 23/10/2019 20191023094404r.csv No No -1.4011 -0.7206 6.8488 -47.8075 0
Dolalghat 23/10/2019 20191023094849r.csv Yes No -1.4011 -0.7206 6.8488 -47.8075 0
Dolalghat 23/10/2019 20191023095652r.csv Yes No -1.4011 -0.7206 6.8488 -47.8075 0
Dolalghat 23/10/2019 20191023100537r.csv Yes No -1.4011 -0.7206 6.8488 -47.8075 0
Dolalghat B 31/10/2018 20050322102442.csv Yes Yes 0 0 0 0 0
Dolalghat B 31/10/2018 20050322102853.csv No Yes 0 0 0 0 0
Dolalghat B 23/10/2019 20191023142609r.csv Yes No 0.76705 -0.58585 8.5117 -46.8392 0
Dolalghat B 23/10/2019 20191023143425r.csv No No 0.76705 -0.58585 8.5117 -46.8392 0
Dolalghat B 23/10/2019 20191023144155r.csv Yes No 0.76705 -0.58585 8.5117 -46.8392 0
Dolalghat B 23/10/2019 20191023144754r.csv No No 0.76705 -0.58585 8.5117 -46.8392 0
Dolalghat B 23/10/2019 20191023150431r.csv Yes No 0.76705 -0.58585 8.5117 -46.8392 0
Dolalghat B 23/10/2019 20191023150954r.csv No No 0.76705 -0.58585 8.5117 -46.8392 0
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Information on all ADCP transects used in Chapter 5. Page 2 of 3.

Site Date Filename is_lb_left radio_broken x_error y_error z_error geoid_trans z_correction

Khurkot 27/07/2015 20150727092143.csv No No 0 0 0 -51.3931 0
Khurkot 27/07/2015 20150727092613.csv Yes No 0 0 0 -51.3931 0
Khurkot 18/09/2015 20150918032114r.csv Yes No 0 0 0 -51.3931 0
Khurkot 18/10/2015 20151018121003.csv No No 0 0 0 -51.3931 0
Khurkot 18/10/2015 20151018121402.csv Yes No 0 0 0 -51.3931 0
Khurkot 18/10/2015 20151018122005.csv No No 0 0 0 -51.3931 0
Khurkot 23/02/2018 20180223100131.csv No No 0.839 -1.242 1.77 -51.3931 0
Khurkot 23/02/2018 20180223100716.csv Yes No 0.839 -1.242 1.77 -51.3931 0
Khurkot 02/11/2018 20050324141020.csv No Yes 0 0 0 -51.3931 0
Khurkot 02/11/2018 20050324141633.csv Yes Yes 0 0 0 -51.3931 0
Khurkot 02/11/2018 20050324142909.csv No Yes 0 0 0 -51.3931 0
Khurkot 02/11/2018 20050324143555.csv Yes Yes 0 0 0 -51.3931 0
Khurkot 22/10/2019 20191022093359r.csv No No -0.0255 -0.1596 0.35805 -51.3931 0
Khurkot 22/10/2019 20191022094546r.csv Yes No -0.0255 -0.1596 0.35805 -51.3931 0
Khurkot 22/10/2019 20191022102606r.csv Yes No -0.0255 -0.1596 0.35805 -51.3931 0
Khurkot 22/10/2019 20191022103407r.csv No No -0.0255 -0.1596 0.35805 -51.3931 0
Koshi Bridge 28/07/2015 20150728094620r_MissingSamples.csv Yes No 0 0 0 -54.0642 0
Koshi Bridge 20/02/2018 20180220154230.csv Yes No 0.268 -4.652 0.462 -54.0642 0
Koshi Bridge 20/02/2018 20180220155343.csv No No 0.268 -4.652 0.462 -54.0642 0
Koshi Bridge 04/11/2018 20050326090441r.csv Yes Yes 0 0 0 -54.0642 0
Koshi Bridge 04/11/2018 20050326091225r.csv No Yes 0 0 0 -54.0642 0
Koshi Bridge 04/11/2018 20050326092024r.csv Yes Yes 0 0 0 -54.0642 0
Koshi Bridge 21/10/2019 20191021102724r.csv Yes No 0.2272 -0.3919 -1.73675 -54.0642 0
Koshi Bridge 21/10/2019 20191021104038r.csv No No 0.2272 -0.3919 -1.73675 -54.0642 0
Koshi Bridge 21/10/2019 20191021105402r.csv Yes No 0.2272 -0.3919 -1.73675 -54.0642 0
Koshi Bridge 21/10/2019 20191021110736r.csv No No 0.2272 -0.3919 -1.73675 -54.0642 0
Melamchi 30/10/2018 20050321104904.csv Yes No 20.2374 7.9886 8.5117 -42.8554 0
Melamchi 30/10/2018 20050321105913.csv Yes No 20.2374 7.9886 8.5117 -42.8554 0
Melamchi 28/10/2019 20191028122108r.csv Yes No 0.0868 -2.3227 1.0018 -42.8554 0
Melamchi 28/10/2019 20191028122434r.csv No No 0.0868 -2.3227 1.0018 -42.8554 0
Melamchi 28/10/2019 20191028122713r.csv Yes No 0.0868 -2.3227 1.0018 -42.8554 0
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Information on all ADCP transects used in Chapter 5. Page 3 of 3.

Site Date Filename is_lb_left radio_broken x_error y_error z_error geoid_trans z_correction

Sipaghat 16/10/2015 20151016181428.csv Yes No 0 0 0 -45.7179 0
Sipaghat 16/10/2015 20151016182316.csv No No 0 0 0 -45.7179 0
Sipaghat 16/10/2015 20151016182625.csv Yes No 0 0 0 -45.7179 0
Sipaghat 16/10/2015 20151016183040.csv No No 0 0 0 -45.7179 0
Sipaghat 27/02/2018 20180227114510r.csv No No 1.11 -2.917 -6.091 -45.7179 0
Sipaghat 27/02/2018 20180227114821r.csv Yes No 1.11 -2.917 -6.091 -45.7179 0
Sipaghat 28/10/2018 20050319124659.csv No No 0 0 0 -45.7179 0
Sipaghat 28/10/2018 20050319125257.csv Yes No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028090915r.csv Yes No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028093055r.csv Yes No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028093407r.csv No No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028093709r.csv Yes No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028094419r.csv No No 0 0 0 -45.7179 0
Sipaghat 28/10/2019 20191028094659r.csv Yes No 0 0 0 -45.7179 0
Sukute 16/10/2015 20151016134100.csv No No 0 0 0 -45.3138 0
Sukute 16/10/2015 20151016134613.csv Yes No 0 0 0 -45.3138 0
Sukute 16/10/2015 20151016135142.csv No No 0 0 0 -45.3138 0
Sukute 26/02/2018 20180226113952r.csv Yes No 1.014 -3.993 -1.421 -45.3138 0
Sukute 31/10/2018 20050322120958.csv No Yes 0 0 0 -45.3138 0
Sukute 31/10/2018 20050322122024.csv No Yes 0 0 0 -45.3138 0
Sukute 31/10/2018 20050322122442.csv Yes Yes 0 0 0 -45.3138 0
Sukute 31/10/2018 20050322123124.csv Yes Yes 0 0 0 -45.3138 0
Sukute 31/10/2018 20050322124115.csv Yes Yes 0 0 0 -45.3138 0
Sukute 31/10/2018 20050322124325.csv Yes Yes 0 0 0 -45.3138 0
Sukute 25/10/2019 20191025100928r.csv No No -1.0208 -0.4863 -3.15335 -45.3138 0
Sukute 25/10/2019 20191025101343r.csv Yes No -1.0208 -0.4863 -3.15335 -45.3138 0
Sukute 25/10/2019 20191025101731r.csv No No -1.0208 -0.4863 -3.15335 -45.3138 0
Sukute 25/10/2019 20191025102215r.csv Yes No -1.0208 -0.4863 -3.15335 -45.3138 0
Sukute 25/10/2019 20191025102615r.csv No No -1.0208 -0.4863 -3.15335 -45.3138 0
Sukute 25/10/2019 20191025102909r.csv Yes No -1.0208 -0.4863 -3.15335 -45.3138 0
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Table 8.5: Channel geometry extracted from each ADCP transect. Page 1 of 2.

Site Date Width (m) Area (m2) Discharge (m3s−1) Wetted perimeter (m)

Bahrabise 16/10/2015 28.76 27.70 58.10 52.17
Bahrabise 16/10/2015 29.01 30.39 45.33 46.13
Bahrabise 24/02/2018 19.91 10.77 16.27 35.82
Bahrabise 24/02/2018 20.50 9.79 14.87 33.35
Bahrabise 01/11/2018 27.46 30.21 34.95 74.14
Bahrabise 01/11/2018 26.71 26.59 31.42 83.99
Bahrabise 24/10/2019 22.73 29.37 48.74 46.85
Bahrabise 24/10/2019 27.63 29.68 50.93 57.92
Bahrabise 24/10/2019 26.57 29.09 49.79 46.17
Bahrabise 24/10/2019 28.76 32.25 56.86 54.21
Bahrabise 24/10/2019 28.74 30.14 52.95 53.51
Bahrabise 24/10/2019 26.70 30.88 52.13 49.32
Dolalghat 26/02/2018 27.80 19.97 14.23 31.43
Dolalghat 26/02/2018 26.45 19.74 14.47 41.37
Dolalghat 29/10/2018 37.66 24.73 41.35 142.65
Dolalghat 29/10/2018 43.77 51.59 44.85 96.91
Dolalghat 29/10/2018 45.48 48.93 43.30 69.11
Dolalghat 29/10/2018 40.90 47.90 40.66 54.21
Dolalghat 29/10/2018 46.04 47.71 42.73 64.80
Dolalghat 23/10/2019 48.58 56.97 57.45 61.20
Dolalghat 23/10/2019 48.59 55.97 57.88 51.14
Dolalghat 23/10/2019 47.57 54.10 57.93 116.97
Dolalghat 23/10/2019 43.58 48.89 57.94 66.08
Dolalghat B 31/10/2018 39.43 61.52 73.40 56.39
Dolalghat B 31/10/2018 46.97 72.76 78.17 90.94
Dolalghat B 23/10/2019 53.89 80.13 102.92 65.75
Dolalghat B 23/10/2019 50.45 99.20 113.23 77.61
Dolalghat B 23/10/2019 51.71 91.27 106.11 69.03
Dolalghat B 23/10/2019 54.82 99.35 106.91 62.11
Dolalghat B 23/10/2019 50.23 85.07 112.48 70.32
Dolalghat B 23/10/2019 70.37 109.61 112.54 125.07
Khurkot 18/10/2015 77.14 230.02 101.42 113.81
Khurkot 18/10/2015 79.04 213.40 356.86 148.14
Khurkot 18/10/2015 77.31 231.63 119.89 129.21
Khurkot 23/02/2018 72.96 200.00 79.56 114.12
Khurkot 23/02/2018 68.04 199.99 79.39 102.02
Khurkot 02/11/2018 77.63 258.37 224.89 174.42
Khurkot 02/11/2018 94.89 234.38 219.82 160.71
Khurkot 02/11/2018 73.49 247.32 218.57 131.26
Khurkot 02/11/2018 80.13 254.89 207.72 92.28
Khurkot 22/10/2019 77.80 311.26 343.98 209.06
Khurkot 22/10/2019 81.87 357.19 284.32 268.95
Khurkot 22/10/2019 88.57 282.69 331.86 143.54
Khurkot 22/10/2019 89.72 329.44 352.03 153.05
Koshi Bridge 28/07/2015 223.81 949.57 2190.34 461.59
Koshi Bridge 20/02/2018 185.84 517.39 305.33 274.65
Koshi Bridge 20/02/2018 186.13 518.64 307.91 267.98
Koshi Bridge 04/11/2018 190.84 708.90 722.93 521.70
Koshi Bridge 04/11/2018 191.25 702.01 710.42 350.12
Koshi Bridge 04/11/2018 189.62 697.60 728.95 278.17
Koshi Bridge 21/10/2019 220.91 857.83 1265.11 272.77
Koshi Bridge 21/10/2019 219.95 834.54 1233.25 275.53
Koshi Bridge 21/10/2019 219.05 849.16 1243.43 271.26
Koshi Bridge 21/10/2019 211.05 831.31 1246.69 308.22



8.3. APPENDIX C 255

Channel geometry extracted from each ADCP transect. Page 2 of 2.

Site Date Width (m) Area (m2) Discharge (m3s−1) Wetted perimeter (m)

Melamchi 30/10/2018 29.34 37.33 32.35 87.44
Melamchi 30/10/2018 44.23 44.89 27.13 79.83
Melamchi 28/10/2019 36.01 35.38 39.27 53.77
Melamchi 28/10/2019 36.06 29.59 42.24 67.20
Melamchi 28/10/2019 37.41 36.84 38.88 77.53
Sipaghat 16/10/2015 87.53 49.50 60.75 262.44
Sipaghat 16/10/2015 88.32 39.78 34.13 102.07
Sipaghat 16/10/2015 88.31 38.83 61.97 105.78
Sipaghat 16/10/2015 88.06 38.84 33.07 108.70
Sipaghat 27/02/2018 45.51 20.99 11.17 58.15
Sipaghat 27/02/2018 40.89 21.77 11.59 56.58
Sipaghat 28/10/2018 39.11 106.59 41.62 104.19
Sipaghat 28/10/2018 48.62 44.40 33.86 77.70
Sipaghat 28/10/2019 96.61 48.99 44.18 148.19
Sipaghat 28/10/2019 29.53 28.27 40.07 54.22
Sipaghat 28/10/2019 25.98 24.68 39.53 40.12
Sipaghat 28/10/2019 93.24 52.81 46.18 122.65
Sipaghat 28/10/2019 20.40 9.28 6.88 23.65
Sipaghat 28/10/2019 20.91 8.93 5.69 23.11
Sukute 16/10/2015 51.28 68.53 83.11 66.42
Sukute 16/10/2015 53.08 54.66 107.90 78.74
Sukute 16/10/2015 50.72 62.86 79.12 66.15
Sukute 26/02/2018 39.56 46.28 32.64 96.36
Sukute 31/10/2018 50.62 77.41 74.99 67.38
Sukute 31/10/2018 52.72 79.20 72.32 128.22
Sukute 31/10/2018 53.07 67.93 71.14 105.91
Sukute 31/10/2018 51.05 72.12 69.20 116.66
Sukute 31/10/2018 46.44 75.26 73.14 70.33
Sukute 31/10/2018 46.43 69.34 72.64 92.01
Sukute 25/10/2019 47.05 73.74 109.54 66.58
Sukute 25/10/2019 45.89 73.02 109.50 58.44
Sukute 25/10/2019 46.31 73.71 112.85 65.51
Sukute 25/10/2019 48.59 74.33 112.29 69.75
Sukute 25/10/2019 47.07 75.32 110.80 59.13
Sukute 25/10/2019 47.12 71.53 111.46 82.24
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Figure 8.7: Map view of all ADCP transects at each site. (a) Bahrabise; (b) Dolalghat;
(c) Dolalghat B; (d) Khurkot; (e) Koshi Bridge; (f) Melamchi Bazaar; (g) Sipaghat;
(h) Sukute. Colours of transects correspond to survey dates as follows: 2015; February
2018; October/November 2018; October 2019. The approximate position of the common
reprojection line is shown as a dashed white line in all panels.
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