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Abstract

Rivers can transport large amounts of suspended sediment, which is the cause of problems such

as reservoir siltation, increased risk of flooding and reduced water quality. Therefore, it is of

paramount importance to be able to identify the sources and to make predictions of suspended

sediment load in river basins. However, this understanding is hindered by the very strong spatial

and temporal variability of the mechanisms of sediment production and transport. In this thesis, I

developed a new hydrology-sediment model for soil erosion and sediment transport in pre-Alpine

basins and carried out a numerical investigation of the sources of such variability.

In the first part of the thesis, I investigated the impact of spatially variable climatic and landscape

controls for diffuse hillslope erosion and suspended sediment transport. To this aim, I compared

simulations on a pre-Alpine basin with uniform and spatially variable precipitation and erodibility.

I found that spatial variability of such drivers affects the suspended sediment dynamics, because it

determines the location, productivity, and connectivity to the basin outlet of the sediment sources.

In particular, our results highlighted the key role of clusters of high soil moisture produced by

spatially variable precipitation, and the effect of specific landscape elements acting as obstacles to

the sediment flux by a variable surface erodibility.

In the second part of the thesis, the role of localized sources of sediment on the dynamics and

provenance of sediment is investigated. In this step, the modelling of hillslope erosion, landslides

and incised areas was combined with geomorphic mapping, terrain analysis and sediment tracing

with 10Be. The results highlighted that hotspots of soil erosion may dominate the sediment budget of

pre-Alpine basins, and the control exerted by their morphological properties on the hillslope-channel

connectivity and the sourcing of sediment.

In the third part of the thesis, I explored how the presence of sediment available for transport

on the hillslopes and in the channels of a river basin affects the variability and temporal dynamics

of suspended sediment. To do so, I simulated conditions of transport and supply limitation, and

compared them with observations in several Alpine and pre-Alpine basins. Both simulations and

observations indicated that supply limitation reduces the variability of the suspended sediment

concentration at the outlet, while the alternation between low and high sediment availability

favours it. The observed seasonality of sediment load in the case study is also compatible with the

seasonality of the sediment reservoir predicted by the model.

i



To conclude, in this thesis we present a new model for diffuse and localized soil erosion on the

hillslopes and in the channels, and for the routing of such eroded sediment to the basin outlet. The

model is used to gain insights into the suspended sediment dynamics of pre-Alpine basins.



Sommario

I fiumi sono in grado di trasportare una grande quantità di sedimenti, che può causare problemi

come l’interramento dei bacini idrici, l’aumento del rischio di alluvione e una ridotta qualità acqua.

È quindi fondamentale essere in grado di identificare e prevedere le sorgenti e i carichi dei sedimenti

in sospensione nei bacini fluviali. Tuttavia la comprensione di questi fenomeni è ostacolata dalla

grande variabilità temporale e spaziale dei meccanismi di produzione e trasporto dei sedimenti.

In questa tesi, ho sviluppato un nuovo modello idro-sedimentologico per l’erosione del suolo e il

trasporto dei sedimenti in bacini pre-alpini e ho condotto esperimenti numerici per capire le sorgenti

di tale variabilità.

Nella prima parte della tesi, ho studiato l’impatto dei fattori climatici e geomorfologici variabili

nello spazio sull’erosione diffusa dei versanti e il trasporto dei sedimenti. A tal fine ho confrontato

diverse simulazioni su un bacino alpino, caratterizzate da precipitazione e erodibilità del suolo

variabili ed uniformi nello spazio. Ho trovato che la variabilità nello spazio di questi fattori

influenza la dinamica dei sedimenti in sospensione nel fiume attraverso il controllo della posizione,

produttività e connettività alla sezione di uscita del bacino delle sorgenti dei sedimenti. In particolare,

i nostri risultati hanno messo in evidenza il ruolo chiave della concentrazione spaziale di un’alta

umidità del suolo, creata da una precipitazione variabile nello spazio, e l‘effetto di elementi del

paesaggio che bloccano il flusso di sedimenti, descritti da un’erodibilità del suolo variabile nello

spazio.

Nella seconda parte della tesi, è stato studiato il ruolo delle sorgenti localizzate di sedimenti sulla

dinamica e l’origine dei solidi sospesi. In questa parte, la modellazione dell’erosione dei versanti,

delle frane e delle zone incise del bacino è stata combinata con una mappatura geomorfologica,

un’analisi della topografia del bacino e il tracciamento dei sedimenti tramite l’uso di 10Be. I

risultati hanno messo in evidenza il ruolo chiave delle sorgenti localizzate di sedimenti nel bilancio

sedimentologico dei bacini pre-alpini, e l’influenza dalle loro caratteristiche morfologiche sulla

connettività tra versanti e canali, e sull’origine dei sedimenti.

Nella terza parte della tesi, ho studiato come la presenza di sedimenti disponibili per il trasporto

sui versanti e nei canali di un bacino fluviale influenzi la variabilità spaziale e temporale dei

sedimenti in sospensione. Per fare questo, ho simulato condizioni in cui il trasporto di sedimenti

era limitato dalla capacità di trasporto del fiume, e altre in cui era limitato dalla disponibilità di

sedimenti alla sorgente. Queste simulazioni sono state successivamente comparate con osservazioni
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su diversi bacini alpini e pre-alpini. Sia i risultati delle simulazioni che le osservazioni hanno

mostrato che una mancanza di sedimenti disponibili per il trasporto riduce la variabilità delle

concentrazioni di sedimenti in sospensione all’uscita del bacino. Invece, l’alternanza di periodi con

alta e bassa disponibilità di sedimenti la favorisce. La stagionalità dei carichi sospesi osservata nel

caso studio è inoltre compatibile con la stagionalità della disponibilità di sedimenti predetta dal

modello.

In conclusione, in questa tesi è stato presentato un nuovo modello per l’erosione del suolo sia

diffusa che localizzata sui versanti e nei canali, e per il trasporto dei sedimenti così erosi. Il modello

è stato utilizzato per approfondire la conoscenza della dinamica dei sedimenti in sospensione nei

bacini pre-alpini.
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CHAPTER 1
Introduction

1.1 Motivation

Humans have actively modified the landscape since the beginning of civilization. Extensive areas
of natural land cover have been replaced by practices such as agriculture for the production of food,
mining for the extraction of raw materials, and deforestation to gain land for settlements. Despite
the growing awareness of the consequences of such land use transformation, recent research shows
that this trend continues still today (Hansen et al., 2013; Robinson et al., 2017). The landscape is
also indirectly modified by humans through climate change, which is responsible for land cover
change, the retreat of glaciers, permafrost thawing and extreme meteorological events.

A major consequence of such anthropization is an increase in soil erosion rates. The traditional
practices increase erosion to much higher rates than soil production by rock weathering, therefore
inducing soil thinning (Montgomery, 2007; Borrelli et al., 2017, 2020). Thinner soils are less
productive and lead to lower crop yields, defining a limited lifespan of soils, which some authors
even associated with the decline of ancient societies (Montgomery, 2012). A transition from
traditional practice to conservation agriculture has been observed in several regions, however it still
remains of limited extension in other areas (Garcia-Torres et al., 2003; Hobbs et al., 2008; Govaerts
et al., 2009; Valbuena et al., 2012).

The removal of natural land cover on hillslopes also favours soil erosion by reducing their
stability. This results in more frequent natural hazard events such as debris flows and landslides,
especially in mountainous steep terrain (Milliman and Syvitski, 1992). Furthermore, the retreat of
glaciers exposes unstable sediment deposits previously covered by ice, and determines a temporary
increase in sediment yield in the period following deglaciation (Church and Ryder, 1972; Ballantyne,
2002). Proglacial areas are hotspots of hazardous instabilities and geomorphic activity, and
paraglaciation is expected to become the controlling process of sediment supply and landscape
change in the next decades (Knight and Harrison, 2009).

Excessive rates of soil erosion not only affect the locations of sediment production, but also the
downstream riverine and coastal environment. In fact, these locations often see an increase in the
sediment load transported by water. High amounts of fine sediment produced in the upland areas
may deteriorate the water quality of the lowland rivers by generating high suspended sediment
concentrations, which not only increase the water turbidity, but may also transport pollutants such
as heavy metals and nutrients bound to the sediment particles (Sellier et al., 2020; Horowitz et al.,
2001; Botter et al., 2019). In this way, they represent a threat both for the ecosystems, by reducing
the hospitality of the riverine environment as a habitat for fish, invertebrates and plants (Marks and
Rutt, 1997; Owens et al., 2005; Wenger et al., 2011), and for humans, whose access to the fresh
water resource becomes more problematic and leads to extra costs to purify it. Excessive volumes
of sediment in the river also increase the risk of flooding in the lowlands, where the river stream
power decreases and the deposition of the coarser sediment reduces the depth available for water
(e.g. van Maren et al., 2009). The delivery of excessive sediment inputs into shallow-water coastal
environments also induces problems of sedimentation in estuaries and harbours (e.g. de Nijs et al.,
2009).
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Humans intervened in the landscape also by deviating and stabilizing the course of rivers, and
by building impoundments for the storage of water and electricity production. It is estimated that
about 50 000 large dams are in operation across the globe (Syvitski and Kettner, 2011; Lehner et al.,
2011) and that only 23 percent of the major world’s river flow uninterrupted to the ocean (Grill
et al., 2019). These infrastructures affect the pathways of sediment from sources downstream in
different ways.

Dams and water impoundments retain the sediment produced in the upland areas, unless
flushing of the infrastructure is regularly carried out. Therefore they may introduce sediment
sinks, which disconnect the sources of sediment from the basin outlet and reduce the sediment flux
downstream, and at the outlet of the river basins (Syvitski and Milliman, 2007; Vörösmarty et al.,
2003). Excessively low concentrations of fine sediment can also be hazardous for the ecosystems,
because they imply reduced nutrient fluxes and morphological modifications of the habitat (Quinton
et al., 2010). Starvation of coarse sediment induces channel incision, bank erosion and damages to
infrastructures built within the river, such as bridge pillars (Kondolf, 1997). Finally, the reduction
of sediment delivery by rivers to the coasts contributes to coastal erosion driven by sea level rise
(Syvitski and Kettner, 2011; Winterwerp et al., 2005).

Other interventions such as the artificial cutting of meanders, bed stabilization or river width
confinement may have instead the opposite effect. By increasing the river flow velocity they favour
the transfer of sediment, thus reducing the attenuation of the sediment wave which may become
more hazardous for the downstream location where deposition is possible (Parker and Andres,
1976).

The combination of such effects modify the natural dynamics of sediment fluxes at the scale of
entire river basins, and continents (Walling, 2006; Syvitski et al., 2005) and brings up a number
of issues that are of paramount importance for sustainable development. These issues include
questions such as: What is the net effect of human induced alterations on sediment load? Does
accelerated soil erosion dominate dam sediment retention, or vice versa? How will fluxes and
sources of sediment change under scenarios of future climate? And ultimately, what is a sustainable
management of sediment?

Addressing such questions requires in the first place a thorough understanding of the processes
of sediment production and transport (i.e. sediment dynamics), and the availability of models that
allow predictions under different types of forcing and physical configurations. The aim of this
thesis is the development of such a tool, to advance our understanding of sediment dynamics.

1.2 State of the art

The issues mentioned above highlight the importance for modern societies of understanding the
sediment dynamics in river basins, and how it is affected by anthropic modifications of the landscape.
However, a quantitative and complete description of it is hindered by the very strong spatial and
temporal variability of the processes of sediment production and transport. Such intrinsic natural
variability causes a high uncertainty in the estimates and predictions of sediment load and a
typically highly scattered sediment concentration-discharge relation (Asselman, 2000; Horowitz,
2003). Additionally, it also makes the generalization of observations from a case study to other
basins and time frames practically impossible.

The sources of natural variability in the sediment flux can be summarized into three main
classes:

a) The temporal and spatial variability of the erosion drivers

These include the physical properties of the basin and the hydro-meteorological conditions,
such as rainfall intensity and duration, and the wetness of the basin prior to a rainfall even,
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which are crucial in determining the basin hydrological and sediment response. Their
variability in time and space generates a strong non-uniqueness of the sediment to discharge
relation and determines the ability of the catchment to transfer sediment from the sources to
the outlet, i.e. the sediment transport connectivity.

b) The activation and non-linearity of localized sediment sources

Localized stocks of sediment may be present in a basin, but contribute to the sediment flux
only under specific runoff conditions. This is the case of the sediment mobilized by debris
flows, landslides or bank collapses, which are triggered by high soil moisture or bed shear
stresses exceeding a critical threshold. The contribution of such sources are characterized by
a strongly non-linear behavior, enhancing the variability of the basin sediment response.

c) The basin sediment availability

The presence or absence of sediment available for mobilization on the hillslopes and in
the channels is key in determining the sediment response of a river basin to a rainfall
event. Sediment availability depends on the temporally variable sediment supply by e.g.
rock weathering, bank collapses, and mass wasting, and on sediment export by flood events.
Exceptional floods can exhaust the major sources of sediment, while sudden inputs of material
from the hillslopes temporally increase the sediment flux.

In the following I summarize the past research efforts that investigated the role of these three
main sources of sediment flux variability. I will focus on suspended sediment transport, because it
represents the main contribution to the total yield in most environments (Schlunegger and Hinderer,
2003; Turowski et al., 2010).

1.2.1 Temporal and spatial variability of the erosion drivers

The antecedent soil moisture, timing and spatial distribution of rainfall are known to determine
the timing of the hydro-sedimentological response (Paschalis et al., 2014; Peleg et al., 2020). The
direction of hysteresis loops of suspended sediment concentration (SSC) against discharge (Q)
is considered indicative of the location of the sediment sources and the antecedent state of soil
wetness (Seeger et al., 2004; Zabaleta et al., 2007; Misset et al., 2019). Clockwise hysteresis
loops are associated with sediment sources located near the channel, with a limited storage rapidly
flushed way, or to early sediment supply from tributaries (Asselman, 1999). Counterclockwise
loops indicate distant sources from the channel, widespread and long lasting contributions generated
by diffuse near-saturation conditions all over the catchment before the event, or delays to erosion
when a catchment has to wet up before there is sufficient overland flow for erosion to start. The
combined effect of spatial and temporal characteristics of the rainfall is evident in the different
geomorphic response produced by summer and winter storms (Kampf et al., 2016). The spatial
patterns of rainfall and antecedent soil moisture has also been proposed as the reason for different
tributary contributions (Smith et al., 2003).

Topographical, physical and climatic properties of the basin also influence the sediment response
by affecting the local hydrology, soil erodibility and sediment transport connectivity. In the Rhône
basin, Costa et al. (2018b) associated a sudden increase in the sediment flux in the mid-1980s with
the simultaneous increase in air temperature, probably causing the activation of new glacial sediment
sources. Vaughan et al. (2017) demonstrated the critical role of the near channel morphology in
the steepness of the SSC-Q relation. The correlation between land use changes and sediment
export has been tackled by several authors, and indicates agricultural land use and deforestation
as responsible for increased sediment fluxes, and reforestation as a way to reduce erosion and
sediment loads (Siakeu et al., 2004; Liébault et al., 2005; Boix-Fayos et al., 2008). Bakker et al.
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(2008) also highlighted that land use change affects sediment flux not only by modifying the on-site
sediment production, but also by changing the source connectivity to the outlet. A conceptual
framework for the connectivity of sediment transport is provided by the ideas of structural and
functional connectivity, to distinguish between the physical connection among landscape units, and
the linkages generated by process interactions such as streamflow and sediment fluxes (Wainwright
et al., 2011; Fryirs, 2013; Bracken et al., 2015).

These elements of spatial and temporal variability are especially important in mesoscale
catchments and mountain environments, where the climatic gradients are superimposed on strong
physical and morphological variability. However, research on mesoscale catchments has so far
mostly focused on the integrated response of the basin observed at the outlet (e.g. López-Tarazón
et al., 2010). Only a few studies looked specifically into the spatial variability of the sediment
response and its dependence on the erosion drivers (e.g. Uber et al., 2020).

A valuable tool to study the sediment dynamics in mesoscale mountain basins are spatially
distributed physically based numerical models of hydrology and sediment transport. They allow
representation of the interactions between the main hydrological processes and the topography and
morphology of the basin, and account both for their temporal dynamics and spatial variability. In
this way, they represent structural connectivity and provide a dynamic evaluation of the functional
connectivity.

Several models of this type are present in the literature. Some were especially developed for
event and/or small basin scale applications, such as Answers (Beasley et al., 1980), KINEROS
(Woolhiser et al., 1990) and WEPP (Nearing et al., 1989). Other models allow long term simulations
at larger basin scales, however for computational reasons they rely on a simplified representation of
the hydrology and runoff processes. This is the case of landscape evolution models, e.g. CAESAR-
Lisflood (Coulthard et al., 2013) and SIBERIA (Hancock et al., 2000), the WATEM/SEDEM model
(Van Rompaey et al., 2001) and the model by Tsuruta et al. (2018). The model tRIBS (Francipane
et al., 2012) includes a rigorous physically based hydrology and erosion component and is meant for
long term simulations in small basins. Similarly, DSHVM (Doten et al., 2006) features a detailed
hydrology–vegetation component and sediment module. However, tRIBS and DSHVM are also
computationally demanding, because of the great number of processes represented. In fact, their
applications have so far been limited to small basins and/or short timescales.

In this framework, there is a need for a model that combines a complete physically based
representation of the hydrology with a soil erosion and sediment transport component, and at the
same time is computationally suitable for long-term applications in mesoscale basins.

1.2.2 The role of localized sources and provenance of sediment

Point sources of sediment may have a dominant role in the sediment budget of river basins. This
is the case especially in mountain environments, where the sediment budget is often dominated
by mass movements, such as landslides and debris flows (Slaymaker, 1993; Hovius et al., 2002;
Korup et al., 2004; Cruz Nunes et al., 2015; Clapuyt et al., 2019), or by processes that are strongly
limited in space but contribute much more than the rest of the basin, as in the case of glacial
outwash (Stutenbecker et al., 2019; Delunel et al., 2014). In such basins, numerical models based
on diffuse hillslope erosion only, such as the widely used RUSLE approach, have been shown to
fail in estimating the sediment load (Van Rompaey et al., 2005; Borrelli et al., 2014, 2018).

The role of localized sediment sources is not only crucial in defining the sediment budget of a
river basin, but also for studies of denudation rates of river basins. In the past decade, a method to
estimate long-term denudation rates based on cosmogenic radionuclide (CRN) dating has shown
great potential (von Blanckenburg, 2005; Bierman and Steig, 1996). Its application is based on
the assumption that a sample of river bed sand is representative of the long-term erosion rates of
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the upstream area, and of each part of the basin proportionally to its erosion rates. Due to the
episodic and localized character of the sediment transport in mountain regions, these assumptions
are very often not satisfied. This limits the application of the CRN approach in these environments
(Niemi et al., 2005; Yanites et al., 2009). Therefore, it is crucial to improve our understanding of
the provenance of sediment in streams and its temporal dynamics.

Sediment provenance can be traced by fingerprinting methods by means of measurable and
conservative sediment properties (Walling, 2005; Haddadchi et al., 2013). To do so, sediment
properties such as the concentration of radionuclides (e.g. 10Be, 7Be, 137Cs, excess 210Pb), and
geochemical elements (e.g. Al, Ca, Mg, Ti, Fe, K, Na) are measured both in the sources of sediment
and in the suspended sediment samples at the outlet of the river basin. Statistical mixing models are
then used to estimate the relative contribution of each sediment source in the sample (e.g. Collins
et al., 2010; Pulley et al., 2017; Pulley and Collins, 2018). These methods allow reconstruction of
the spatial origin of sediment, and its dependence on meteorological forcing (e.g. Belmont et al.,
2007; Navratil et al., 2012; Evrard et al., 2011). However, they only reconstruct the sediment
provenance at the moment of the sampling, and also do not provide information about its temporal
dynamics.

Such temporal dynamics can be reproduced by including the episodic activation of localized
sediment sources in physically based distributed modelling of hydrology and sediment transport,
and by keeping track of the origin of sediment. Although localized mass wasting processes have
been included in some spatially distributed models, such as SHETRAN (Bathurst and Burton, 1998),
DHSVM (Doten et al., 2006) and CAESAR-Lisflood (Coulthard et al., 2013), yet they do not keep
track of the origin of sediment in its path to the outlet. Time-dependent modelling of sediment
provenance at the event time scale has recently been performed with the hydraulic, soil erosion and
sediment transport model by Cea et al. (2016) (Uber et al., 2020), however a tool that keeps track
of sediment origin in long term simulations is still missing.

1.2.3 Basin sediment availability

The sediment response of a river basin to the meteorological forcing is strongly dependent on the
availability of sediment on the hillslopes and in the channel. This is supported by field observations,
which show that the magnitude and frequency of debris flows depend on the recharge rate of
the sediment reservoir, and sediment-generating events such as landslides or rock avalanches
(Jakob et al., 2005; Bennett et al., 2014; Frank et al., 2019). The increasing frequency of debris
flows observed in some cases at the margins of retreating glaciers is also attributed to a greater
sediment availability, due to the exposure of loose sediment by the melting ice (Chiarle et al.,
2007). Interannual sediment flux fluctuations have also been attributed to shifts between supply-
and transport-limited conditions of the basin (Fuller et al., 2003; Hovius et al., 2002).

The quantification of sediment availability in a basin and its temporal evolution requires the
estimation both of processes of sediment supply, and of sediment evacuation from the reservoir
by runoff. In mountain river basins, sediment supply may be dominated by mass wasting, e.g.
rock avalanches, landslides, debris flows, and therefore can be characterized by high stochasticity
(Korup et al., 2004; Hovius et al., 2002). Although previous research demonstrated a dependence of
landslide movement on high soil moisture (Iverson and Major, 1987; Coe et al., 2003; Schwab et al.,
2007; Coe, 2012; Handwerger et al., 2019a), and some field studies attempted a quantification of
inputs and outputs of the basin sediment reservoir (Schuerch et al., 2006; Berger et al., 2011; Fuller
and Marden, 2010), our knowledge on the temporal dynamics of sediment availability remains
limited.

A comprehensive description of such dynamics is difficult to achieve by means of field obser-
vations, because they are limited in the spatial and temporal quantification of the sediment fluxes.
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On the other hand, most spatially distributed numerical models of sediment transport available
today assume transport-limited sediment fluxes, and do not allow for simulation of time dependent
sediment availability (e.g. SHETRAN, DHSVM). Therefore, there is a need to keep track of
the volume of basin sediment reservoir in numerical modelling of sediment transport, to allow
exploration of the effects of supply-limitation on sediment dynamics.

1.3 Research gaps

From the current state of the research on the sources of variability of the suspended sediment
dynamics in river basins three research gaps emerge:

1) In mesoscale (≈ 500 km2) mountain basins, there is a lack of studies on the spatial variability
of the sediment response and its dependence on the erosion drivers. To perform such studies,
there is a need for a model that combines a physically based representation of the hydrology
with a soil erosion and sediment transport component that allows long-term simulations in
medium to large catchments (≈ 500 - 1000 km2).

2) The contribution of localized sources of suspended sediment in mountain basins is of fun-
damental importance. However, the tools currently available only provide us with a limited
understanding of the sediment provenance. In particular, a model is missing that includes
sediment production both from diffuse hillslope erosion and localized sources, and also
allows for time dependent quantification of the sediment source contributions.

3) Sediment availability plays a crucial role in the sediment dynamics of a river basin. However,
the dependence of sediment availability in the hillslopes and in the channel on the drivers
of sediment supply and export is still poorly understood. There is a need to account for the
variability of the sediment reservoir in the modelling of sediment transport in river basins, to
allow analysis of its influence on the sediment dynamics.

1.4 Research questions

Based on the research gaps identified above, I formulated the following three research questions in
my thesis (see Fig. 1.1):

(RQ 1) How does spatial variability in the erosion drivers impact suspended sediment dynam-
ics?

To address this question, I developed a new numerical model for diffuse hillslope erosion
and suspended sediment transport in medium and large mountain river basins. The model
is physically based and spatially distributed, and is an extension of the hydrological model
TOPKAPI-ETH (Fatichi et al., 2015). It combines the temporal and spatial variability of
the climatic forcing with the distributed physical characteristics of the basin, such as slope,
aspect, land use and soil properties. In this way, it allows to simulate sediment mobilization
by overland flow across the basin, its deposition and remobilization along the flowpaths, and
advection in the channel. The model is computationally efficient, and therefore allows long
term simulations in medium and large catchments with high spatial and temporal resolutions.
I applied it to a mesoscale pre-Alpine catchment to investigate: (i) its potential to capture
the variability in suspended sediment concentrations, (ii) the effects of spatially distributed
surface erodibility and precipitation on the location, productivity and connectivity to the
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1.4 Research questions
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FIGURE 1.1: Research questions addressed in this thesis. In Chapter 3 the role of spatially
distributed climatic and landscape controls on the suspended sediment dynamics is investigated. In
Chapter 4 localized sources of sediment are implemented in the TOPKAPI-ETH numerical model
to trace the sediment provenance. The temporal variability of sediment supply and its effect on
sediment load are studied in Chapter 5.

river network of the sediment sources, and (iii) how such effects modify the sediment load
at the basin outlet. To address such points, in the model I combined spatially variable and
uniformly distributed inputs of precipitation and properties of surface erodibility. I quantified
their effects on the patterns of erosion and deposition, and on sediment mobilization. The
sediment delivery ratio was used to quantify the dynamics function connectivity between
sources and river network. These effects of the spatial variability of the erosion drivers were
used to explain the sediment loads simulated at the basin outlet.

This research question is addressed in Chapter 3.

(RQ 2) What is the effect of localized sediment sources on the sediment provenance?

This question has been addressed by introducing three additional sediment mobilization
processes in the model developed in Chapter 3: by overland flow erosion on the body of
landslides, by river incision at the toe of landslides and in inner gorges. These processes
are threshold based and strongly non-linear in order to represent the properties of localized
sediment sources in mountain basins. With this new feature, the model allows simulation of
the sediment mobilization from three sediment sources (hillslopes, landslides and incised
areas), and routes them in parallel along the hillslopes and in the channel. In this way, the
sediment flux can be uniquely traced back to the sources and therefore provides a time
series of the sediment provenance. To apply the model to the case study, I combined it with
detailed geomorphic mapping of the potential sediment production areas based on remote
observations (DEM) and geological mapping. I explored the dependence of the simulated
sediment provenance on the basin parametrization, and estimated a likely composition of
the load in the study basin by independent validation of the model results with topographic
analysis and observed CRN concentrations.

This research question is addressed in Chapter 4.
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(RQ 3) How does suspended sediment dynamics depend on basin sediment availability?

To investigate this question, I used the TOPKAPI-ETH hydrology and sediment transport
model including the features developed in Chapters 3 and 4. Additionally, I introduced a
temporally variable sediment supply by landslides, which are the sediment sources mostly
affecting the seasonality of the sediment availability in pre-Alpine basins, and the possibility
to monitor the sediment reservoir of the basin. The sediment supply rate was assumed to be a
function of the landslide soil moisture and topography, and of the intensity of hillslope activity.
In this way, the input and export sediment fluxes to the sediment reservoir and its temporal
evolution are modelled. By varying the intensity of hillslope activity the model allows to
create supply- and transport-limited sediment conditions, and to explore their effects on the
sediment flux at the outlet. I applied the model to a pre-Alpine river basin and compared
the result with observations of suspended sediment concentrations in several Alpine and
pre-Alpine basins, to investigate: (i) the dependence of suspended sediment concentration
variability on basin sediment availability, (ii) the effect of hydrology on the seasonality
of sediment storage and suspended sediment load, and (iii) the presence of signatures of
sediment supply limitation in sediment measurements. I compared the observed variability in
suspended sediment concentration with simulations of scenarios of supply limitation, and
used the simulated temporal variability of the sediment reservoir to explain the seasonality
of sediment loads at the outlet. The effect of supply limitation on the location of sediment
sources was also explored.

This research question is addressed in Chapter 5.

The relevant components of the TOPKAPI-ETH numerical model that have been used in this
thesis are presented in Chapter 2. These include the new components of the sediment module
developed in the context of this thesis, which are also presented separately in Chapters 3, 4 and 5.
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CHAPTER 2
The TOPKAPI-ETH hydrology and

sediment model
In this chapter are presented the components of the hydrology-sediment model TOPKAPI-ETH that
have been used in this thesis. The hydrological module has been previously developed by Liu and
Todini (2002, 2005), Fatichi et al. (2015) and Carenzo et al. (2009), while the sediment module has
been developed in the context of this thesis. In the following, a summary of the main components
of the hydrological and the sediment modules is provided. The components of the sediment module
are also presented separately in Chapters 3, 4 and 5.

The model is fully distributed in space, meaning that the study basin is represented as a square
grid in the horizontal dimension (see Fig. 2.1). In the vertical dimension, each cell of the domain
is discretized into three layers: upper soil layer, lower soil layer and groundwater layer. The
connectivity between cells and layers is provided by water fluxes both in the horizontal and in the
vertical direction, on the surface and in the subsurface layers. On the surface, the connectivity is
also provided by the fluxes of sediment on the hillslopes and in the channels. The model is suitable
for application in mountainous regions, because it includes the processes of snow precipitation
and snow and ice melt, and for continuous simulations over multi-decadal time periods with
relatively high spatial and temporal resolution (∆x≈ 100 m, ∆t ≈ 1 h), thanks to its computationally
inexpensive numerical approach.

2.1 The hydrological module

2.1.1 Climatic inputs

The TOPKAPI-ETH hydrological model is based on the following climatic inputs: precipitation,
temperature and cloud cover transmissivity.

In this thesis, precipitation was given as a spatial map derived from the combination of a gridded
precipitation dataset and rain gauge data. The spatial distribution provided by the gridded dataset
was used to interpolate the rain gauge data, based on Thiessen polygons. A threshold temperature
was used to define the transition between the liquid and solid state of precipitation. Time series
of air temperature at three meteorological stations were given as input, and internally interpolated
by the model depending on the elevation and a temperature lapse rate. Time series of cloud cover
transmissivity were derived from the hourly sunshine duration measured at the same meteorological
stations, following the empirical relation proposed by Kasten and Czeplak (1980). Cloud cover
transmissivity affects the evaporation of the surface water content and therefore the generation of
overland flow.
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2.1.2 Hydrological processes

The hydrological processes used in the simulations of this thesis are: evapotranspiration, inter-
ception, snow precipitation and melt, infiltration, routing of water on the surface, subsurface and
channel network and in the groundwater layer.

Evapotranspiration

Potential evapotranspiration (ET) is computed using the Priestley-Taylor equation, in which net
radiation is a function of incoming shortwave radiaton, albedo and air temperature (Priestley and
Taylor, 1972; Brutsaert, 2005). This is corrected for each month and land use type by means of a
crop factor to distinguish between land uses and to account for the seasonality of leaf area index.
The actual ET is the part of potential ET that is available from the liquid precipitation, interception
and the soil moisture of the upper soil layer.

Interception

Interception of liquid precipitation is simulated as a simple bucket model, where the maximum
storage capacity a linear function of the maximum height of water on the leaf surface, and the leaf
area index. Interception of snow is not accounted for.

Snow cover

Snow cover is simulated as an additional layer on the cell surface, replenished by new snow fall
and emptied by melt. Snowmelt is computed based on the enhanced temperature index model
by Pellicciotti et al. (2005), which predicts melt above a given air temperature threshold and
proportionally to the air temperature, the incoming shortwave radiation and the albedo (see also
Carenzo et al., 2009). The model does not account for snow avalanches, and the erosion produced
by them.

Infiltration

The infiltration rate is computed with an explicit solution of the Green-Ampt equation by Salvucci
and Entekhabi (1994). Overland flow on the surface is produced either when the soil is saturated, or
when the precipitation rate exceeds the infiltration capacity of the soil.

Groundwater

The groundwater component is simulated as a linear reservoir, where the flow is proportional to the
horizontal saturated hydraulic conductivity, the local slope and the volume of water stored in the
groundwater layer of the cell. Groundwater may exfiltrate to the lower soil layer, and from here to
the upper soil layer and the surface to feed overland flow (Liu et al., 2005).

Water routing

Horizontal fluxes of water on the surface, in the subsurface and in the channels are based on the
kinematic wave approximation. The solution of the kinematic wave in the model is based on the
integration of the point equations over the dimensions of the pixel, to transform them into ordinary
differential equations, i.e. non-linear reservoir equations (Liu and Todini, 2005).

The kinematic wave formulations for subsurface flow, overland and channel flow are reported
below following Liu and Todini (2005).
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2.1 The hydrological module

Subsurface flow. The kinematic wave approximation for subsurface flow qSS [m2 s−1] is given
by: {

(θs−θr)L ∂Θ

∂ t +
∂qSS
∂x = p

qSS = Sks Lφ δSS
(2.1)

where x is the main direction of flow along a cell, S is the cell slope, ks [m s−1] the saturated
hydraulic conductivity, L [m] the thickness of the subsurface soil layer, δSS a parameter that depends
on soil characteristics, i.e. a function of the pore size distribution index in the Brooks-Corey
relations (Brooks and Corey, 1964; Todini, 1995), p [m s−1] the intensity of precipitation, and Θ

the mean saturation percentage along the vertical:

Θ =
1
L

∫ L

0

θ −θr

θs−θr
dz (2.2)

with θ the soil water content, θs the and θr the saturated and residual soil moisture content,
respectively.

By combining the two equation in Eq. 2.1, and introducing the actual total water content:

η = (θs−θr)LΘ (2.3)

and the following substitution:

CSS =
Lks S

(θs−θr)δSS LδSS
(2.4)

the following kinematic equation is obtained:

∂η

∂ t
= p− ∂ (CSS ηδSS)

∂x
(2.5)

By assuming that the variation within a cell of the water content η is negligible, Eq. 2.5 can
be integrated in the longitudinal and lateral directions of the cell i to obtain a non-linear reservoir
equation:

∂VSSi

∂ t
= pi X2 +Qu

iOF +Qu
iSS−

CSSi X
X2δSS

V δSS
SSi (2.6)

where VSSi [m3] is the volume of water stored in the cell i (VSSi = X2ηi), X the cell dimension
both in the flow and cross sectional direction, Qu

iOF [m3 s−1] is the discharge entering the cell i as
overland flow from the upstream contributing area, Qu

iSS [m3 s−1] the discharge entering the cell i
as subsurface flow.

Overland flow. The kinematic wave approximation for overland flow is given by:{
∂h
∂ t = r− ∂qOF

∂x
qOF =COF hδOF

(2.7)

where h [m] is the water depth over the surface, r [m s−1] the water flux generated by precipitation
excess and soil exfiltration on the given cell, δOF = 5/3 and COF =

√
S/n according to the Manning

equation, where n [m−1/3] is the Manning coefficient and S the cell slope.
By assuming that h is constant over the cell, the kinematic equation can be integrated both in

the flow and cross sectional directions of the cell i, resulting in a non-linear reservoir equation:

∂VOFi

∂ t
= ri X2 +Qu

iOF −
COFi X
X2δOF

V δOF
OFi (2.8)
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FIGURE 2.1: Schematic description of the TOPKAPI-ETH hydrological model. (a) The model
domain is represented as a regular square grid of size X , where some cells belong to the hillslopes
and others are partially occupied by the river network depending on its width W . The hillslope
cells are connected by overland flow (qOF ) and sediment fluxes (qs) according to a D4 routing
scheme based on the steepest gradient. Each river cell receives water (Q) and sediment fluxes (Qs)
from the upstream river cells and from the hillslope cells. (b) Representation of the hydrological
fluxes in a cell. Each cell is discretized into three vertical layers, connected between each other
by percolation and exfiltration, and with the surface by evaporation and infiltration. The channel,
surface and each subsurface layers are connected to the neighboring cells via horizontal fluxes.
Vegetation affects the hydrological cycle by intercepting the precipitation, and by transpiration.

where VOFi [m3] the volume of water on the cell surface (VOFi = hi X2), and Qu
iOF the overland flow

discharge entering the cell from the upstream area.

Channel flow. Analogously the equation in the channel network is:

∂VCi

∂ t
= rCi X W +Qu

i −
CCiWi

(X Wi)δC
V δC

Ci (2.9)

where VCi is the volume of water in the river part of the cell only, the width of the cell X has been
replaced by the width Wi of the river in the cell i, and Qu

i is the discharge entering the cell from the
upstream cells, rCi is the lateral drainage input.

In this way, four cascades of non-linear reservoirs describe the horizontal water fluxes in the
two soil layers, on the surface and in the channel. These equations, or a suitable approximation
of them, are solved analytically as explained in Liu and Todini (2002). Thanks to this analytical
approach the use of numerical solutions is avoided. This significantly reduces the time requirements
of the hydrological model, and guarantees a high numerical performance. The flow directions are
determined based on the maximum difference in elevation between the active cell and the four
surrounding cells connected along the edges, following a D4 approach. The active cell drains to a
single downstream cell, but can receive contributions from up to three cells.

2.2 The sediment module

The sediment module of the TOPKAPI-ETH model was developed in the context of this thesis,
and focuses on the simulation of erosion and transport of fine material in pre-Alpine basins. Fine
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2.2 The sediment module

material in this case indicates the finer particles eroded across the catchment that are transported in
suspension in the river channels (i.e. mainly clay, silt and fine sand). This material represents the
most relevant contribution to the total sediment yield in most environments, including pre-Alpine
basins, and therefore has been selected as the focus of the modelling framework (Schlunegger and
Hinderer, 2003; Turowski et al., 2010).

2.2.1 The conceptual model

In pre-Alpine basins, besides the contribution of diffuse soil erosion by overland flow, a key role in
the sediment production is played by hillslope instabilities, e.g. landslides, and by fluvial incision
in inner gorges that dissect the landscape (e.g. Van Den Berg et al., 2012; Dürst Stucki et al., 2012).
In landslides, soil creep produces loose sediment at high rates, thus making them hotspots of the
basin sediment availability. When the connectivity between the landslides and the river network
is switched on, they contribute to the sediment flux (Schwab et al., 2008; Clapuyt et al., 2019).
Inner gorges are areas along the river, where the river has incised deeply into the floodplain glacial
deposits. They are frequent in previously glaciated environments, where the landscape is still
adapting to the post-glacial base level via erosional waves that create knickpoints in the channel
network (Schlunegger and Schneider, 2005). Here the river has oversteepened banks that provide
high availability of sediment by frequent debris flows and collapses. In the following I will refer to
them as incised areas.

For this reason, on top of the diffused overland flow erosion, sediment production from land-
slides and incised areas has been accounted for in the sediment module. The model is aimed
at decadal time scale simulations, during which it is unlikely to observe the formation of new
landslides in moderately active pre-Alpine environments. In the same way, over the typical model
time scales it is not possible to observe the development of new incised areas, typically taking place
over centuries or thousands of years. Therefore, landslides and incised areas have been considered
in the model as fixed features of the landscape, which have to be defined by the user based on
high-resolution DEMs and field surveys. Because of the considered time scales, a feedback between
the geomorphology and the hydrology, as well as a dynamic update of the basin elevations has not
been included. This is expected to be significantly relevant only on centennial time scales, which are
addresses by landscape evolution models. In pre-Alpine basins glaciers are usually absent, or have
a very small extent, therefore also the process of glacial erosion has been neglected. To guarantee
a balance between model accuracy and model complexity, and to avoid overparameterization of
it, also the processes of sediment storage in the floodplain, deposition and resuspension of the
sediment in the channel, and subsurface erosion have not been included.

The drivers of soil erosion that have been considered are overland flow and channel flow.
Erosion by overland flow can take place on the hillslopes, as long as the overland flow is greater
than zero. Such erosion is enhanced on top of landslide bodies, where an additional sediment flux
can be generated when the bed shear stress exceeds a given threshold. Channel flow can erode the
landslides from their toes, and it can mobilizes the sediments in incised areas.

To summarize, sediment mobilization in the sediment module of TOPKAPI-ETH is possible
through four processes (see Fig. 4.2 and Sect. 2.2.2):

- OF : overland flow erosion on the hillslopes

- LSHS: overland flow erosion on landslide surfaces

- LSR: river erosion at the toe of landslides

- I: river erosion in incised areas
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The OF process is a diffuse process, because it happens on any hillslope cell of the basin
provided that overland flow qOF is greater than zero. LSHS, LSR and I simulate instead localized
sources of sediment because they can only take place in the locations of landslides and incised
areas.

It is assumed that in landslides and incised areas geomorphological activity continuously
fractures sediment and makes it available for transport. In landslides, such sediment availability was
assumed to depend on the sliding velocity of the landslide mass, therefore it is temporally variable
and can be controlled by the user (see Sect. 2.2.3). The sediment availability in the incised areas is
assumed to be unlimited. The sediment mobilized by these processes is assumed to consist mostly
of fine sediment, and therefore it is transported in the river network as suspended sediment (see
Sect. 2.2.4).

2.2.2 Processes of sediment mobilization

In this section, a complete description of the implementation of the sediment mobilization processes
is provided. For the list of parameters used in this module the reader is referred to Appendix C.

Overland flow erosion (OF)

Erosion by overland flow on the hillslopes is assumed to follow a transport capacity approach.
Therefore, the sediment flux on each hillslope cell always equals the transport capacity of overland
flow. The overland flow transport capacity is modelled following Prosser and Rustomji (2000) as a
function of the specific overland flow discharge qOF [m2 s−1] and the surface slope S [m/m]:

qsOF = αqβ

OFSγ , (2.10)

where β and γ are transport exponents, which can be derived experimentally or from literature
values (Prosser and Rustomji, 2000), and α [kg s0.4 m−4.8] is a calibration parameter that captures
the effect of land surface and soil properties on erosion and sediment transport.

The sediment flux qsOF is directed to the downstream cell with the steepest gradient. Erosion
and deposition in each cell take place based on the imbalance between the incoming sediment flux
and the transport capacity at the cell. If the incoming sediment flux exceeds the transport capacity
of the active cell, there will be deposition. In the opposite case, overland flow in the active cell
will erode the surface to fulfill the transport capacity. For example, sediment mobilized on steep
mountain flanks, where overland flow is highly erosive, will partially deposit as soon as it reaches
less steep floodplain cells, where the transport capacity is lower.

Sediment mobilization from incised areas (I)

Incised areas are located along the river network, therefore sediment can be mobilized from them
only by river flow and is directly input into the channels. Sediment mobilization from incised areas
takes place when the applied shear stresses on the river bed exceeds a threshold:

qsI = k (θ −θc)
µ (2.11)

where qsI [m2 s−1] is the specific sediment flux, θ and θc the dimensionless bed shear stress
and critical bed shear stress, respectively. The dimensionless bed shear stress on the river bed is
derived from the specific river discharge q [m2 s−1] and flow velocity u [m s−1] computed by the
hydrological module:

θ =
1

G−1
qS
uds

, (2.12)
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2.2 The sediment module

where G [-] is the specific gravity of sediment and ds [m] the grain size. The parameters k and µ

are calibration parameters that regulate the sediment flux. They depend on the grain size, sediment
mass density and the magnitude and non-linearity of the morphological response to the hydrological
forcing.

Sediment mobilization from landslides (LSHS, LSR)

Landslides are located on the hillslopes, and their toes may be adjacent to the river network.
Therefore, sediment mobilization from landslides is possible both by overland flow erosion on
their surfaces (LSHS), and by river incision at their toes (LSR). Sediment input from landslides
is assumed to follow the same behaviour of the incised areas, with a threshold activation and
non-linear response to the river and overland flow. Sediment mobilization from landslide toes
adjacent to the river network is described by Eq. 2.11. To model the LSHS process, the erosivity
of overland flow on the landslide surface is described by a parameter λ for the competence of the
gullies incised on the surface of landslides:

λ =
X

wLS
. (2.13)

λ describes the degree of development of gullies by means the width of an equivalent gully wLS,
which gives the confinement of overland flow on the landslide cells, and therefore the applied bed
shear stress θHS generated by the overland flow qOF [m2 s−1] on the surface of landslides:

θHS =
1

G−1
qOF λ S

uds
. (2.14)

To summarize, sediment can be mobilized from landslides by

- river erosion at their toes LSR: qsR = k · (θ −θc)
µ

- overland flow on their surfaces LSHS: qsHS = k ·
(

1
G−1

qOF λ S
uds
−θc

)µ

Sediment that is mobilized from the landslide toes is a direct input into the river network, while
material from the surfaces is routed on the hillslopes until the river network. Here it is assumed that
overland flow can only transport a sediment load up to the transport capacity defined by qsHS, which
therefore defines the connectivity between the hillslope sediment sources and the river network.

2.2.3 Sediment availability in landslides

Material is exported from the landslides by the river flow at their toes and by overland flow from
their surfaces, and is assumed to be made available by the sliding of the landslide mass. Therefore,
the model simulates the temporal variability of the sediment volume available for mobilization at
landslides. The slip rates of landslides uLS define the recharge rate of the such sediment reservoir
and were assumed proportional to the soil moisture ν , thickness H and slope α̂ of each landslide,
according to the Bingham plastic model proposed by Schwab et al. (2007):

uLS = cLS ν H2 sin α̂ . (2.15)

The parameter cLS represents the level of hillslope activity and shifts the distribution of landslides
velocities by Eq. 2.15 towards lower or higher values.
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By combining the recharge rate Eq. 2.15 with the export sediment fluxes given by Eq. 2.11 and
2.14, the volume of sediment available for transport at each landslide V is:

dV
dt

= uLS ALS−
nR

∑
i=1

qsRi wRi−
nHS

∑
i=1

qsHSi w , (2.16)

where ALS is the area of contact between the landslide and the river network, nR and nHS the number
of river and hillslope cells where runoff mobilizes sediment from the landslide, qsR and qsHS the
sediment flux from the toe and the landslide surface respectively, wRi the river width in the cell i
and wLS the gully width on landslide. Please see Fig. 5.2 in Chapter 5 for a graphical summary of
these processes.

2.2.4 Suspended sediment transport

Sediment mobilized by OF , LSHS LSR and I is routed independently from each other both on the
hillslopes (for OF and LSHS) and in the channel. In this way, the sediment flux at each river network
cell is given by the sum of four sediment waves, which provide a temporally variable information
of the sediment provenance.

In the channel, the transport of sediment of each sediment wave is assumed to take place in
suspension and is approximated as an advection process, neglecting the diffusion process. The
advection equation is solved by following the same numerical approach used for water flow. The
equation of suspended sediment flux in the channel along the flow direction is:

∂hSSC
∂ t

=
E
W
− ∂qSSC

∂x
, (2.17)

where q [m2 s−1] is the river discharge, SSC [g m−3] is the suspended sediment concentration, W is
the river width and E [g m−1 s−1] is sum of the sediment flux between the water column and the
river bed, and the input from local sediment sources. By following the approach used in Eq. 2.7
and 2.8, the variables were assumed to be constant within each grid cell to allow integration of Eq.
2.17 along the width W and length X of the river cell, and then solved analytically as a first-order
ordinary differential equation:

∂Vi SSCi

∂ t
= Ei X +Qin SSCin−

Ui

X
SSCiVi, (2.18)

where Ui [m s−1] the mean flow velocity, SSCi and Ei are the mean values of SSC and E inside the
grid-cell. Qin and SSCin are the discharge and sediment concentration entering the cell i from the
upstream grid cells. It is worth noticing that the sediment flux between the river bed and the water
column E has been taken equal to zero in this thesis.

While the assumption of neglecting the diffusion of the sediment wave is necessary to allow
analytical resolution of the suspended sediment transport equation, it introduces an approximation
in the representation of the sediment wave velocity, by assuming it equal to the flow velocity. To
account for the delay in the sediment wave observed in nature with respect to the flow, an additional
parameter that reduces the flow velocity Ui in Eq. 2.18 could be introduced in the future.
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CHAPTER 3
Modelling impacts of spatially variable
erosion drivers on suspended sediment

dynamics

Published in Earth Surface Dynamics, authored by Giulia Battista, Peter Molnar and Paolo Bur-
lando.

Abstract

Suspended sediment load in rivers is highly uncertain because sediment production and transport
at catchment scale are strongly variable in space and time, and affected by catchment hydrology,
topography, and land cover. Among the main sources of this variability are the spatially distributed
nature of overland flow as an erosion driver, and of surface erodibility given by soil type and
vegetation cover distribution. Temporal variability mainly results from the time sequence of rainfall
intensity during storms and snowmelt leading to soil saturation and overland flow.

We present a new spatially distributed soil erosion and suspended sediment transport module
integrated into the computationally efficient physically based hydrological model TOPKAPI-ETH,
with which we investigate the effects of the two erosion drivers - precipitation and surface erodibility
- on catchment sediment fluxes in a typical pre-alpine mesoscale catchment. By conducting a series
of numerical experiments, we quantify the impact of spatial variability of the two key erosion
drivers on erosion-deposition patters, sediment delivery ratio, and catchment sediment yields.

Main findings are that the spatial variability of erosion drivers affects sediment yield by (i)
increasing sediment production due to a spatially variable precipitation, while decreasing it due
to a spatially variable surface erodibility, (ii) favoring the clustering of sediment source areas in
space by surface runoff generation, and (iii) decreasing their connectivity to the river network by
magnifying sediment buffers. The results highlight the importance of resolving spatial gradients
controlling hydrology and sediment processes when modelling sediment dynamics at the mesoscale,
in order to capture the key effects of sediment sources, buffers, and hillslope hydrological pathways
in determining the sediment signal.

Battista G, Molnar P, Burlando P. 2020. Modelling impacts of spatially variable erosion drivers on
suspended sediment dynamics. Earth Surface Dynamics 8(3): 619–635.
https://esurf.copernicus.org/articles/8/619/2020/
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3.1 Introduction

Fine sediment produced in catchments by upland erosion and transported by rivers as suspended
load is an important part of the global sediment budget (e.g. Peucker-Ehrenbrink, 2009) and an
important driver of water quality and aquatic biota in rivers (e.g. Bilotta and Brazier, 2008). Human
activity strongly interacts with the natural processes of suspended sediment production and transport,
on the one hand by practices that enhance soil erosion, like agriculture, mining and deforestation,
and on the other hand with the construction of sediment retention structures such as dams (e.g.,
Syvitski et al., 2005; Montgomery, 2007; Syvitski and Kettner, 2011; Borrelli et al., 2017). In the
context of enhanced soil erosion, phenomena like the loss of soil productivity, the reduction of water
quality due to higher turbidity and concentration of pollutants, and accelerated reservoir siltation
are expected (e.g. Pimentel et al., 1987; Davies-Colley and Smith, 2001). The combined effect of
enhanced soil erosion and sediment retention by dams modifies the river sediment equilibrium and
can result in river incision in the case of sediment starvation, contributing to undermine the stability
of bridges and other infrastructures, and leading to coastal erosion (Kondolf, 1997; Chen and Zong,
1998; Schmidt and Wilcock, 2008). The opposite case of excessive sediment load in rivers may
also lead to an increase in flood risk in alluvial floodplains due to sediment deposition (Yu, 2002;
Walling, 2006; Rickenmann et al., 2016). The intensity of these effects is expected to grow in the
future, as the magnitude and number of highly erosive extreme precipitation events are foreseen to
increase in some parts of the world due to climate change and/or anthropic influence on land cover
(e.g. Yang et al., 2003; Nearing et al., 2004; Peleg et al., 2020). Therefore, the monitoring and
understanding of suspended sediment dynamics is essential to explain how disturbances produced
by such human interventions may affect the sediment balance.

Fine sediment yield in rivers is usually estimated from intermittent measurements of sediment
concentration by means of sediment-discharge rating curves (see Gao (2008) for a review). However,
the development and use of these curves is often highly problematic because of the strong non-
uniqueness of suspended sediment concentrations (SSCs), especially in small to medium sized
catchment (up to 1000 km2). Here, the same value of discharge (Q) often leads to a wide range of
SSCs, producing highly scattered SSC-Q rating curves (e.g., Walling, 1977; Walling and Webb,
1982; Ferguson, 1986; Asselman, 2000; Horowitz, 2003). The strong variability in SSC is attributed
to the high non-linearity of the sediment production and transport processes in time and space, and
the presence of threshold and feedback mechanisms in sediment mobilization and transfer (e.g.,
Asselman, 1999; Collins and Walling, 2004; Seeger et al., 2004; Fryirs et al., 2007; Bracken et al.,
2015).

Temporal and spatial variability in suspended sediment transport can originate from several
sources (see Vercruysse et al. (2017) for a review). Among the sources of temporal variability, the
role of hydrometeorological conditions (e.g. rainfall, antecedent wetness conditions, runoff) has
been widely investigated, with a particular focus on the shape and direction of the hysteresis loops
of the SSC-Q relation (Smith et al., 2003; Seeger et al., 2004; Zabaleta et al., 2007; Duvert et al.,
2010; Dominic et al., 2015; Misset et al., 2019). Other sources of variability are the exhaustion
of preferential sediment sources, the activation of new ones, and changes in the connectivity of
such sources to the river network. These aspects have been studied for example as consequences
of land use change and flow regulation (Olarieta et al., 1999; Siakeu et al., 2004; Costa et al.,
2018a). Variability of sediment transport in space depends on the distribution of sediment sources
within the catchment, the catchment sediment connectivity, and the efficiency of sediment transport
within the stream network. Wass and Leeks (1999) related differences in sediment loads across
the basin to geomorphic and climatic gradients, while Fryirs and Brierley (1999) and Lang et al.
(2003) reconstructed the change of sediment sources in time and their coupling with the channels.
The problem of catchment sediment connectivity has been addressed from a conceptual point of
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3.1 Introduction

view, by introducing the ideas of structural and functional connectivity, to distinguish between the
physical connection among landscape units and the connectivity generated by the system process
interactions (Wainwright et al., 2011; Fryirs, 2013; Bracken et al., 2015). Based on these concepts,
several indices have been introduced to assess sediment connectivity in a river basin (see Heckmann
et al. (2018) for a review).

The above studies highlight the need to account for both types of variability (temporal and
spatial) in order to investigate basin sediment dynamics. Including this variability is especially
important at the medium and large catchment scale and in mountainous environments, where the
gradients of climatic and physiographic variables are most relevant. Few studies have focused
specifically on the impacts of spatially variable erosion drivers on suspended sediment dynamics
in such environments. A systematic investigation of this research gap can be performed by means
of numerical models that include the main hydrological processes, their temporal dynamics and
distribution in space, as well as their interaction with the topography and morphology of the basin.
Several existing models are partially suitable for this task. The main limitations are that many
are only suitable for event-applications (Answers (Beasley et al., 1980), KINEROS (Woolhiser
et al., 1990), WEPP (Nearing et al., 1989)) or present simplified hillslope hydrology and runoff
formation solutions, as in the case of WATEM/SEDEM (Van Rompaey et al., 2001), landscape
evolution models, e.g. Caesar-Lisflood (Coulthard et al., 2013), SIBERIA (Hancock et al., 2000),
or some large-scale sediment flux models, e.g. WBMsed (Cohen et al., 2013) and Pelletier (2012).
More suitable approaches are tRIBS (Francipane et al., 2012), which includes a physically based
hydrological component suitable for long-term process simulations, and DSHVM (Doten et al.,
2006), which features a detailed hydrology-vegetation component and sediment module. However,
the number of processes represented in these two models requires a high computational power and
their applications have so far been limited to small basins and/or short time scales. Finally, Tsuruta
et al. (2018) present a spatially distributed model especially for large basins, which, being based on
a land-surface model, features an approximated coarse-scale representation of hydrological and
sediment connectivity on the hillslopes.

In this work, we present a modelling approach especially suitable for alpine catchments with
highly variable climate and complex topography, that integrates a new spatially distributed soil
erosion and suspended sediment transport module within the computationally efficient, physically
based hydrological model TOPKAPI-ETH (Fatichi et al., 2015). The model combines unsteady
simulation of surface and subsurface water fluxes with a simple hillslope erosion and sediment
transport component. The sediment component is simple by design, to avoid over-parameterization
and to maintain computational efficiency enabling applications to medium and large catchments.
The model allows continuous high spatial resolution (∆x=100 m) simulations to track overland flow
and hillslope sediment transport by local changes in soil moisture dynamics produced by rainfall,
snowmelt and lateral drainage over long periods of time. The model also allows high temporal
resolution (∆t=1 hr) simulations to capture fast runoff response to the hydrological drivers, which,
together with the topographically driven flow routing, reproduces the connectivity of water and
sediment pathways in the catchment over time. The combined hydrology-sediment model is unique
in its process completeness and applicability to mesoscale catchment simulation at high resolutions,
compared to most other approaches.

The overall aim of this research is to provide a state-of-the-art catchment hydrology-sediment
modelling framework to better understand the sources of variability in suspended sediment concen-
trations and their effects on predictions of sediment yield. Accordingly, we conducted numerical
experiments on a mesoscale pre-alpine river basin, where we turned on and off the spatial vari-
ability in two key erosion drivers - rainfall and surface erodibility - to quantify their individual
and combined effect on suspended sediment mobilization and transfer. We address the following
specific research questions: (RQ1) Does fully distributed physically-based hydrology-sediment
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modelling predict variability in SSC-Q relations that is in agreement with observations? We argue
which key hydrological processes are needed in such a model and why. (RQ2) Can we identify the
location of sediment sources and quantify their productivity and connectivity with such a modelling
approach? We assess the effect of the spatial distribution of rainfall and surface erodibility on
hillslope erosion-deposition patterns and sediment mobilization, and we quantify the sediment
source connectivity to the river network by analysing the sediment delivery ratio along the main
stream and in tributary basins. (RQ3) Is the effect of spatially distributed erosion drivers visible in
sediment yield at the catchment outlet? We show how integration of the spatially variable inputs in
space impacts sediment yield under different scenarios.

3.2 Methods

3.2.1 Hydrology-sediment model description

The model we present in this work is an extension of the hydrological model TOPKAPI-ETH
(Fatichi et al., 2015), which we integrated with a new hillslope erosion and channel suspended
sediment flow module. The TOPKAPI-ETH hydrological model was chosen because of its spa-
tially distributed nature and physically based representation of the major hydrological processes,
combined with a reasonable computational demand. The model is based on a regular square grid
discretization in space and a 3-layer vertical discretization of the subsurface. The river network is
identified in the domain by means of a flow accumulation algorithm based on the topography. The
transition between hillslope and channel process description, i.e. the beginning of the model river
network, is set by a user-defined critical upstream area, or river initiation threshold RT, above which
water flow is modelled as channel flow. Each river network cell can be fully or partially covered by
the stream, depending on the actual stream width and grid cell resolution.

In TOPKAPI-ETH surface and subsurface flow is simulated by the kinematic wave approxi-
mation, with resistance to flow given by surface roughness and soil transmissivity as a function
of soil properties. Water may saturate the soil locally and lead to overland flow generation by
saturation excess or by infiltration excess in case of high rainfall intensities. Soil is dried by
evapotransporation, lateral drainage and percolation to groundwater storage. The model includes
snow cover accumulation and melt, which are important in the water balance of alpine basins. For
further details about the model see Fatichi et al. (2015). TOPKAPI-ETH allows long-term, high
resolution simulations (time step ∆t=1hr, grid size ∆x=100 m) in medium and large catchments
(>1000 km2), even when integrated with a sediment mobilization and transfer component, since the
kinematic wave approximation of the surface and subsurface flow routing are solved analytically
(Liu and Todini, 2002).

In the new sediment module of TOPKAPI-ETH, the mobilization and routing of fine sediment
on the hillslopes takes place by action of overland flow, which is assumed to transport sediment at
its maximum capacity. As a consequence, deposition and erosion can occur on the hillslopes at a
rate D [kg m−3 s−1] depending on the hydraulic and topographic properties of the cells along the
flow path:

D = ∇ ·qs, (3.1)

where qs [kg m−2 s−1] is the overland flow transport capacity, modelled following Prosser and
Rustomji (2000) as a function of the specific overland flow discharge q [m2 s−1] and the surface
slope S [m/m]:

qs = αqβ Sγ , (3.2)

where β and γ are transport exponents, and α [kg s0.4 m−4.8] is a calibration parameter that captures
the effect of land surface and soil properties on erosion and sediment transport. The sediment flux
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3.2 Methods

qs is directed to the downstream cell with the steepest gradient. Sediment inflow into a cell can be
from one or more upstream cells. Once the sediment mobilized and routed on the hillslopes reaches
the channel, it is assumed to move as suspended sediment load.

The suspended sediment flux in the river network is treated as an advection process and solved
with the same numerical methods used for water flow. The 1D equation of suspended sediment flux
in the channel, integrated over the river cross-section, is:

∂AC
∂ t

= E− ∂QC
∂x

, (3.3)

where Q [m3 s−1] is the river discharge, C [g m−3] is the SSC, A [m2] is the cross-section area
of flow and E [g m−1 s−1] represents the exchange of sediment with the bed and local sediment
sources. By following the reasoning of Liu and Todini (2002), Eq. 3.3 can be integrated along
the length of the grid cell (i.e. in the flow direction), within which the values of the variables are
assumed to be constant, and then solved analytically as a first-order ordinary differential equation:

∂ViCi

∂ t
= EiX +QinCin−

Ui

X
CiVi, (3.4)

where X [m] is the length of the grid cell size, Vi [m3] the volume of water inside a cell (Vi = AiXi),
Ui [m s−1] the mean flow velocity, Ci and Ei are the mean values of C and E inside the grid-cell.
Qin and Cin are the discharge and sediment concentration entering the cell i from the upstream grid
cell (i−1).

3.2.2 Study site

We chose to investigate the research questions outlined above on the Kleine Emme river basin, a
pre-alpine catchment located in central Switzerland. Here the natural regime of water and sediment
flow is almost unaltered, and the basin is sufficiently large for spatial variability in erosion drivers
to have an impact. The basin has an area of 477 km2, an elevation range of 430-2300 m. a.s.l. and
a mean annual precipitation of 1650 mm (Fig. 3.1a). The mean annual discharge at the outlet is
12.6 m3/s. The catchment is mostly natural, with more than 50% of the surface covered by forest
and grassland (Fig. 3.1c). No use of water for irrigation or hydropower is known and significant
sediment-retaining infrastructures are absent. Moreover, the absence of glaciers means that fine
sediment production in the basin is mostly driven by overland flow and rainfall processes. Finally,
the diverse geomorphology of the basin has been the subject of several studies and long-term
estimates of denudation rates are available (e.g., Schlunegger and Schneider, 2005; Schwab et al.,
2008; Dürst Stucki et al., 2012; Van Den Berg et al., 2012; Clapuyt et al., 2019).

Measurements of precipitation, air temperature and sunshine duration are available from
automatic weather stations located inside or in the vicinity of the basin operated by MeteoSwiss.
The information about the spatial distribution of precipitation inside the basin is available from
the 1x1 km daily gridded product of MeteoSwiss RhiresD (Frei and Schär, 1998; Schwarb, 2000).
Streamflow is monitored at Werthenstein and at the basin outlet by the Federal Office of the
Environment (FOEN) and at Sörenberg by the Canton Luzern (Fig. 3.1a). FOEN also provided
the cross section measurements for the main channel of the river and measurements of suspended
sediment concentration. SSCs have been manually sampled at the outlet since 1974, but with a
regular frequency of two samples a week only since 2004. Because of the low temporal resolution
of these measurements, which is typical of many river sediment monitoring networks, we expect
this dataset to miss extreme SSCs generated by flood events or very localized sediment sources.
Finally, the information about soil type and depth for the basin is available from the soil map of
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FIGURE 3.1: (a) Digital Elevation Model (DEM) of the Kleine Emme basin and location of
discharge gauges (source SwissAlti3D, 2017), (b) Soil depth, derived from the Swiss soil map
(Bodeneignungskarte, 2012) and (c) Land cover derived from Corine Land Cover map (CLC,
2014). The coordinate system is CH1903.

Switzerland (Bodeneignungskarte, 2012) (Fig. 3.1b) and land cover is provided by the Corine Land
Cover dataset (Fig. 3.1c).

3.2.3 Model setup and calibration

3.2.3.1 Hydrology

Given the period of availability of suspended sediment measurements in the Kleine Emme, the
simulation was set up for the years 2003 to 2016, where the first year is considered a warm-up
period. The meteorological input data required by the hydrological component of TOPKAPI-ETH
are hourly precipitation, air temperature and cloud cover. The precipitation input file was created
by combining station and gridded precipitation datasets following the approach of Paschalis et al.
(2014). In this approach hourly precipitation measured at the rain gauges was spatially interpolated
to match the spatial distribution of the daily precipitation in the gridded RhiresD dataset. The hourly
time series of measured air temperature were extrapolated across the model domain to different
elevations with a temperature lapse rate of -5.5 ◦C/km. Cloud cover transmissivity was derived from
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FIGURE 3.2: Performance of the hydrological model: density plot of observed vs simulated hourly
discharges at the outlet of the river basin for the period 2004-2016.

TABLE 3.1: Hydrological performance for the simulation period 2004-2016 at the three flow
monitoring stations in terms of correlation coefficient (r), Nash-Sutcliffe efficiency (NSE) and root
mean square error (RMSE) for data simulated at the hourly resolution and aggregated to daily,
monthly and annual values.

Outlet Werthenstein Sörenberg (2005-16)

r NSE RMSE r NSE RMSE r NSE RMSE
[-] [-] [m3/s] [-] [-] [m3/s] [-] [-] [m3/s]

Hour 0.84 0.69 0.75 0.84 0.65 0.74 0.63 0.72 1.43
Day 0.91 0.80 0.53 0.90 0.78 0.52 0.80 0.56 0.83

Month 0.93 0.76 0.28 0.92 0.77 0.26 0.88 0.77 0.38
Year 0.93 - 0.18 0.92 - 0.13 0.79 - 0.10

the hourly sunshine duration measurements following the empirical relation proposed by Kasten
and Czeplak (1980).

The model was run at a ∆x=100 m spatial resolution and a constant time step ∆t=1 hour. To
initiate the model calibration, realistic values of the hydrological parameters were assigned based on
the soil characteristics and previous investigations (Paschalis et al., 2014; Pappas et al., 2015). The
soil hydraulic conductivity and the residual and saturation soil water content parameters were then
adjusted in order to maximize the performance of the hydrological model in terms of correlation
coefficient (r), Nash-Sutcliffe efficiency (NSE) and root mean square error (RMSE) for discharge
measured at three streamflow gauging stations.

The final configuration of the hydrological model performed very well in reproducing the
observed discharge at the outlet and at Werthenstein (see Table 3.1 and Fig. 3.2). Discharge
data are available at a sub-daily resolution at Sörenberg only from the year 2005; therefore, the
evaluation of the performance at this station does not consider the first year of simulation. The
model performance at this station is slightly worse, probably also due to the lower accuracy of the
measurements, but still satisfactory.

3.2.3.2 Setup of the sediment module

The inputs needed to run the hillslope erosion and suspended sediment transport modules are the
parameters α , β and γ in Eq. 3.2. The β and γ parameters are assumed spatially uniform and equal
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to 1.4, following Prosser and Rustomji (2000). The parameter α contains information about the soil
and land surface properties that influence the rate of soil erosion. We derived the spatial distribution
of α by the product of the soil erodibility parameter K of the Universal Soil Loss equation (USLE),
computed for Switzerland by Schmidt et al. (2018), and the land use USLE parameter C, which we
derived from Yang et al. (2003) (see Fig. A.1). In this way we implicitly account for the influence
of particle size distribution, organic matter content, soil structure, permeability, surface roughness
and vegetation cover in determining the spatial distribution of surface erodibility. A comparable
approach is proposed by Hancock et al. (2017).

The ratio between the product of C and K of the different classes was then kept constant in
the calibration process and α was calibrated by multiplying the CK values by a spatially constant
parameter α1:

α(x,y) = α1C(x,y)K(x,y), (3.5)

where x and y are coordinates in space. With respect to channel processes, the water column-bed
exchange and local sediment source term E in Eq. 3.3 is unknown. In the Kleine Emme significant
deposits of fine sediment in the river bed are not present and bedrock is often exposed, indicating
an efficient fine sediment transport downstream (Schwab et al., 2008). Furthermore, the infrequent
SSC measurements do not allow to quantify the term explicitly. This leads us to assume that E=0
for this river. However, by setting E=0 we neglect also local sediment sources along the channels,
which is probably an approximation of the sediment production processes in this case study. Also
on the hillslopes, localized sediment sources are not explicitly modelled and are present only insofar
they are represented by high C and K values. The lack of explicit inclusion of point sediment
sources and their modelling is a limitation of the current approach, which we will address in future
work.

3.2.3.3 Calibration of the sediment module

We found that the parameters that have the highest influence on matching the observed and simulated
SSC at the outlet are the river initiation threshold RT , i.e. the extension of the modelled river
network, and the α1 constant, defining the soil erodibility. RT has a small influence on discharge,
as shown by Table A.2, while it is a relevant parameter for the modelling of hillslope erosion and
sediment transport. Since fine sediment mobilization can only take place on the hillslopes, the
extension of the channels onto the hillslopes influences the magnitude of the sediment input into
first-order channels and subsequently downstream through the river network.

In the calibration of the model we focused on measurements below the 85th percentile, because
flood events in the SSC data are likely under-sampled, due to the monitoring strategy, and the
model is expected to underestimate the SSC extremes due to the simplified representation of the
sediment mobilization processes. The calibration was performed by matching the trend and the
dispersion of the measured and modelled SSC-Q cloud of points. This was done by visual matching
and by comparing the mean and variance of the observed SSCs. The final calibrated parameters
are α1=0.0138 kg m−1.8 s−2.6 and RT =0.4 km2. The histogram of α and its spatial distribution are
shown in Fig. 3.3a and 3.7d, respectively; the spatial mean of α is 0.3412 kg s0.4 m−4.8. We note
that the calibrated river initiation threshold is very close to the drainage area that Schlunegger and
Schneider (2005) propose as the threshold area at which channelized processes start dominating
over hillslope processes in the development of the landscape in this study basin (0.1-0.2 km2).

Using this parameterization, the measured SSC-Q cloud of points is captured very well for mod-
erate discharges (Fig. 3.3b), whereas the concentrations at highest discharges are underestimated,
as expected. Overall, 90.4% of the simulated SSCs fall within the 5th and 95th percentile of the
observations and, if the simulated SSCs are sampled at the hours of observations and compared
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3.3 Erosion driver numerical experiments

(b)(a)

FIGURE 3.3: (a) Frequency distribution of the calibrated surface erodibility parameter α , with
mean α indicated with the red line; (b) density plot of the simulated SSC at outlet compared with
measurements, the lines show the median (red) and 15th and 85th percentile (black dashed) of the
observations.

to the observations limited to their 85th percentile, the observed SSC mean and variance are re-
produced with very small errors (SSCsim = 12.40 mg/l, SSCobs = 12.20 mg/l; σ2

sim = 210.47 mg/l,
σ2

obs = 233.15 mg/l) (Fig. A.2). We attribute the underestimation of high sediment concentrations
(above 85th percentile) to missing localized sediment sources, i.e. mass wasting processes in the
model, which are responsible for point sediment sources, like landslides, debris flows and bank
erosion. Further evaluation of the suspended sediment module performance can be found in Table
A.1 and Fig. A.3.

3.3 Erosion driver numerical experiments

In order to investigate the processes leading to the scatter in the SSC-Q relation and how they affect
the spatial organization of sediment transport, we performed simulation experiments that quantify
the role of spatial variability in two key erosion drivers - precipitation and surface erodibility.
Precipitation is the main hydrological driver of hillslope erosion through the overland flow term qβ

in Eq. 3.2, while surface erodibility is represented by the parameter α in Eq. 3.2.
We designed four numerical experiments by combining spatially variable and/or uniform

distributions of the two erosion drivers (Fig. 3.4). The reference experiment (SIM 1) accounts
for the highest level of complexity by considering both precipitation and erodibility variable in
space. This is the experiment with which the model was calibrated (see section 3.2.3.3). The second
experiment (SIM 2) aims to quantify the role of the spatial variability in precipitation, by reducing
it to be uniformly distributed in space. The temporal variability was preserved by setting the hourly
precipitation in each cell equal to the mean hourly precipitation over the catchment. The third
experiment (SIM 3) is designed to investigate the role of the spatial variability in surface erodibility
by reducing it to uniform surface erodibility throughout the basin, equal to the mean value of the
calibrated spatial distribution of α . A fourth experiment (SIM 4), where the spatial variability in
both drivers was reduced to uniform, was run to quantify the combined effect of the two erosion
drivers.

3.4 Results

In section 3.4.1 we evaluate the spatio-temporal variability in sediment mobilization and transport
and the scatter of the SSC-Q relation it produces by the fully distributed erosion drivers in SIM 1
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FIGURE 3.4: Summary of model runs: in SIM 1 sediment mobilization and transfer are driven by
a spatially distributed precipitation (P) and surface erodibility (α), in SIM 2 and SIM 3 the spatial
variability in precipitation and surface erodibility have been removed, respectively, and in SIM 4
both spatial variabilities have been removed.

(RQ 1). The spatial distribution of suspended sediment transport is then evaluated in subsequent
sections and related to the hydrological response of the basin (RQ 2). We compare the activation
of sediment sources and the sediment mobilization in the four simulations (section 3.4.2) and we
quantify the connectivity of sediment transfer by means of the sediment delivery ratio (section
3.4.3). Finally, in section 3.4.4, we analyze the sediment load at the outlet as a function of the
sediment spatial properties observed in the different scenarios (RQ3).

3.4.1 Spatio-temporal variability in erosion and sediment transport

The modelled scatter in the SSC-Q relation in SIM 1 explains about 30% of the measured con-
centration range for discharges up to the 85th percentile, while it shows a much more significant
underestimation for the highest flows (Fig. 3.3b). For a comparison between the SSC-Q scatter
generated by the different scenarios of erosion drivers, the reader is referred to Fig. A.5 and A.6. In
the following we analyse the sources of this variability, by showing the time series of discharge and
the sediment load and concentration for one representative year (Fig. 3.5a) and by analysing the
pattern of erosion and deposition across the basin from the entire simulation period (Fig. 3.5b).

High sediment fluxes in April and May, which are evident both in observations and in the
model (Fig. 3.5), indicate the contribution of snowmelt to discharge and the erosion of the surface
by widespread overland flow. Summer events (storms) provide a small contribution to the yearly
sediment yield. However, they generate some of the highest sediment concentrations in the model
even though the runoff remains low. As expected, high SSCs are not observed in the measurements
during summer, because sediment is rarely sampled during summer floods (see section 3.2.2). In
winter months, snow covers the majority of the catchment and maintains the sediment flux very
close to zero in both observations and simulations (Fig. 3.5a).

Most of the erosion is simulated in the south-eastern part of the basin, where slopes are steeper,
soil is thinner and the highest precipitation, snow accumulation and melt occur (Fig. 3.5b). In these
regions, it is easier to saturate the soil and generate runoff over larger areas that merge and generate
connected areas of overland flow, thus producing wide erosional surfaces on steep mountain flanks.
Deposition is simulated at the valley bottoms or at locations of slope reduction. In the north-western
part of the basin, overland flow remains constrained to the channel headwaters due to the deeper
soil and to the higher drainage density of the area. This distribution of erosion is coherent with
the different geomorphological characteristics of the two areas of the basin, as further discussed in
section 3.5.2. We observe that, because of the transport capacity approach in the hillslope transport
module, areas of strong erosion are often associated with significant deposition downstream. In the
following, we will refer to these areas of strong erosion as sediment source areas.

The mean annual suspended sediment load generated by SIM 1 is 1.42 104 t/y, which is
significantly lower than the 2.83 105 t/y computed from the measurements at Littau by Hinderer
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(b)(a)

FIGURE 3.5: (a) Time series of hourly modelled discharge Q, suspended sediment load Qs and
concentrations SSC for one year at the outlet. The red dots in the SSC time plot show the observed
values. (b) Change in soil thickness at the end of the 13-year simulation. Positive values indicate
erosion, negative values indicate deposition.

et al. (2013). Consistently, the mean annual erosion rate of 0.07 mm/y underestimates the denudation
rates derived from 10Be samples in the Entlen and Fontanne sub-basins by Wittmann et al. (2007),
Norton et al. (2008) and Van Den Berg et al. (2012) (between 0.38 and 0.52 mm/y), which are
from active erosion areas and integrate over a much longer time span of about 104 years. The lower
estimates of sediment load and erosion rates by our model compared to such data is expected, given
the underestimation of SSC at high flows by the model. This limitation will be further discussed in
section 3.5.1.

3.4.2 Sediment sources and sediment production

To interpret the effect of the spatial variability of precipitation and surface erodibility on sediment
transport, in Fig. 3.6 we compare the hydrological response of the basin in the four simulations
in terms of the mean annual discharge Qmean, annual flood Qmax, coefficient of variation CV of
the hourly discharge at the basin outlet, and mean annual overland flow runoff over the basin
QOFmean. Fig. 3.6 indicates that uniform precipitation (SIM 2 and 4) is less efficient in producing
runoff (Qmean, Qmax and QOFmean) and therefore has a lower erosive power. Spatially variable
precipitation (SIM 1 and 3) produces a greater flow variability, because it allows to distinguish
between convective rainfall patterns, which affect smaller regions of the basin, and stratiform
rainfall patterns which affect the entire basin with lower precipitation intensities.

The sediment response of the basin in the four simulations is compared in the following by
looking at the distribution of sediment source areas and their productivity. Fig. 3.7 compares soil
thickness variation in SIM 2 and 3 respectively to SIM 1. Fig. 3.7b and 3.7c show the difference
between the variable and uniform precipitation maps for erosion and deposition, respectively.
Similarly, Fig. 3.7e and 3.7f show the difference between the variable and uniform surface
erodibility maps for erosion and deposition separately. A positive value indicates more erosion/less
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FIGURE 3.6: Comparison of the hydrological response of the basin in the four simulations: (a)
mean annual discharge Qmean, (b) annual flood Qmax and (c) the coefficient of variation CV of the
hourly discharge at the basin outlet, and (d) the mean annual overland flow runoff over the basin
QOFmean. The markers indicate the mean values and the lines the interval between the 25th and
75th percentile of the distribution from hourly data over the entire simulation period.

deposition by variable precipitation or surface erodibility, and a negative value indicates less
erosion/more deposition.

The results show that with uniform precipitation, erosion and deposition are reduced in the
south-eastern part of the basin and increased in the north-western (Fig. 3.7b and 3.7c). The overall
patterns reflect the average spatial distribution of precipitation in the Kleine Emme catchment for
the years 2004-2016, with the highest mean rain intensities associated with more erosion (Fig. 3.7a).
Uniform surface erodibility increases sediment erosion and deposition in the forested areas and
reduces them in crop areas (Fig. 3.7e and 3.7f). In both cases, the overall effect of removing the
spatial variability in erosion drivers is a more uniform distribution of the sediment source areas
across the basin.

To quantify the erosional power of the four combinations of erosion drivers, we computed the
total sediment mass detached yearly across the whole basin (referred to as sediment production) in
the four simulations. The distribution of the yearly sediment production with interannual variability
is reported in Fig. 3.8. We observe that the removal of spatial variability generates two opposite
effects for precipitation and surface erodibility. Sediment production increases when removing
the spatial variability in surface erodibility and decreases when removing the spatial variability in
precipitation, coherently with the reduced erosive power observed in Fig. 3.6. In SIM 4 the balance
between the two opposing effects determines a slight overall reduction in sediment production. The
differences between the scenarios are within natural interannual variability in sediment production,
but they are all statistically significant for change in median.

3.4.3 Connectivity of sediment transfer

The connectivity of sediment transfer, i.e sediment source areas linked to the river network, within
the catchment for the different simulation configurations has been quantified by means of the
sediment delivery ratio (SDR). The SDR is defined according to Walling (1983) as the ratio of the
sediment delivered at the outlet of a selected area to the gross erosion in that area. The mean annual
SDRs, which were computed at the outlet point of the main tributaries and at several cross-sections
along the main channel, are reported in Fig. 3.9 as a function of the drainage area.

Sediment connectivity along the main channel shows an increasing trend as a function of
the upstream area for all simulations (Fig. 3.9c). This trend is explained by the higher SDR of
the tributaries compared to that of the main channel (Fig. 3.9b) and by the absence of significant
sediment sinks in the main channel. For the subbasins with outlets along the main channel, removing
the spatial variability in surface erodibility (SIM 3) has the overall effect to increase sediment
connectivity. In some tributaries, however, the opposite effect is observed (T5 and T6). Finally, Fig.
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(b)(a) (c)

(e)(d) (f)

FIGURE 3.7: (a) Average spatial distribution of precipitation intensity for the period 2004-2016, (b,
c) difference between erosion/deposition generated by variable and uniform rainfall in 13 years, (d)
spatial distribution of calibrated surface erodibility α , (e, f) difference between erosion/deposition
generated by variable and uniform surface erodibility in 13 years. A positive value indicates
more erosion/less deposition by variable precipitation or surface erodibility and a negative value
indicates less erosion/more deposition.
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FIGURE 3.8: Sediment production in the basin as total sediment detached annually for the four
simulations. Boxplots (median, interquartile range and outliers) show the interannual variability in
the period 2004-2016.
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FIGURE 3.9: (a) Locations where the sediment delivery ratio has been computed: at the outlet of
the main tributaries (T) and along the main channel (MC), (b) mean annual SDR vs drainage area
for tributaries and points along the main channel for distributed rainfall simulations, (c) comparison
of mean annual SDRs at the main channel points for the four simulations. The error bars show the
interquartile range of the annual SDR variability.

3.9c shows that removing the spatial variability in precipitation (SIM 2 and 4) also increases the
SDR, therefore sediment connectivity (compared to SIM 1 and 3, respectively).

3.4.4 Sediment loads and initial soil moisture

The distribution of annual sediment yields at the outlet generated by the four simulation experiments
showed that distributed precipitation simulations (SIM 1 and 3) generated higher sediment loads
than their uniform precipitation equivalents (SIM 2 and 4) (Fig. 3.10a). Distributed erodibility
(SIM 1 and 2) produced smaller sediment loads than uniform erodibility (SIM 3 and 4).

To further investigate the differences among the sediment yield distributions, in Fig. 3.10b
we show the influence of spatial variability in rainfall and surface erodibility on event-based
sediment yields for high and low initial soil moisture (SM0) conditions. After separating the outlet
hydrograph into single events, we computed the total sediment yields for each event and compared
the distributions of the events with high and low initial soil moisture. Low SM0 events are defined
as those with catchment-averaged SM0 smaller than the 20th percentile of the SM0 distribution;
high SM0 events have a SM0 greater than the 80th percentile. The hydrological model performance
for these events is good and comparable to the entire simulation performance, however it indicates
a tendency to overestimate especially for low SM0 events (see Table A.3 and Fig. A.4).
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(b)(a)

FIGURE 3.10: (a) Boxplots of annual sediment load and their mean values at the outlet of the
catchment in the four simulation experiments, (b) boxplots of event sediment loads divided into low
and high initial soil moisture conditions. The boxplots compare the effect of the spatial variability
in precipitation and surface erodibility on events with different initial soil moisture.

The distributions of event sediment yields largely overlap, however it is possible to observe
that sediment yield is more affected by the precipitation spatial variability when SM0 is low. The
differences between the median, 25th and 75th percentile of the SIM 1 and 2 are bigger for low SM0
than for high SM0. On the contrary, removing variability in surface erodibility seems to equally
affect low and high initial SM0 events (Fig. 3.10b).

3.5 Discussion

3.5.1 Sources of concentration variability

The modelling approach presented here can reproduce part of the observed SSC-Q scatter, implying
that it contains some of the relevant sources of sediment concentration variability in the hydrological
and sediment production processes at the catchment scale (Fig. 3.3b). However, it also highlights
that to fully capture the scatter, other sources should be included. The comparison of simulated and
observed hourly SSC is satisfactory (Fig. A.3).

The sources of variability accounted for by the deterministic modelling of the hydrology and
sediment transfer are the time-varying meteorological inputs and the spatially distributed nature of
the model. The precipitation input combines both temporal and spatial components of variability.
The temporal component is visible in Fig. 3.5a, showing that the same sediment concentration can
correspond to a large range of discharge values, depending on the type of event and the initial soil
wetness conditions that precede it. Spatial variability in precipitation contributes to the SSC-Q
scatter, by increasing the flow variability itself (Fig. 3.6c) and by allowing the same discharge at the
outlet to be generated by many combinations of overland flow situations over the hillslopes. Each
of these combinations activates different sediment sources that have a characteristic hydrological
and sediment signal and connectivity to the river network. In particular, we identify localized high-
intensity summer storms as a main source of scatter, while snowmelt and winter storms produce a
more homogeneous response throughout the basin. The spatially variable surface erodibility can
additionally contribute to the uniqueness of the sediment signals of the activated source areas, when
its spatial distribution is such to enhance the topographic heterogeneity within the basin.

Other sources of variability in sediment transport are implicit in the spatially distributed nature
of the model, which allows to account for the heterogeneity of topography, soil depth and soil
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properties at very high resolution. These heterogeneities are responsible for the residual scatter of
SIM 4, where the variability of both erosion drivers have been removed.

It is worth noting that, because the sediment storage on hillslope cells is not exhausted during
our simulation experiments, sediment availability does not influence sediment production in our
study. Therefore, sediment availability in the simulation experiments does not drive changes in the
dominant sediment sources and does not add spatial variability to the sediment response.

The main limitation of our approach in reproducing SSC variability is, however, the lack
of processes representing very localized sediment sources, which are usually characterized by a
threshold behavior and therefore diversify the local sediment response. In this respect, Schwab et al.
(2008) showed that in the Kleine Emme basin short timescale threshold processes are responsible
for the export of regolith produced by soil creep in landslides. The absence of these processes
in our model is likely one of the main reasons for the smaller-than-observed modelled SSC-Q
scatter, but also for the underestimation of the highest SSCs, the soil erosion rate and annual
sediment load, presented in section 3.4.1. Finally, we acknowledge that also inherent stochasticity
in the sediment mobilization and transfer are responsible for part of the observed SSC-Q rating
curve scatter (e.g. Fuller et al., 2003; Malmon et al., 2003). This inherent stochasticity cannot be
reproduced by our modelling approach with deterministic simulation, but it can be included with
stochastic simulation experiments and a probabilistic framework (e.g. Bennett et al., 2014). We are
working on overcoming these limitations in future research.

3.5.2 Spatial organization of suspended sediment transport

The explicit combination of hydrological processes and topographic and land use effects in the
model can help to investigate the spatial organization of sediment transport, and in particular,
how this is affected by the spatial variability in erosion drivers. Spatial variability enhances
the heterogeneity of erosion and deposition across the catchment, thus favoring the clustering
of sediment source areas (Fig. 3.7). Sediment production is increased by the spatially variable
precipitation (SIM 1 and SIM 3), due to increased erosive power (Fig. 3.8). The effect of a spatially
variable surface erodibility depends on the distribution of overland flow relative to that of surface
erodibility and, in this case, the lower sediment productions of SIM 1 and 2 (Fig. 3.8) indicate
that the two distributions combine more intense overland flow with lower erodibility areas, thus
reducing the overall sediment production.

In Fig. 3.9 we use the modelled SDR as a measure of sediment transfer connectivity, as it
quantifies the proportion of mobilized sediment that is routed to the outlet of a selected subbasin
by action of overland and channel flow. As such, the modelled SDR can be seen as a dynamic
indicator of functional connectivity, where the discharge is represented explicitly in time and space
as a function of the hydrological forcings and topographic characteristics, as opposed to the widely
used approximation as a function of the upstream area. In this way, our approach integrates the
variability of functional connectivity both in time and space. A comparable approach to dynamically
quantify functional connectivity has been proposed by Mahoney et al. (2018), which is also based
on hydrological modelling.

The sediment delivery ratio shows that the connectivity of sediment sources is reduced by the
spatial variability of precipitation and this effect can be explained by the geomorphic connectivity
of the catchment. Higher precipitation, shallower soils, and steeper slopes in the southeastern region
of the basin, i.e. tributaries T1, T3, T6 and the upper stretch of the main channel (see Fig. 3.9a),
favor overland flow generation, and thus hydrological connectivity. However, the lower topographic
connectivity of these subbasins overall causes a reduction in the sediment transfer connectivity.
Such lower connectivity is indicated by the low SDRs of these subbasins in SIM 3, which does not
account for the land use effect, and suggests the presence of geomorphic sediment buffers (Fryirs,
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2013). The different topographic connectivity of the southeastern and northwestern regions reflects
the different geomorphology of these two parts of the basin. In fact, the southeastern region of the
basin is characterized by a predominantly Last Glacial Maximum landscape with wide valleys and
major instabilities, which are in most cases not directly connected to the river network (Schwab
et al., 2008; Van Den Berg et al., 2012; Clapuyt et al., 2019). On the other hand, the northwestern
part of the basin, i.e. tributaries T4 and T5, shows a rejuvenating landscape where recent fluvial
dissection created narrow and deeply incised valleys with a strong coupling between hillslopes and
channels (Schlunegger and Schneider, 2005; Norton et al., 2008).

The reduction of sediment transfer connectivity by spatially distributed surface erodibility can
be attributed to the assumption in the sediment module that the sediment discharge always satisfies
the overland flow transport capacity. Based on this assumption, a spatially variable α allows, on
the one hand to modulate the sediment mobilization in space and, on the other hand, to define
preferential areas of sediment deposition and therefore sediment connectivity. By associating a
lower transport capacity to forests, their role as sediment buffers blocking sediments will emerge.
Vice versa, high α values in crop areas will mean the absence of obstacles to sediment flux.
Therefore, the smaller sediment transfer connectivity of SIM 1 and 2 compared to SIM 3 and 4
reflects the location of sediment buffers (i.e. forests) with respect to the channel network. In fact, in
most of the basin, forested areas surround channel headwaters, thus disconnecting the sediment
sources on the hillslopes and mountain flanks from the river network (see e.g. Clinnick, 1985;
Parkyn et al., 2005; Schoonover et al., 2006; Mekonnen et al., 2015).

3.5.3 Sediment load and connectivity

The analyses presented in the previous sections focus on the driving processes of sediment mobi-
lization and transfer across the basin and the reasons for the reduction in SDR with variable erosion
drivers. In this section we analyse how their balance determines the sediment load at the outlet.

In the distributed surface erodibility simulations (SIM 1 and 2) a reduced sediment yield (Y) is
observed at the basin outlet determined by a reduction in both sediment production (P) and sediment
transfer connectivity (expressed by the SDR) with respect to uniform erodibility simulations (SIM
3 and 4):

↓ Y = SDR ↓ ·P ↓ . (3.6)

In the distributed precipitation simulations (SIM 1 and 3) instead, an increased sediment
yield at the basin outlet is observed compared to uniform precipitation simulations, which results
from a combination of a smaller SDR and a much greater sediment production across the basin.
The increase in sediment yield indicates that the greater sediment production dominates over the
decreased sediment connectivity:

↑ Y = SDR ↓ ·P ⇑ . (3.7)

This result means that localized sediment source areas are activated by the very high erosive
power of localized precipitation captured by distributed simulations. Their signal reaches the outlet
despite the system being globally less efficient in evacuating the eroded sediments. These hotspots
of erosion are generated where precipitation falls with a high intensity, soil saturation is reached
soon during storms, eventually favoured by shallow soils, and therefore hydrological and sediment
flux connectivity are locally high.

In a hydrological modeling experiment conducted with TOPKAPI-ETH on the same catchment,
Paschalis et al. (2014) demonstrated the dependence of the discharge peak on the clustering of high
soil moisture areas. Our results show that the high soil moisture areas may also define the sediment
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signal. This finding also suggests that a large proportion of the sediment yield can be supplied by
just few localized sediment sources (e.g. Pelletier, 2012). The role of soil moisture in producing
high sediment concentrations has also been highlighted by Dominic et al. (2015) and Brasington
and Richards (2000), who attribute the peaks of SSCs to the connection of remote sediment sources
during the wetting up of the catchment.

Given the relevance of soil moisture spatial distribution for runoff generation, we also expect
event sediment yields to be more affected by precipitation spatial variability, i.e. precipitation
intensity, at low initial soil moisture than at high initial soil moisture, as is suggested by Fig.
3.10b. This is further supported by findings of Paschalis et al. (2014) and Shah et al. (1996) which
indicate that higher initial basin saturation reduces the dependency of runoff on precipitation spatial
distribution. However, we also stress that in our study the relatively small difference between the
sediment load distributions of low and high SM0 events and the tendency to overestimate flow in
low SM0 events, do not allow for a clear conclusion.

3.6 Conclusions

We presented a new spatially distributed soil erosion and suspended sediment transport module
integrated into the computationally efficient physically based hydrological model TOPKAPI-ETH.
The model allows for continuous long-term, high temporal and spatial resolution simulations
of erosion and sediment transport in mesoscale basins, and it is based on the physically driven
processes of overland flow on hillslope and in channels. With the aim of exploring the impacts of
two key spatially variable erosion drivers on suspended sediment dynamics, we conducted a series
of numerical experiments on a mesoscale river basin. We compared the effects of spatially variable
rainfall and surface erodibility with combinations of uniform and variable spatial distributions of
these drivers.

Our results show that, first, the proposed model can reproduce part of the scatter of the observed
SSC-Q relation, which is generated by spatially and temporally variable meteorological inputs and
spatial heterogeneities of the physical properties of the basin, leading to a multitude of possible
flow and sediment pathways. At the same time, our results suggest that other processes are also
relevant to capture the scatter, such as localized sediment sources and the inherent randomness of
sediment production and transfer, which are not included in our model.

Second, we found that spatial variability in both drivers favors the clustering of sediment source
areas and reduces their overall connectivity to the river network, by capturing the buffering effect
of forests and low slope areas. At the same time, spatially variable surface erodibility reduces
sediment production, while a spatially variable precipitation increases sediment production by high
rates of erosion in areas of high rainfall and overland flow intensity.

Third, we found that the combination of the effects of spatial variability on sediment production
and connectivity determines an overall lower sediment yield for distributed surface erodibility, due
to reduced sediment production and to buffering effects, and a greater sediment yield for distributed
precipitation, due to locally very high soil erosion. This last result is due to areas of high soil
moisture in the catchment that are easy to saturate, which produce high local sediment inputs and
catchment loads in spatially variable simulations.

Although our findings were obtained with reference to the specific climatic and geomorphologic
features of the Kleine Emme catchment, we think they indicate the general importance of resolving
the spatial variability in sediment mobilization and transfer processes when modelling sediment
dynamics at the basin scale. The model we presented is particularly suitable for applications at
medium and large scales, where gradients in climatic and physiographic characteristics represent a
key control on sediment mobilization and transfer. Moreover, this model offers a valuable tool for
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investigating future scenarios of precipitation and land cover, which are expected to take place due
to climate change or human land use management.

Data availability

DEM, soil and land use maps, discharge and suspended sediment concentrations data and simulation
results are available at https://doi.org/10.3929/ethz-b-000358874. Meteorological input data can be
requested at https://gate.meteoswiss.ch/idaweb/login.do.
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CHAPTER 4
Modelling localized sources of sediment
in mountain catchments for provenance

studies
Published in Earth Surface Processes and Landforms, authored by Giulia Battista, Fritz Schlunegger,
Paolo Burlando and Peter Molnar.

Abstract

A hydrology-sediment modelling framework based on the model Topkapi-ETH combined with basin
geomorphic mapping is used to investigate the role of localized sediment sources in a mountain
river basin (Kleine Emme, Switzerland). The periodic sediment mobilization from incised areas and
landslides by hillslope runoff and river discharge is simulated in addition to overland flow erosion to
quantify their contributions to suspended sediment fluxes. The framework simulates the suspended
sediment load provenance at the outlet and its temporal dynamics, by routing fine sediment
along topographically-driven pathways from the distinct sediment sources to the outlet. We show
that accounting for localized sediment sources substantially improves the modelling of observed
sediment concentrations and loads at the outlet compared to overland flow erosion alone. We
demonstrate that the modelled river basin can shift between channel-process and hillslope-process
dominant behaviour depending on the model parameter describing gully competence on landslide
surfaces. The simulations in which channel processes dominate were found to be more consistent
with observations, and with two independent validations in the Kleine Emme, by topographic
analysis of surface roughness and by sediment tracing with 10Be concentrations. This research
shows that spatially explicit modelling can be used to infer the dominant sediment production
process in a river basin, to inform and optimise sediment sampling strategies for denudation rate
estimates, and in general to support sediment provenance studies.

Battista G, Schlunegger F, Burlando P, and Molnar P, 2020. Modelling localized sources of sediment
in mountain catchments for provenance studies. Earth Surface Processes and Landforms, 45(14):
3475-3487. https://onlinelibrary.wiley.com/doi/full/10.1002/esp.4979
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4.1 Introduction

Suspended sediment load is generated by several types of mobilization processes that act on
hillslopes and in channels, such as landslides, debris flows, overland flow erosion, river bed and
bank erosion, the signal of which is filtered by the transport processes in the river network (e.g.
Jerolmack and Paola, 2010; Bracken et al., 2015). Given the strong nonlinearity and stochasticity
of the involved processes, the magnitude of sediment load at a river basin outlet and its provenance,
i.e. the origin of the sediment delivered to the outlet from different sources, are very difficult
to predict (e.g. Roering et al., 1999; Phillips, 2011). At the same time, such information is of
fundamental importance to identify the locations of strongest soil erosion and sediment production,
and to determine the downstream effects of the mobilized sediment.

A widely used approach in sediment provenance studies are fingerprinting methods, which
allow quantification of the relative contributions of sediment sources to the outlet sediment load, by
means of measurable and conservative sediment properties (Haddadchi et al., 2013; Walling, 2005).
Fingerprinting methods have been used to demonstrate the blocking of parts of the catchment
from sediment production (e.g. Stutenbecker et al., 2018, 2019), the role of valley gradient in the
hillslope-channel geomorphic coupling (e.g. D’Haen et al., 2013) and the correlation between
rainfall properties and sediment export (e.g. Navratil et al., 2012). However, these methods only
provide limited information about the actual sediment pathways from source to the outlet and the
temporal dynamics of the sediment load composition.

Information about sediment provenance is also essential for denudation rate studies based on
cosmogenic radionuclide (CRN) dating. CRN concentrations in river bed samples are used to
estimate catchment-average long-term denudation rates, under the assumptions that a sediment
sample taken at the river outlet is representative of the long-term erosion rates of the upstream part
of the basin, and that the different areas of the basin are represented in the sample proportionally to
their erosion rates (von Blanckenburg, 2005; Yanites et al., 2009). These conditions are especially
difficult to be satisfied in mountainous environments, where soil erosion is highly episodic and
localized, often dominated by mass movements, and where sediment production from small areas
can temporarily dominate the basin sediment load (e.g. Korup et al., 2004; Evrard et al., 2011;
Delunel et al., 2014; Cruz Nunes et al., 2015). Therefore, information about preferential sediment
production areas and the hydrological conditions that activate them is key to correctly interpret
CRN concentrations in river bed samples in mountainous environments.

One way to quantify the activation of localized sediment sources by time-dependent overland
and channel flow, and to track sediment from origin to outlet, is by physically-based spatially-
distributed hydrological and sediment transport modelling (de Vente et al., 2006; Kim and Ivanov,
2014; Tsuruta et al., 2018; Battista et al., 2020a). Research has shown that widely used conceptual
approaches to spatial erosion estimation, such as RUSLE (Renard et al., 1997) and WaTEM/SEDEM
(Van Rompaey et al., 2001) fail in catchments where landslides, bank and gully erosion are expected
to play an important role in sediment mobilization (Van Rompaey et al., 2005; Borrelli et al., 2014,
2018). Some spatially-distributed models already include localized mass wasting processes, e.g.
landslides, as a sediment source in addition to diffuse hillslope erosion processes (e.g. Bathurst and
Burton, 1998; Doten et al., 2006; Coulthard et al., 2013). However, they do not explicitly track
the sediment produced by the different sediment sources in space and time and therefore cannot
reconstruct the sediment provenance at the outlet.

The aim of this work is to provide an approach that combines spatially explicit hydrology-
sediment modelling with detailed knowledge of localized sediment sources, in order to track
sediment produced by them to the outlet. In particular, (1) we combine a recently developed
distributed hydrology-sediment numerical model (Battista et al., 2020a) with detailed basin geomor-
phic mapping of main sediment production areas in a pre-Alpine river basin, (2) we show with this
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model how the relative contributions of landslide, hillslope and channel production processes to the
fine suspended sediment load at the outlet are affected by parameter choices, (3) we use the model
together with surface topographic analysis of landslide areas and measured CRN concentrations in
the production zones as a tracer, to independently validate the sediment load composition in the
study catchment, and (4) we discuss how the time-dependent modelling of sediment load compo-
sition can be used to guide the sampling of CRN for denudation rate estimates and complement
fingerprinting approaches.

The hydrology-sediment model is the two-dimensional high-resolution catchment hydrology
model TOPKAPI-ETH (Paschalis et al., 2014; Fatichi et al., 2015) with a new suspended sediment
module recently introduced by Battista et al. (2020a). The latter showed that high suspended
sediment concentrations in the same study catchment were difficult to model by only accounting
for diffuse overland flow erosion, and suggested the need to include mass wasting processes with
a threshold behaviour. In this work we introduced sediment mobilization from landslides and
channel inner gorges as additional erosion processes and fine sediment sources. We introduced
a new parameter for sediment mobilization by overland flow on landslide surfaces, the so-called
gully competence parameter, to regulate the relative contribution of landslides and incised areas
to total sediment yield. We show how this parameter can potentially be estimated from surface
roughness derived from a high resolution DEM or by measurements of a sediment source tracer
such as the 10Be concentrations. We close the paper with a discussion of how this approach can
guide optimal riverbed sediment sampling strategies of CRN for denudation rate estimates, and in
combination with fingerprinting methods can increase our understanding of the sediment dynamics
in a mountain environment.

4.2 Data and Methods

4.2.1 Catchment geomorphic mapping

The case study basin is the Kleine Emme, a 477 km2 pre-Alpine basin located in central Switzerland.
The basin has been moderately geomorphically active and is characterized by several inner gorges
and knickpoints, expressions of erosional waves generated by the lowering of the base level of the
river network following the Last Glacial Maximum (Schlunegger and Schneider, 2005; Van Den
Berg et al., 2012; Dürst Stucki et al., 2012). In the gorges, deep river incision in the valley floor
generates steep river banks characterized by frequent debris flows and bank failures, delivering
abundant regolith to the river. The exposure of bedrock in these gorges indicates an efficient and
supply-limited sediment transport regime in the channels (Schwab et al., 2008). On the hillslopes,
several mass movements like earthflows and landslides are present. The sediment produced by
these processes is stored on the hillslopes for potentially long time periods and is only delivered
to the river network when short-lived and rare episodes of hillslope-channel coupling take place,
consisting mostly of superimposed debris flows (Schwab et al., 2008; Clapuyt et al., 2019). This
mechanism indicates a transport-limited regime on the hillslopes.

We identified the areal extent of the localized sediment sources by geomorphic mapping.
Landslides and earth flows (LS) were identified in the Geological Atlas of Switzerland (GeoCover
V2) and verified with a high resolution 2 m LIDAR DEM (SwissAlti3d). Slopes from the LIDAR
DEM were used to manually map the extent of areas deeply incised by the river, referred to as
incised areas (I) (see map in Fig. 4.1). The LS and I areas were considered as potential hotspots of
fine sediment production as they have abundant clay, silt and fine sand available for transport, and
are localized as they cover only 16% of the entire catchment area.
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RHS,

FIGURE 4.1: Map of the landslides and incised areas in the Kleine Emme river basin. The dots
indicate the location of the 10Be samples that were used to derive a representative concentration
for sediments mobilized by overland flow erosion (OF), sediment pickup from landslides (LSR and
LSHS) and incised areas (I) (see section 4.2.5). In yellow are indicated the location of the 10Be
sample at the outlet (dot) and the basin outlet hydrometric station (star).

4.2.2 Modelling concept for localized sediment sources

The hydrology module in Topkapi-ETH is physically based and fully distributed, i.e. raster-based,
and it simulates runoff on hillslopes and in the channels, and subsurface flow in a multi-layered
soil, from climatic inputs (precipitation, air temperature, cloud cover) and watershed surface and
subsurface properties (DEM, soils, vegetation cover). It includes all relevant hydrological processes
in alpine environments, such as infiltration and saturation excess runoff formation, soil moisture
limited evapotranspiration, snow accumulation and melt, etc. For more model details see Fatichi
et al. (2015). The sediment module in Topkapi-ETH simulates erosion by overland flow on the
hillslopes (OF process) and is based on a transport capacity approach, where at cell level the
sediment production rate (erosion) adjusts to the local transport capacity Tc:

Tc = α ·q1.4
OF ·S1.4, (4.1)

where Tc is the specific sediment transport capacity of overland flow per unit area [kg m−2 s−1], qOF

is the specific overland flow [m2 s−1], S the local slope and α [ks s0.4 m4.8] is a surface erodibility
parameter. The spatial distribution of α is given by the C (land cover and management) and K (soil
erodibility) factors in the RUSLE equation (Renard et al., 1997), and its magnitude was calibrated
with observed suspended sediment concentrations (SSCs) at the river basin outlet (Battista et al.,
2020a).

In the present work, we introduced additional localized sediment sources, i.e. landslides and
incised areas, as potential hotspots of fine sediment production. We assumed that mobilization
takes place by means of three new processes supported by these hotspots: sediment pickup from
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FIGURE 4.2: Schematic description of the model. Sediment mobilization is possible through 4
processes: diffuse overland flow erosion (OF), sediment pickup from the body of landslides by
hillslope overland flow (LSHS), from the toe of landslides by river flow (LSR) and from incised
areas (I). LSHS, LSR and I are activated when applied bed shear stress exceeds a threshold. On
landslide surfaces the applied bed shear stress is a function of the gully width (wLS).

incised areas (I), from the toe of landslides by action of the river flow (LSR) and from the body of
landslides by action of hillslope overland flow (LSHS) (Fig. 4.2).

Sediment was assumed to be mobilized from the incised areas I by action of the discharge in the
inner gorges, when it exceeds a critical value. Such threshold behaviour represents the activation of
debris flows and bank failures that supply sediment from hillslopes to the channel. Sediment was
considered to be always available, when the critical bed shear stress in the river is exceeded.

The landslide processes (LSR and LSHS) were also assumed to have a threshold behaviour, in
order to represent the episodic activation of the hillslope-channel coupling. In the light of the
transport limited character of sediment flux on the hillslopes, we assumed that the sediment storage
of landslides was also unlimited. We observe that in the basin there are landslides directly connected
to the river network, which can be emptied by both LSR and LSHS, and landslides disconnected from
the river network, which are only emptied by LSHS. The disconnected landslides deliver sediment
to the channel only if the overland flow bed shear stress is sufficiently high along the flow path to
the nearest channel cell, and therefore have a transient functional connectivity to the river network.

The sediment input from landslides and incised areas takes place when applied shear stresses
exceed a threshold, with the same sediment transport formula applied to all three processes (Fig.
4.2):

qs = k · (θ −θc)
µ (4.2)

where qs [m2/s] is the specific sediment flux, θ is the dimensionless bed shear stress, θc the
dimensionless critical bed shear stress and k and µ are parameters that regulate the sediment flux.
The parameters k and µ depend on grain size, sediment mass density and the magnitude and
non-linearity of the morphological response following the triggering of debris flows, bank collapses,
and the activation of hillslope-channel coupling, and must be calibrated. Following a sensitivity
analysis we assumed θc=0.05 and constant in this study. The dimensionless bed shear stress θ is
the key hydraulic factor that makes qs different on landslides, in channels and incised areas, despite
the same parameters k and µ in Eq. 4.2 (see Sect. 4.2.3).
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The routing of sediment on the hillslopes and in the channels takes place in parallel from all
sources. Overland flow (OF) erosion and sediment transport takes place on all hillslope cells
provided the hydrological forcing qOF > 0. Sediment is routed along the hillslope flow paths, it
can be deposited if the transport capacity in Eq. 4.1 is exceeded, and is input into the river network
once a channel cell is reached. Extra sediment is mobilized on the hillslopes on landslide surfaces
(LSHS) when the overland flow shear stress exceeds the critical value θc (Eq. 4.2) and this sediment
is input into the river network if transport capacity allows it. Rivers receive extra sediment input
when they cross incised areas (I) or the toes of landslides directly connected to the river network
(process LSR) and the streamflow bed shear stress exceeds θc (Eq. 4.2).

In the channels, fine sediment produced from all four sediment sources (OF , LSHS, LSR, I) is
routed as suspended load using an advection solution, neglecting diffusion and the possibility of
sediment deposition. The sediment flux at any point in the river network consists of the sum of the
four sediment fluxes at any given time step. The hypothesis of pure sediment advection neglects
the recycling and mixing processes within the river network and is motivated by the efficient and
supply-limited transport in the river network of the study basin (see Sect. 4.2.1). On the contrary,
the possibility of deposition and re-mobilization of the eroded sediment on the hillslopes implies
that the delivery of hillslope sediment by overland flow into the channels can be instantaneous
during large rainfall events, or spread over long time periods when sediment undergoes many
erosion-deposition cycles (see Battista et al., 2020a).

Finally, we note that, because of the moderate geomorphic activity of the basin and the decadal-
scale simulation horizon, we assumed that landslides and incised areas are fixed features in the basin
and we did not consider the generation of new landslides or inner gorge sources at the timescales of
our simulations.

4.2.3 Gully competence parameter

To compute the bed shear stress for hillslope and river cells, it is necessary to know the width of
the flow confinement. In our study basin, the width for river cells was known from cross-section
measurements provided by the Swiss Federal Office for the Environment (FOEN) along the river
network. For hillslope cells, OF erosion by surface runoff with rate Tc takes place over the entire
width of the cells (∆x). However, landslide bodies can be heavily gullied, changing the active flow
width of hillslope cells located on landslides. Therefore, a new parameter was needed to define the
active cell width where erosion action and sediment transport take place.

We described the effect of overland flow channelization on the landslide body by assuming that
the gullying of a landslide cell is represented by an equivalent width wLS of a gully that is always
deep enough to contain all the overland flow on the cell (wLS ≤ ∆x). We introduced a parameter for
gully competence λ , which represents this flow concentration:

λ =
∆x
wLS

. (4.3)

Low values of λ (wLS ≈ ∆x) mean that gullies on the landslide surface are wide and shallow,
and therefore have a low competence for sediment transport, because flow is not concentrated
and shear stress is low – this is a poorly gullied landslide (PGL). High values of λ (wLS << ∆x)
represent a surface with narrow, deep and competent gullies, where the flow is concentrated and
shear stress is large – this is a strongly gullied landslide (SGL).

It is expected that λ has an effect on the partitioning of the sediment flux between landslides
and incised areas. In our simulations we tested two end-member values λ = 1 (wLS = ∆x) and
λ = 100 (wLS = 1 m, ∆x = 100 m) as scenarios, and we present a possible way to estimate λ from
the statistical distribution of the surface roughness of landslide surfaces. To this end, we computed
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the standard deviation σz of elevations from a high resolution 2 m LIDAR DEM in areas of 6×6 m
over the extent of each landslide. Given that the surface roughness on gully banks is higher than
on the other parts of the landslide surface, high values of σz in the frequency distribution indicate
the presence of gullies on the surface. We selected an example of a poorly gullied landslide and a
strongly gullied landslide in the Kleine Emme and we assumed their σz frequency distributions to be
representative of a λ = 1 situation, and a λ = 100 situation, respectively. To infer the λ end-member
value that better represents the gully development across the whole basin, we compared the σz

frequency distributions of the PGL and SGL to that of all landslide surfaces in the basin and chose
the end-member that better matches the two distributions.

4.2.4 Model calibration and simulations

The hydrology-sediment model was set up for the period 2004–2016 with a spatial resolution of
∆x=100 m and a time step of ∆t=1 hour. The hydrological component was calibrated on streamflow
measured at three stations in the basin for the same period, using as inputs hourly measurements
of sunshine duration, air temperature, and precipitation measured at rain gauges and combined
with the spatially distributed daily RhiresD dataset (MeteoSwiss). Overall, the model performed
well in reproducing the hourly streamflow, e.g. reaching a correlation coefficient r=0.84 and model
efficiency ME=0.69 at the outlet (Battista et al., 2020a).

The α parameter of the overland flow component in Eq. 4.1 was calibrated by considering only
the OF process and fitting the modelled and observed SSC-Q clouds of point and the frequency
distribution of SSCs up to the 85th quantile, i.e. ignoring the extremes. SSCs measurements are
available at the outlet for the simulated period with a measurement frequency of two samples a
week from the Swiss Federal Office for the Environment (FOEN). See Battista et al. (2020a) for
more details on the calibration of the OF process.

In this work, we kept the α parameter unchanged and calibrated the k and µ parameters (Fig.
4.2 and Eq. 4.2) by maximizing the coefficient of determination R2 and the model efficiency ME in
predicting all observed hourly suspended sediment loads, without any limitation on the quantiles.
Given the two end-members for λ , calibration of k and µ was performed twice: for λ = 1 in SIM
A (poorly gullied landslides), and for λ = 100 in SIM B (strongly gullied landslides).

The simulated annual suspended sediment load was compared with two estimates of sediment
load derived from observations, based on two different methods to extrapolate an annual load from
the low temporal resolution SSC measurements available. The first (lower) estimate is based on
yearly SSC-Q rating curves fitted to each year of hourly observations, and used to infer the missing
hourly SSCs (QsOBS

MIN=7.41 104 t/y), while the second (higher) estimate is based on an estimate of
daily load from the observed SSCs only and gives more weight to the single SSC-Q observation
pairs (QsOBS

MAX =2.83 105 t/y, Hinderer et al. (2013), see FOEN (2010) for details).
Given the effect of λ in regulating the sediment input from LSHS processes, SIM A and SIM

B are expected to show different provenance of the sediment load at the outlet. Therefore, we
performed a sensitivity analysis of λ , k and µ parameters to compare the effect of each parameter
on the sediment load provenance at the outlet. Taking SIM A as a reference, we varied λ within the
range [1,100], and k and µ within the ranges provided by their calibrated values for SIM A and
SIM B.

4.2.5 10Be concentration data

To corroborate the estimate of λ obtained in Sect. 4.2.3, we applied sediment tracing in the model
by using measurements of 10Be concentrations available across the basin in different morphologies
and at the outlet.

43



Mobilization process 10Be Concentration
[104 at/gQuartz]

OF 6.16 ± 1.72
LSHS,LSR 1.60 ± 0.75

I 0.69 ± 0.58

TABLE 4.1: Estimated representative 10Be concentrations of sediments mobilized by the four
sediment production processes. LSHS and LSR have the same concentration because they mobilize
sediments from the same source. The reader is referred to the Appendix B for details about the
derivation.

Because 10Be concentrations on the surface are inversely proportional to the long-term erosion
rates, they are expected to label the sediments mobilized by different processes with a different
concentration. From data of in-situ produced CRN rates available from the literature in the basin
(Clapuyt et al., 2019; Van Den Berg et al., 2012; Norton et al., 2008; Casagrande, 2014), we
selected samples on landslide surfaces, in headwater channels, and in a subbasin including incised
areas, to derive a concentration representative of each sediment production process simulated in
the model. The details of the computation of the representative concentrations are reported in the
Supporting Information. The location of the samples is shown in Fig. 4.1 and the resulting 10Be
concentrations associated with the production processes are reported in Table 4.1. By assigning
these concentrations to the corresponding modelled sediment fluxes at the outlet, we were able to
derive a time series of 10Be concentration at the outlet for SIM A and SIM B.

We analysed the frequency distributions of simulated 10Be concentrations in the suspended
sediment under SIM A and SIM B to highlight how differences in sediment production sources and
their activation will impact the time-dependent mixing of sediment at the outlet. We compared these
distributions with a single river bed 10Be sediment sample taken close to the outlet by Wittmann
et al. (2007), to assess which of the two simulations better represents erosion processes in the study
basin.

Finally, we discuss the implications of the modelled temporal fluctuations of 10Be concentration
for the sampling of river sediment that is representative of long term denudation rates. To this end,
we also used the model results to investigate how the sampling location in the cross section might
affect the representative value of the sediment transported in the river at that location. In particular,
we computed the variability of the modelled 10Be concentration expected in river bed samples taken
at different elevations on the river bed. To do so, we first identified the water depth that fully covers
the mobile part of the bed based on the outlet cross section profile provided by FOEN (the banks
of the channel are protected and fixed). Second, from this water depth we derived the range of
discharges during which sampling is possible, given the water level h-Q relationship at the outlet
cross section (also provided by FOEN), and we computed the water depths corresponding to the
5th , 25th, 50th and 75th percentiles of this range of discharge. Finally, we filtered the modelled
10Be concentration distribution with the modelled discharges that reach or exceed these water
depths. These are the concentrations potentially deposited by the flow on the river bed above the
corresponding water levels (h5, h25, h50 and h75). The described approach assumed that deposition
is independent of the grain-size and flow conditions.
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4.3 Results

4.3.1 Sediment sources and simulated SSCs

The results of the two calibrated simulations SIM A (λ = 1) and SIM B (λ = 100) are presented
in Fig. 4.3 in terms of modelled SSCs against discharge. In Fig. 4.3 we associated a color to
each of the sediment production processes and then filled each Q-SSC dot by mixing these colors
proportionally to the relative contribution of each source. Therefore, the color coding indicates the
process, or the combination of processes, generating each hourly SSC. The overland flow process
OF is the dominant sediment production process at lower discharges, generating the lower modelled
SSCs (red markers). At higher flows, the threshold processes I and LSHS (blue and green markers)
become the dominant sediment production processes. The highest SSCs are generated in SIM A by
sediment pickup from incised areas (I), and in SIM B from the body of landslides (LSHS), and this
is reflected in the composition of the yearly load reported in Table 4.2, where I contributes 81% of
the total sediment mass in SIM A and LSHS contributes 98% of the total sediment mass in SIM B.
This result indicates that the different parameterization of SIM A and B has the effect to redistribute
the sediment provenance between these two dominant sources. The calibrated parameters of the
hydrology-sediment model for both simulations and the modelled annual sediment loads are listed
in Table 4.2.

The model performance is presented in Table 4.3 by evaluating the fit of observed and modelled
hourly sediment flux Qs, SSC variability, and annual sediment yield. It is interesting to note
that the two calibrated simulations produced almost equally good values of the goodness-of-fit
metrics. In both simulations, the coefficient of determination R2 and the model efficiency ME of
the hourly loads Qs are rather low in terms of their absolute values (Moriasi et al., 2007), however,
considering the simplified representation of the suspended sediment transport in the channels and
that similar models show R2 of about 0.7 and ME between 0.5 and 0.9 for daily or monthly temporal
resolutions (Francipane et al., 2012; Betrie et al., 2011; Tsuruta et al., 2018), the results can be
considered relatively good in the framework of this type of models. The percentage of SSCs falling
within the [5,95]th and [25,75]th percentiles of observations quantifies the fit between the modelled
and observed SSC-Q relation and its scatter, and indicates that both simulations almost perfectly
captured the observed variability. The comparison of the modelled mean annual sediment loads
with the higher estimate Qs

OBS
MAX from observations (Hinderer et al., 2013) gives very good results,

with slight underestimation (-22%) by SIM A and slight overestimation (+33%) by SIM B.
The almost equal performance of the two simulations suggests that a good fit with the obser-

vations may be achieved by very different combinations of sediment source activation and that it
may not be possible to identify the dominant sediment sources based on the sediment dynamics
properties only. This limitation could be in part related to the low temporal resolution of the SSC
observations in the study basin, which does not allow to fully characterize the SSC-Q relation, and
therefore to discriminate between the two solutions. However, this quality of SSC data is typical in
many monitored catchments and as a consequence the physical meaningfulness of the parameters,
especially λ , needs to be validated with an independent analysis.

4.3.2 Sensitivity analysis

The results of the previous section indicate how the different parameterisations of SIM A and B
redistribute the provenance of the outlet sediments among the different sources. In this section
we investigate the role of each parameter λ , µ and k in determining the distribution of sediment
provenance. To do so, we carried out a sensitivity analysis of SIM A to these parameters in the
ranges defined by the calibrated values of SIM A and B (see Table 4.2).
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FIGURE 4.3: Calibrated simulations. Modelled hourly SSCs at the outlet (colored dots) for SIM
A (λ=1) and SIM B (λ=100) are compared with the median (continuous line), the interquartile
range (shaded area) and the 5th and 95th percentiles (dotted lines) of the observation. The color of
the modelled SSCs represents the sediment mobilization process, or the combination of processes,
producing each concentration.

Calibrated parameters Yearly load Composition of yearly load

λ k µ Qs Qs(OF) Qs(LSR) Qs(LSHS) Qs(I)
[-] [kg m−1 s−1] [-] [105 t/y] [%] [%] [%] [%]

SIM A 1 0.023 2.5 2.21 7.73 11.27 0 81
SIM B 100 9.17e-6 6 3.76 4.54 0 95.45 0.01

TABLE 4.2: Values of the calibration parameters k and µ , modelled yearly load Qs, and percentages
of its composition for simulations SIM A and SIM B.

Hourly Qs Scatter fit [%] Yearly load error [%]

R2 ME 5-95th 25-75th Qs - Qs
OBS
MIN Qs - Qs

OBS
MAX

SIM A 0.47 0.32 89 49 198 -22
SIM B 0.48 0.40 93 51 407 33

TABLE 4.3: Model performance. R2 and model efficiency (ME) of the simulated hourly sediment
load, percentage of simulated SSCs that fall within the [5,95]th and [25,75]th percentile of the
observations and relative error of the modelled annual sediment yield compared with two estimates
of annual load from observations (see text for explanations).
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FIGURE 4.4: Sediment load composition in the sensitivity analysis simulations. The percentage of
yearly load generated by each sediment production process is plotted as a function of the studied
parameter. On the left side of the x-axis, λ , µ and k have the values of calibrated SIM A, and
on the right side the values of calibrated SIM B. The lines are the fractions of yearly load in a
simulation that has the same parameters as SIM A, except for the parameter on the x-axis. Note
the reversed axis in (c). The blue square, black triangle, filled and empty red diamond indicate the
fractions of yearly load of SIM B.

The fraction of the mean yearly suspended sediment load generated by each sediment mobiliza-
tion process as a function of the studied parameters is shown in Fig. 4.4. On the left side of the
x-axis of the plots, λ , µ and k have the values of calibrated SIM A, and on the right side the values
of calibrated SIM B. The lines are the fractions of yearly load in a simulation that has the same
parameters as SIM A, except for the parameter on the x-axis, and the symbols (square, triangle and
diamonds) indicate the partitioning of sediment load in SIM B.

Fig. 4.4 shows that µ and k mainly affect the ratio between threshold (I, LSR and LSHS) and
continuous (OF) processes, while λ strongly affects the hillslope (LSHS and OF) to channel (I and
LSR) process ratio, by increasing the LSHS contribution as it grows. We observe that SIM A with
λ=100 closely captures the SIM B yearly load partitioning (square, triangle and diamonds) even
if the µ and k parameters have not been changed (Fig. 4.4a). On the contrary, the composition
achieved by SIM A with µ and k of SIM B is very different from SIM B composition. This result
indicates that among the three main model parameters, λ has a dominant role in determining
the sediment load composition at the basin outlet. In other words, it is the key parameter that
redistributes sediment provenance towards incision areas, in the poorly gullied case (SIM A), and
landslide surfaces, in the strongly gullied case (SIM B).

4.3.3 Landslide surface roughness to quantify gully competence

The first independent validation of the two end-member simulations SIM A and SIM B is by
estimating the gully competence parameter λ directly from topographic analysis of landslide
surfaces. The surface roughness of two selected landslide surfaces measured by the local standard
deviation of the topographic height σz is shown in Fig. 4.5. The spatial maps clearly show that the
poorly gullied landslide (PGL, top) has less rill and gully formation and a much lower roughness
measured by lower mean σz, variance and more skewed distribution, while the strongly gullied
landslide (SGL, bottom) has very significant and deep gullies distributed over the surface and a
much higher roughness measured by higher σz, variance, and a less skewed distribution.

To assess if the entire basin of the Kleine Emme is more like PGL or SGL, we computed the
frequency distribution of σz and its basic statistics over all landslide surfaces in the catchment
based on the 2 m resolution Lidar DEM. Our hypothesis is that if a better overlap exists for PGL,
the simulation SIM A (λ = 1) would be a more accurate description of the sediment processes
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FIGURE 4.5: Quantification of gully development on landslides surfaces. (a, b) Hillshade of the
2 m resolution Lidar DEM (SwissAlti3D), (c, d) surface roughness σz computed as the standard
deviation of elevations in the Lidar DEM and (e, f) frequency distribution of σz, its mean µ and
skewness γ for a poorly gullied landslide (top row), and for a strongly gullied landslide (bottom
row) in the study basin. (g) shows the σz frequency distribution of all landslide surfaces in the
basin.

in the basin, while if a better overlap exists for SGL, then simulation SIM B (λ = 100) would
the better choice. The frequency distribution of σz for all landslides is shown in Fig. 4.5g, and
it is clearly more similar to the PGL σz distribution (D Kolmogorov-Smirnov(PGL)=0.22, D
Kolmogorov-Smirnov(SGL)=0.58). We conclude that landslide surfaces in the Kleine Emme have
weakly developed gullies and SIM A is a better end-member parameterisation, giving more weight
to the role of incised rivers in inner gorges as a sediment source.

We note that the surface roughness is, however, high in other steep regions too, like the landslide
scarp. This adds spuriously high σz in the frequency distribution of the PGL and of the global
distribution, while the SGL does not present such features. Removing the spurious σz would reduce
the mean σz and the skewness of the PGL and of the global σz distribution, thus differentiating them
even more from the SGL, and is therefore not expected to change the results of this comparison.

4.3.4 10Be as a sediment tracer

The second independent validation of the two end-member simulations SIM A and SIM B is by
using 10Be concentrations as a sediment tracer. Time series of modelled 10Be concentrations in the
suspended sediment in transport have been derived by associating the representative concentration
of each sediment production process to the corresponding sediment flux at the outlet and computing
an average 10Be concentration. They are presented in Fig. 4.6a for SIM A and 4.6c for SIM
B for one representative year. As it is expected for basins dominated by mass movements, the
10Be tracer shows strong temporal fluctuations driven by the flow rate. Higher flow rates activate
the threshold processes in LSR, LSHS and I, generating pulses of lower 10Be concentrations. The
amplitude of the fluctuations is greater in SIM A because of the lower 10Be concentration in the
incised areas compared to landslides. The frequency distribution of 10Be concentrations in the
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FIGURE 4.6: Modelled and observed 10Be concentration at the outlet. (a, c) Time series of daily
flow and 10Be concentration with its uncertainty derived from the modelled sediment load compo-
sition for one representative year. (b, d) Frequency distribution of the hourly 10Be concentrations
for the simulation period 2004–2016 compared with a single observation of concentration at the
outlet by Wittmann et al. (2007).

entire simulation period (Fig. 4.6b and 4.6d) is bimodal in SIM A, with a peak at the highest
concentrations representing the overland flow erosion process, and at the lowest concentrations,
generated by the sediment mobilized from the incised areas and the landslide toes. The clustering
of concentrations around two frequency peaks in SIM A, compared to the single peak distribution
of SIM B, suggests that the hydrologic conditions that mobilize the sediments from incised areas
and from the toes of the landslides are more similar to each other than those that mobilize sediments
from the body of landslides. This can be explained by more variable hydrologic (surface runoff)
conditions on the hillslopes than in the channel.

In Fig. 4.6b and 4.6d the modelled 10Be concentrations in suspended sediment are compared to
a single river bed sample concentration by Wittmann et al. (2007). The observed 10Be concentration
at the outlet from Wittmann et al. (2007) falls at the low concentration end of SIM A frequency
distribution, but outside of the range of SIM B simulated frequency distribution. This supports the
hypothesis that SIM A is more likely to be compatible with the 10Be observation, and therefore
indicates low values of λ , in the vicinity of 1, as a more representative parameterization of the
sediment production and transport processes. The simulated distribution of 10Be concentrations
compared to the observation would suggest that the sample by Wittmann et al. (2007) is representa-
tive of extreme flow conditions. However, we will discuss in Sect. 4.4.2 the difficulties associated
with such a comparison and its interpretation.

Finally, we explore how well a sediment sample taken on the river bed represents the sediment
transported in the river at that location, depending on the sampling location in the cross section. We
show in Fig. 4.7 that if the suspended sediment was partially deposited on the river bed as a function
of the inundation frequency, there would be a gradient in river bed sediment 10Be concentration
with increasing height above the thalweg. Both in SIM A and SIM B, the mean concentration on the
river bed decreases with the height, as higher parts of the river bed and bank are only inundated by
larger discharges, which are likely to carry high sediment loads from incision areas and landslides
with lower 10Be concentrations. The variability of concentrations in sediment deposited on the bed
decreases with river bed height in SIM A, while it increases in SIM B. This is indicative of the fact
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FIGURE 4.7: Distribution of 10Be concentration in potentially deposited sediment in a cross section.
(a, b) Mean (square) and interquartile (wiskers) range of the modelled 10Be suspended sediment
concentration transported when the water level exceeds h5, h25, h50 and h75 (corresponding to the
5th, 25th, 50th and 75th percentiles of the flow distribution). (c) Elevation profile of the outlet
cross section with the water depths in blue. The continuous lines indicate a fixed protected bed, the
dotted line the mobile bed.

that a wider range of discharges is responsible for sediment mobilization from the localized sources
in SIM B, compared to SIM A.

4.4 Discussion

4.4.1 Importance of localized production processes in mountain basins

The implementation of sediment mobilization from localized high sediment production areas with a
threshold activation and a strongly non-linear transport rate in a hydrology-sediment model allowed
us to reproduce the full range of observed SSCs, the variability in the observed SSC-Q relation,
and the annual sediment load at the outlet of the Kleine Emme catchment (Fig. 4.3 and Table 4.3).
This represents a substantial improvement in the model performance compared to only including
diffuse overland flow erosion in Battista et al. (2020a), which resulted in an underestimation of the
high sediment concentration pulses and the total sediment yield. This raises the possibility that
many other distributed physically-based erosion and sediment transport models based on overland
flow alone are probably not suitable for applications in mountain areas, where mass wasting and
localized sources dominate the sediment production.

Some evidence for this can be found in the literature. WATEM/SEDEM and RUSLE are based
on overland flow erosion and have been found to perform poorly in mountain catchments (Van
Rompaey et al., 2005; Borrelli et al., 2014, 2018). Already in the early work of Benda and Dunne
(1997), stochastic sediment input from landslides and debris flows was proposed to be an important
part of the sediment budget in river network models. de Vente et al. (2006) applied a suspended
sediment yield semi-quantitative model to 40 catchments including mountainous environments,
and found that the model performance substantially increased when the presence of landslides
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4.4 Discussion

was accounted for. Several authors have indeed proposed modelling frameworks to simulate the
dynamics of such localized sources in mountain environments with different approaches and degrees
of complexity (e.g. Wichmann et al., 2009; Bennett et al., 2014; Taccone et al., 2018).

The approach presented here allows, furthermore, to track the sediment produced by the different
sources in space and time, and therefore to understand when and why certain sources dominate in
the model. For example, the dominant sediment production from incised areas in SIM A is the result
of a channel-process dominated system, while SIM B represents a hillslope-process dominated
system because most of the sediment load is sourced from the landslide bodies. While the sediment
mobilization Eq. 4.2 in our model is the same for all three localized sediment production processes,
the gully competence parameter λ on landslides allows to differentiate between the frequency of
activation of hillslope and channel processes. In SIM A and SIM B we have considered the two
extreme values of λ and, coherently, we obtained respectively very low and very high ratios of
hillslope to channel process contributions. We conclude that a more realistic λ for the study basin
would probably be an intermediate value between the two end members, and with our analysis we
can estimate whether this value should lie close to λ=1 or λ=100.

Poor gully development on landslide bodies and the comparison of modelled time series
of 10Be concentrations with measurements, suggest that SIM A is more representative of the
Kleine Emme basin than SIM B (see Fig. 4.5 and Fig. 4.6). Therefore, low values of λ are
more suitable to parameterize the study catchment, suggesting that channel processes of sediment
production are possibly more important than hillslope processes in this catchment. This result
is consistent with field observations by Schwab et al. (2008), who proposed that in the Kleine
Emme the connectivity between landslides on the hillslopes and the river network only takes place
occasionally by activation of debris and earth flows. Clapuyt et al. (2019) also argued that this
coupling is switched on only rarely and for short periods of time and therefore the contribution
of hillslope-generated sediments to the annual sediment load is negligible most of the time. The
hypothesis of dominant channel sediment production processes in the Kleine Emme basin is
supported by qualitative geomorphological observations, such as the presence of river cut terraces
and the lack of significant main river adjustment at the confluence of small tributaries. Finally, the
presence of multiple gorges with upstream migrating knickpoints also suggests that they act as a
significant source of sediment (Schwab et al., 2008; Schlunegger and Schneider, 2005; Van Den
Berg et al., 2012; Dürst Stucki et al., 2012).

4.4.2 Implications for the use of CRN data and for provenance studies

The parallel routing of mobilized sediment from different sources to the outlet allows us to produce
a transient mixing of sediment that is driven by the space-time variable hydrological regime, i.e.
surface runoff. We used 10Be as a sediment tracer in this regards to simulate time series of 10Be
concentration at the outlet (Fig. 4.6). 10Be concentrations can be used to derive denudation rates.
However, we caution against the use of such modelled concentrations to derive catchment-wide
denudation rates for three main reasons: (1) CRN-derived denudation rates are inferred from
riverbed sediment samples, while we do not simulate a river bed sediment storage and only simulate
the concentration of fine sediment in transport. This also implies that fluvial mixing is not simulated,
while this has been demonstrated to be an important factor to smooth out temporal fluctuations of
CRN concentrations (Yanites et al., 2009). (2) Our model is suitable for decadal time scales only,
and does not account for the formation of new landslides, activation and extension of new inner
gorges, knickpoint migration, etc., on longer time scales. On the contrary, denudation rates derived
from CRN concentrations integrate time scales of 100-105 years and therefore also include these
processes. (3) Representative 10Be concentrations attributed to the sediment production processes
in our model (see Table 4.1) as a tracer are imperfect, as they are derived from a limited number
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of samples non-uniformly distributed in space (Fig. 4.1). Moreover, in the interpolation of the
sample concentrations we neglected the dependence of 10Be concentration on elevation and grain
size (Lukens et al., 2016; Van Dongen et al., 2019) (see Appendix B). These limitations introduce
an uncertainty in the modelled 10Be concentrations at the outlet.

Nevertheless, compared to models specifically developed for CRN dynamics at 105–106 years
temporal scales (Niemi et al., 2005; Yanites et al., 2009), our model includes explicit spatial
dependencies along flowpaths and is characterized by a high temporal resolution (hourly). This can
provide insights into the short term dynamics of CRNs and help to guide the collection of samples
representative of long-term catchment-average denudation rates in mass-movement dominated
basins.

In the first place, results like those in Fig. 4.6 can be used to identify the most suitable
hydrological conditions for sampling. They allow one to discriminate between hydrological
conditions leading to a suspended sediment load dominated by one single process, and those
producing instead a mix of sediment sources. Samples for CRN concentration measurements are
usually taken from river bed sediment, however in some conditions the provenance of the suspended
sediment load can be taken as a proxy for the variability in the fine fraction of riverbed sediments.
This is the case for example in the Kleine Emme, where the sediment storage capacity of the river
bed is estimated to be small and the residence time of the fine sediment in the basin to be short.
Here, we expect the actual smearing effect (Yanites et al., 2009) of hillslope inputs by fluvial mixing
to be rather small and, in the period following a large flood, the streambed sediment to be composed
mostly of localized source sediment. A sample of such sediment is neither representative of long-
term erosion rates, as it is influenced by an exceptional event, nor of catchment-averaged erosion
rates, as some regions of the basin are over-represented. Therefore, the two main assumptions at
the basis of denudation rate estimates from CRN concentration fail (von Blanckenburg, 2005).

Additional useful information for CRN sampling is provided by the correlation between sus-
pended sediment 10Be concentrations and river bed sampling height above the thalweg. Fig. 4.7
suggests that samples taken higher up on the river bank are likely to be over-representative of
localized sediment sources activated by higher flows, therefore it is important to sample closer to
the low flow channel to get a more integrated sediment source signal. At the same time, Fig. 4.7
also indicates that the location of sampling matters especially in basins where localized sources of
sediments produce a clearly distinct signal for a given range of discharges (SIM A). In these basins,
because the variability of potentially deposited concentration decreases with sampling elevation, the
probability of observing concentrations that are over-representative of localized sediment sources at
the higher locations, is higher compared to SIM B.

To summarize, two practical suggestions can be drawn to guide the sampling of 10Be con-
centrations representative of long-term catchment-average denudation rates in mass-movement
dominated basins: (1) preferring sampling during low flow conditions, while avoiding it during and
immediately after high-flow events; (2) avoiding sampling from high-flow deposits by sampling as
close as possible to the low flow channel.

Our modelling results predicted a wide distribution of possible 10Be concentrations at the
catchment outlet, in which the observation made by Wittmann et al. (2007) are exceptionally
low. This would intuitively suggest that their sample is representative of an extreme flow event
and that the actual catchment integrated erosion rate is much lower. However, there are several
issues involved with such a comparison. The first issue is the uncertainty in the modelled 10Be
concentrations at the outlet, due to the imperfect estimate of the representative 10Be concentration
in the sediment sources (Table 4.1). The second is that Wittmann et al. (2007) sampled on the river
bed and we are comparing their data with suspended sediments in transport. This implies that the
observed grain size is likely to be coarser than the simulated one, and this might introduce a bias
towards lower concentrations in the measurements.
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4.4 Discussion

Finally, we argue that the approach presented here is useful in combination with fingerprinting
methods to complement sediment provenance studies, thus increasing the understanding of the
sediment dynamics in river basins. On the one hand, observations of sediment provenance estimated
by fingerprinting methods are needed to calibrate the model, as we have proposed by comparing
the simulation results with a single measurement of 10Be concentration. Time series of observa-
tions of tracers that label the different sediment sources, such as those derived by Navratil et al.
(2012); Cooper et al. (2015); Uber et al. (2019), would substantially improve the accuracy of such
calibration. On the other hand, the modelling concept can be used to generalize the observations of
fingerprinting studies, which allow to reconstruct the sediment provenance only at a limited number
of locations and for a limited period of time determined by the availability of field observations.
The combination of such datasets with the application of our model would allow to investigate the
climatic forcings that produce specific sediment load compositions, as well as to extrapolate the
information about sediment provenance to other hydrological conditions and locations across the
basin, besides the observed ones. At the same time, the transient routing produced by the model
may also provide a physically-based concept to support the choice of statistical mixing models used
in fingerprinting methods (e.g Evrard et al., 2011; Blake et al., 2018).

4.4.3 Limitations and further developments

We discuss in the following three main limitations of the model.
The first limitation is the confined model structure. High accuracy was used for the hydrological

physical process representation, leading to space-time dependent surface runoff generation, and in
identifying possible sediment sources by geomorphological mapping. On the contrary, simplified
representations were chosen for overland flow erosion and threshold sediment mobilization from
landslides and incised areas. The latter have as few parameters as possible while remaining
physically meaningful, to avoid model over-parameterisation with only a single station with SSC
observations to compare with. We recognise that other erosion models may use much more
complex formulations for erosion and sediment transport, and these could be included in the future,
especially for applications where more data are available. Additionally, we focus on bulk fine
sediment produced in the catchment and transported in suspension only, because this is the main
mode of sediment transport contribution to total yield in many alpine environments (Turowski
et al., 2010). Including multiple grain sizes, processes of grain size fining during transport and
the interaction between bedload and suspended load would provide a significant improvement and
expand the application possibilities.

Model calibration is a second limitation. We performed a manual calibration of the few
parameters that needed to be defined, e.g. α , θ , k and µ , by varying a single parameter at a
time. We did not vary them simultaneously with an automatic calibration procedure because of
computational limitations. In our end-member based analysis, such calibration would allow a
better tuning of the parameters and therefore of the contribution of the different processes to the
outlet sediment load. However, it is not expected to significantly alter the results of our analysis,
as we have shown that OF is only responsible for low SSCs and λ has a dominant role on the
sediment contribution compared to µ and k. The added value of an automatic calibration would
be to easily identify the intermediate values of λ and corresponding combinations of parameters
that equally match the observed SSCs, i.e. several sediment load compositions that represent
plausible balances among the sediment production processes in the study basin. To solve this
non-uniqueness problem, additional sediment-specific tracing data from the sources of sediments in
a basin would be needed, such as additional measurements of tracers at the outlet repeated in time.
For example, meteoric 10Be has also been showed to be an effective tracer of sediment production
processes within a catchment, with the advantage of being quicker and cheaper than cosmogenic
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10Be (Reusser and Bierman, 2010). In order to further constrain the problem, process-labeling
tracers like cosmogenic and meteoric 10Be could be associated with tracers adding information on
the soil depth of sediment provenance (e.g. 137Cs) and the travel time of sediments from the source
to the outlet (e.g. 7Be/210Pbxs) (Evrard et al., 2016). In this respect, the modelling framework also
offers a possibility to propagate uncertainty, i.e. to simulate sediment fluxes with many realisations
of a stochastic climate and parameter values from pre-defined probability distributions, thereby
explicitly quantifying the uncertainty in the SSC predictions and partitioning it to climatic, model
parameter, and tracer sources.

Finally, in further work, the role of the spatial distribution of λ and its variability in time could be
explored. In this work we chose to use a constant value, to explore its role in basin scale modelling.
However, Clapuyt et al. (2019) showed that episodic hillslope-channel coupling in specific landslide
areas in the Kleine Emme basin are key in determining the seasonal sediment load contributions,
even if often negligible at the annual scale. This suggests that a better representation of the hillslope-
channel balance in the Kleine Emme could be obtained by using a temporally variable λ . At the
same time, λ can be expected to also be spatially variable because landslide surfaces have diffferent
gradients, morphologies, soils, etc. This is also indicated by the variance of the distribution of
surface roughness across all landslides in the study area of this work. An example is the difference
between the northwestern region of the basin (Fontanne subcatchment) characterized by narrow and
deeply incised valleys and the southeastern region (Entle subcatchment), dominated by wide valley
and major instabilities disconnected from the river network (Van Den Berg et al., 2012; Norton
et al., 2008; Schlunegger and Schneider, 2005). In a further development of the model, the gully
competence parameter on landslides should be adapted to represent a higher complexity and thus
simulate more general relations between the size and morphologies of landslide bodies, and the
different degrees of hillslope-channel connectivity.

4.5 Conclusions

We presented a hydrology-sediment modelling framework based on the model Topkapi-ETH
combined with geomorphic mapping that accounts for localized processes of suspended sediment
mobilization, in an application to the pre-Alpine Kleine Emme basin in Switzerland. We introduced
sediment mobilization from landsliding areas and incised river gorges, by activation of threshold
processes such as erosion of banks and landslide toes, in addition to overland flow erosion. Fine
sediment is routed along topographically-driven pathways in parallel from all sources to the outlet.
This allows us to reproduce the suspended sediment load composition and its temporal dynamics,
including 10Be concentrations as a sediment tracer. The main outcomes of the work are as follows:

(1) The modelling framework with additional concentrated sediment sources from landslides and
incised areas allowed us to improve the simulation of observed suspended sediment concentrations
and annual sediment load at the outlet, compared to modelling overland flow erosion alone. Such
localized sources activated only episodically by surface runoff on hillslopes or high discharge in
rivers are very important in the sediment budget of the studied basin.

(2) We quantified two end-members of modelled sediment provenance that could explain the
observed SSCs at the outlet of the basin: channel-dominant processes from incised areas, and
hillslope-dominant processes from landslide surfaces. In our model, the competition between these
two processes is a function of the parameter of gully competence, which adjusts the hillslope
sediment production rate on landslide surfaces.

(3) By independent validation of the model with topographic analysis of surface roughness
and sediment tracing with 10Be concentrations, it was possible to infer the dominant sediment
production processes in the basin. In the study case, we found that the end-member assuming poor
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4.5 Conclusions

landslide surface gullying and giving more weight to channel processes is more consistent with
observations.

(4) The modelled temporal dynamics of sediment load composition provides useful information
for guiding sediment sampling for CRN basin denudation rate estimates. Such information can be
summarized into the following suggestions: (a) preferring sampling during low flow conditions,
while avoiding it during and immediately after high-flow events; (b) avoiding sampling from
high-flow deposits by sampling as close as possible to the low flow channel.

This research shows that inputs of localized rich sediment sources activated episodically by
hydrological processes can be very important for sediment budgets in mountain basins and should
be taken into account when modelling their sediment dynamics. It also shows that transient mixing
of sediment from these sources by hydrologically driven runoff generation is to some degree
predictable with numerical models. Finally, the proposed framework can be used to generalize the
information of sediment apportionment derived by fingerprinting measurements, by linking it to
climatic variables and hydrological conditions.
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Sediment supply effects in

hydrology-sediment modelling of a
pre-Alpine basin
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Abstract

In mountain river basins, sediment availability on hillslopes and in channels is key to predict the
sediment response to hydrological forcing. However, quantification of sediment availability and
its variability in time is challenging, because sediment supply is often strongly stochastic and
dominated by mass wasting. In this paper, we introduced a variable landslide sediment supply
as a function of topography, hydrology, and hillslope activity in the hydrology-sediment model
TOPKAPI-ETH. We used the model to analyse the dynamics of sediment storage in a mesoscale
pre-Alpine basin. We simulated a range of transport- and supply-limited conditions to quantify the
variability of suspended sediment concentrations and load, and the seasonal dynamics of sediment
storage. We show that supply limitation dampens the natural variability of the hydrological and
sediment transport processes, and therefore reduces the scatter of the suspended sediment rating
curve. By comparing the model results with observations, we demonstrate that alternation of
low and high sediment availability favours sediment load variability at the outlet. The temporal
dynamics of sediment storage depends on the hillslope activity, and the balance between sediment
supply by landslides and evacuation by runoff. When the export flux is comparable or greater than
the recharge flux, the storage shows seasonal fluctuations with a maximum in late winter or spring,
and sediment starvation in summer. By representing the dynamics of both inputs and outputs of
the sediment storage, the proposed model provides a physically based tool to isolate the effect of
transport- and supply-limited conditions in basin sediment response.

Battista G, Schlunegger F, Burlando P, and Molnar P. Sediment supply effects in hydrology-sediment
modelling of an Alpine basin. Water Resources Research, under review.
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5.1 Introduction

Damages caused by flooding in Europe amount to a cost of about 5bn dollars every year, and
are showing an increasing trend in the recent decades due to the effect of climate change (Kron
et al., 2019). Mountain areas are particularly vulnerable to such damages, because high intensity
precipitation events can be associated with substantial mobilization of sediment (e.g. Rickenmann
et al., 2016). Mobilization of exceptional volumes of sediment not only creates problems of upland
erosion, but also delivers high sediment loads to the river network, which puts at risk downstream
areas. Therefore, it is key to be able to predict the sediment response of a river basin to precipitation
events. However, the high stochasticity in sediment mobilization and transport processes makes
such prediction very complex. In fact, the stochasticity generates strongly scattered rating curves of
suspended sediment concentration (SSC) against discharge (Q) in most river basins, implying a
large uncertainty in the estimates of sediment load (e.g. Horowitz, 2003; Doomen et al., 2008).

The amount of sediment available for mobilization on the hillslopes and in the channels (i.e.
in the sediment reservoir of the basin) at the moment of the rainfall-runoff erosion event is key to
determine the sediment response of a river basin (Jakob et al., 2005; Bennett et al., 2014). However,
the quantification of basin sediment reservoir and its temporal evolution is very challenging, because
it results from the combination of processes of recharge and emptying. Sediment supply is provided
to the reservoir by mechanisms such as rock weathering, soil creep, and mass wasting including
landsliding, while overland flow on the hillslopes and river flow in the channels evacuate the
sediment from the reservoir. In non-glaciated mountain river basins, the sediment supply is often
dominated by landslides and therefore can be strongly intermittent (Korup et al., 2004; Hovius et al.,
2002). Previous research demonstrated that sediment supply by landsliding is dependent on soil
moisture, with more frequent slope failures on wet soils (Iverson and Major, 1987; Coe et al., 2003;
Schwab et al., 2007; Coe, 2012; Handwerger et al., 2019a). Some field studies quantified inputs and
outputs of the basin storage and proposed a seasonal behaviour to explain its temporal variability
(Schuerch et al., 2006; Berger et al., 2011; Fuller and Marden, 2010). However, a comprehensive
description of the process of sediment storage is difficult to achieve by means of field observations,
because they are limited in spatial and temporal quantification of the sediment fluxes. An alternative
approach consists in the implementation of temporally variable sediment supply by landslides into
spatially distributed modelling of sediment transport.

In this paper, we introduce a soil moisture dependent sediment supply by landslides in the
numerical model of hydrology and sediment transport TOPKAPI-ETH, to study the temporal
dynamics of material storage within a basin and its effect on suspended sediment load. Such a
model captures the dual effect of precipitation on the basin sediment reservoir: as a driver of
recharge by wetting the soil, and of export by generating overland flow and river discharge. We
further introduce the dependence of sediment supply on a parameter that controls the activity of
landsliding on hillslopes and thus the recharge rate of material stored in a basin. Through this
parameter it is possible to generate different scenarios of sediment availability. The model allows
us to simulate the dynamics of sediment storage on an hourly scale for decadal time windows, and
under different scenarios of hillslope activity.

We applied the model to a pre-Alpine river basin to explore the following research questions:

1) How does basin sediment availability reflect in suspended sediment variability at the outlet?

2) What is the effect of hydrology on the seasonality of basin sediment availability and suspended
sediment load?

3) Do we see signatures of sediment supply limitation in sediment measurements?

To answer these questions, we performed a series of numerical simulations assuming different
intensities of hillslope activity in order to generate both transport- and supply-limited conditions.
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5.2 Study basins

We studied the variability of sediment reservoir across the seasons and different degrees of supply
limitation, and explored their effects on the suspended sediment load at the outlet. The simulated
seasonality of sediment dynamics was compared with the sediment loads measured in the study
basin. We reproduced temporally variable supply and transport limited conditions by bootstrapping
the simulations, and compared the results with measurements of hourly suspended sediment
concentration in six Alpine and pre-Alpine river basins. We completed the analysis by looking
at the spatial distribution of sediment availability, and how this affects the contributions from the
different sediment sources.

5.2 Study basins

The Kleine Emme basin

The modelling investigation was conducted on the Kleine Emme river basin, a mesoscale river
basin (477 km2) located in the Swiss pre-Alps. It has a mean elevation of 1054 m a.s.l. and covers
an elevation range between 430 and 2300 m a.s.l., the mean annual precipitation is 1650 mm yr−1

and the mean annual discharge at the outlet 13.3 m3 s−1, which corresponds to about 880 mm yr−1

(see Table 5.1). The basin has been object of several hydrological and geological investigations.
Pappas et al. (2015) and Paschalis et al. (2014) calibrated the hydrological component of the
TOPKAPI-ETH model here. Geological studies highlighted that during the Last Glacial Maximum
(LGM) ice only covered the south-eastern region, while leaving the north-western region ice free,
and this resulted in a diverse morphology across the basin (Schlunegger and Schneider, 2005;
Schwab et al., 2008; Dürst Stucki et al., 2012; Van Den Berg et al., 2012; Clapuyt et al., 2019).
The landscape in the SE is characterized by hanging valleys and gorges that incise into the thick
glacial deposits, while a smoother topography and a higher drainage density is observed in the NW.

Potential sources of sediment in the basin are represented by landslides and deeply incised areas,
such as inner gorges. The mapping performed by Battista et al. (2020b) identified 551 landslide
bodies covering 7.6% of the entire area. Such mapping also indicates that the greater and thicker
landslides are located in the SE, where glaciogenic material is abundant. Schwab et al. (2008) and
Clapuyt et al. (2019) indicated that in the Entle subbasin (SE region) landslides act as sediment
factories, because here soil creep produces loose sediment at greater rates than elsewhere, and
contribute to the sediment flux only sporadically when debris flows connect them to the channel.
Finally, the slip rates of the Schimbrig landslide (Entle subbasin) have been measured by Schwab
et al. (2007) and described with a Bingham plastic model.

To complement the mapping of landslides carried out by Battista et al. (2020b), the slope and
thickness of landslides have been derived in this work from a high resolution 2m DEM (SwissAlti3d)
and from the thickness model of unconsolidated deposits, respectively. Both datasets have been
provided by the Swiss Federal Office of Topography. The location, extent and thickness of these
landslides is shown in Figure 5.1a, where those that will have a key role in the simulated sediment
production have been labelled and will be discussed later. Figure 5.1b shows the properties of
such landslides, in terms of their mean slope, thickness, areal extension (number of cells of the
discretized domain occupied by each landslide) and connectivity to the river network (sum of the
river network cells overlapping or adjacent to each landslide).

In the basin, measurements of hourly discharge at three gauging stations, bi-weekly suspended
sediment concentrations at the outlet, and monthly and annual estimates of suspended sediment
load are available from the Swiss Federal Office for the Environment (FOEN). Data of hourly air
temperature, sunshine duration and precipitation, and maps of the precipitation spatial distribution
(RhiresD gridded data) (Frei and Schär, 1998; Schwarb, 2000) have been provided by MeteoSwiss.
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FIGURE 5.1: Landslides in the Kleine Emme river basin. (a) The location and thickness of land-
slides are shown on the map of the basin slope derived from the 2 m LIDAR DEM (SwissAlti3d).
Some of the main landslides that will have a key role in the simulated sediment production have
been labelled. The overlap between the landslides and the discretized river network (blue) used
in the numerical model gives the connectivity of landslides. The green dots and star indicate the
location of the gauging stations. (b) The properties of the labelled landslides are summarized in
the histograms in terms of their mean slope, thickness, connectivity to the river network and areal
extension.

Basins for comparison with the Alpine context

To put the model application on the Kleine Emme into an Alpine context, the model results were
compared with hourly suspended sediment measurements in other Alpine and pre-Alpine river
basins of comparable size (Table 5.1). To this purpose, we considered the Emme basin to the west
of the Kleine Emme basin with a similar mean altitude and basin characteristics; the Thur basin
on the northern margin of the Alps with a similar mean elevation; and additional basins (Ticino,
Linth, Aare, and Reuss) that are situated within the Alps and have mean elevations higher than 1700
m a.s.l., and even 2100 m a.s.l. (Aare). The highest basins (Reuss, Aare and Linth) are partially
covered by glaciers, which affect their hydrological and crucially their sediment supply regime.

These altitudinal ranges will have a consequence on the pattern of SSCs because a large portion
of these basins is situated above the Equilibrium Line Altitude (ELA, c. 1600-2200 m a.s.l.) of
the Last Glacial Maximum (LGM) c. 20’000 years ago. As revealed by Schlunegger and Norton
(2013), Delunel et al. (2020) and Salcher et al. (2014), landscapes above this elevation expose
oversteepened bedrock and lack a thick and regionally extensive till cover, whereas basins below the
LGM ELA are soil mantled and covered with thick glacial till, which are the sources of landslides.
These landscape properties affect the sediment availability of the river basins, and are indicated
by the authors as the reason for the stochastic nature of soil erosion. The LGM ELA height range
also corresponds to the post-LGM mean tree line altitude, thus defining the transition between
different weathering regimes. Above the tree line cooler temperatures, longer snow cover, and
reduced vegetation cover tend to slow down the chemical weathering, thus favoring the exposure of
bare rock (Caine, 1979; Dixon and Thorn, 2005).
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TABLE 5.1: Properties of the study basin and the six basins with hourly data of suspended sediment
concentration used in this study (FOEN).

River Area Q mean Elevation Slope Glaciation Length Temporal
[km2] [m3/s] [m asl] [◦] [%] of Record resolution

Kleine Emme at Littau 477 13.3 1054 0 2004-2016 2/week

Emme at Wiler 924 14.1 863 5.9 0 2016-2018 hourly
Thur at Halden 1085 27.8 908 8.5 0 2013-2019 hourly
Ticino at Bellinzona 1517 71.2 1679 22.5 0.2 2013-2019 hourly
Linth at Mollis 600 36.4 1743 23.4 2.9 2014-2019 hourly
Aare at Brienzweiler 555 38.8 2135 22.8 15.5 2014-2019 hourly
Reuss at Seedorf 833 44.3 2013 22.7 6.4 2013-2019 hourly

5.3 Methods

5.3.1 Hydrology-sediment model with variable recharge of the sediment reservoir

In this work we used the hydrology-sediment model presented by Battista et al. (2020b), which
consists of a component for soil erosion on stable hillslopes and in localized sources, and a
suspended sediment transport module integrated within the hydrological model TOPKAPI-ETH.
The model is fully distributed and the simulation domain is discretized by a regular square grid in the
horizontal dimension and by three soil layers in the vertical dimension. The hydrological component
of the model is based on spatially distributed inputs of precipitation, temperature and cloud cover
transmissivity, and on the topographic and surface properties of the basin. It includes a physically
based representation of evapotranspiration based on Priestley-Taylor equation, groundwater as a
linear reservoir, interception of rainfall by vegetation, snow accumulation and melt, and overland
flow generation on the hillslopes by saturation and infiltration excess, and by exfiltration from
the subsurface. Cells are connected in the horizontal direction by water fluxes in the channel,
surface and subsurface, based on the steepest gradient and are solved with the kinematic wave
approximation. The reader is referred to Fatichi et al. (2015) for a detailed description of the
hydrological model.

Soil erosion is modelled by a module for overland flow erosion on stable hillslopes, and one for
sediment mobilization from localized sediment sources, i.e. landslides and inner gorges. Sediment
flux picked up by overland flow qsOF [kg m−2 s−1] is assumed to be always at transport capacity
and proportional to the cell slope S and overland flow qOF [m2 s−1]:

qsOF = α q1.4
OF S1.4. (5.1)

Eq. 5.1 results in a nearly linear response of the sediment flux to the hydrological forcing. A
spatial distribution is attributed to α [kg s0.4 m−4.8] based on the land use and soil properties
of the basin (Battista et al., 2020a). Given the transport capacity hypothesis, it is assumed that
sediment availability for the overland flow process, i.e. the sediment reservoir on stable hillslopes,
is unlimited.

Sediment mobilization from localized sources is assumed to take place when the bed shear
stress applied by overland flow and river flow exceeds a critical value. The specific sediment flux
qs [m2/s] from the localized sources is computed as

qs = k (θ −θc)
µ , (5.2)
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where θ is the dimensionless bed shear stress, θc the critical dimensionless bed shear stress, and k
[kg m−1 s−1] and µ are parameters that regulate the sediment flux. The combination of a threshold
and an exponential sediment transport function results in a strongly non-linear sediment evacuation
from localized areas. Since the evacuation of material by runoff in channels and on landslides
establishes the coupling between the sediment factory and channel network, Eq. 5.2 makes the
coupling relationships between hillslope and channelized processes non-linear.

Two types of localized sources are modelled: landslides and incised areas. Such elements
are considered to be fixed features of the landscape, which are given as input maps by the user.
Landslides are represented as clusters of cells, which can be either adjacent and connected to the
river network, or disconnected when located on the hillslopes. Landslides directly connected to
the river network can be emptied both by river flow and hillslope runoff on their surfaces, while
landslides disconnected from the river are only accessed by hillslope runoff and become connected
to the river network only if the bed shear stress of overland flow along the flow path remains higher
than the critical value θc. The erosive power of overland flow on landslide surfaces is regulated by
a gully competence parameter λ , which describes the width wLS of the gullies on landslide surfaces
relatively to the cell size of the model ∆x (λ = ∆x

wLS
) (Battista et al., 2020b). Therefore, the bed shear

stress of overland flow on the hillslopes in Eq. 5.2 is computed as

θHS =
1

G−1
qOF λ S

uds
, (5.3)

where u [m s−1] is the flow velocity computed by the hydrological model, G the specific gravity of
sediment and ds [m] the grain size.

Sediment mobilized on stable hillslopes and landslide surfaces can reach the river network, if
the transport capacity of overland flow along the flow paths allows it, otherwise it deposits on the
hillslopes. Sediment that reaches or is input into the channel is advected to the basin outlet by the
flow velocity, without the possibility to deposit on the river bed. The reader is referred to Battista
et al. (2020b) for more details about the sediment module.

The new modelling element introduced in this work is a variable sediment availability in the
landslide sources. On landslides, material available for erosion is considered to be made available
through sliding of the landslide mass, as this mechanism is responsible for the fragmentation of
material. This has also been documented for the study basin (Schwab et al., 2007). Therefore,
the slip rates of landslides uLS define the volume of sediment available for erosion in gullies and
river network, i.e. the recharge rate of the basin sediment reservoir. According to the Bingham
plastic model proposed by Schwab et al. (2007), the sliding velocity of each landslide was assumed
proportional to the soil moisture ν , thickness H [m] and slope α̂ of each landslide, and to a
parameter cLS representing the level of hillslope activity:

uLS = cLS ν H2 sinα̂ . (5.4)

Eq. 5.4 results in a distribution of landslide velocities within the basin, which can be shifted towards
lower or higher values by modifying cLS, to capture a growth or reduction in the landslide activity
which cannot be explained by soil moisture only. This parameter basically amplifies the moisture
controls on landsliding.

Therefore, the volume of material V available at each landslide for mobilization from its surface
or toe is produced by the sliding (Eq. 5.4) and emptied by river flow and overland flow (Eq. 5.2 and
Eq. 5.3):

dV
dt

= uLS ALS−
nR

∑
i=1

qsRi wRi−
nLS

∑
i=1

qsLSi w , (5.5)
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TABLE 5.2: Calibrated parameters and model performance for the reference simulation SIM a. α

is the mean value of the spatially distributed parameter of overland flow α in Eq. 5.1. k, µ , θc and
λ regulate the sediment flux from localized sources (Eq. 5.2 and Eq. 5.3). cLS represents the level
of hillslope activity in the sliding velocity uLS (Eq. 5.4). The coefficient of determination R2 and
the model efficiency ME of the simulated hourly sediment loads describe the performance of the
sediment component.

α k µ θc λ cLS R2 ME
[kg s0.4 m−4.8] [kg m−1 s−1]

0.3412 9.17e-6 6 0.05 100 1e-6 0.48 0.40

where ALS is the area of contact between the landslide and the river network, nR and nLS the number
of river and hillslope cells where runoff mobilizes sediment from the landslide, qsR and qsLS the
sediment flux from the toe and the landslide surface respectively, wRi the river width in the cell i
and w the gully width on landslide.

By combining a soil moisture dependent rate of sediment supply with the modelling of runoff
on hillslopes and channels, the model captures the dual role of precipitation on sediment availability:
as a recharge factor by means of soil moisture ν (Eq. 5.4), and as an export driver by means of river
and overland flow discharge (Eq. 5.2). Furthermore, with the user-input parameter cLS we introduce
the possibility to simulate different long term ratios of sediment supply recharge to sediment export
rates. In the model the stream has no buffering effect, because neither deposition of the mobilized
sediment on the river bed nor floodplain incision are allowed. Therefore, the slip rates of landslides
limit the volume of sediment available for erosion and low cLS values can lead to supply limitation
in the river basin. This conceptualization is summarized in Fig. 5.2.

5.3.2 Simulation of transport and supply limited conditions

The model was set up for the period 2004-2016 with a spatial resolution of ∆x = 100 m and an
hourly time step ∆t = 1 h. The hydrological component was forced with spatially distributed hourly
data of precipitation, temperature and cloud cover transmissivity, and calibrated against the hourly
flow measured at three gauging stations obtaining a good performance (r=0.84 and model efficiency
ME=0.69), see Battista et al. (2020a).

The calibration of the sediment model parameters was performed separately for the two modules.
First, the overland flow erosion parameter α was calibrated by switching on only the overland flow
erosion module and by fitting the simulated Q-SSC cloud of points at the outlet to the observed
one excluding the extreme values, see Battista et al. (2020a). Then the localized sediment source
module was switched on, and the µ and k parameters calibrated to best fit the observed SSCs
without any limitation on the values, see Battista et al. (2020b). Because our aim is to explore
the dynamics of the landslide sediment reservoir, we calibrated the model by setting λ=100 to
simulate the highest overland flow erosivity in gullies on landslide surfaces, i.e. assuming narrow
gullies with a width w=1 m in Eq. 5.3. In this phase, the availability of landslide sediment was
considered unlimited, by setting cLS high enough to avoid that any of the landslides exhausted their
sediment reservoir during the simulation. Because of this unlimited reservoir hypothesis, we define
this calibrated simulation SIM a as transport-limited. The calibrated parameters and the model
performance are reported in Table 5.2.

By taking as a reference the transport-limited simulation SIM a, we performed four additional
simulations (SIM b, c, d and e) where we gradually reduced the cLS recharge parameter to achieve
different conditions of supply limitation in the study basin. In order to explore the full range of
possible sediment availability conditions, the cLS value was reduced by two orders of magnitude in
each simulation until the contribution of landslide sediment source to the annual load was close to
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FIGURE 5.2: The TOPKAPI-ETH hydrology-sediment model simulates the temporal and spatial
dynamics of the basin sediment reservoir. (a) The recharge is provided by sediment supply from
landslides, which is proportional to soil moisture ν and hillslope activity cLS, and the sediment
export is given by river q and hillslope qOF runoff. Precipitation affects both recharge and export
of the sediment reservoir, by increasing the soil moisture, and by producing runoff. (b) Processes
of sediment export by runoff on hillslopes and channels: overland flow qOF erodes sediment on
the stable hillslopes with a close-to-linear response qsOF , and in gullies on landslide surfaces qsLS,
river flow q erodes at the toe of landslides connected to the river network qsR. qsLS and qsR have a
strongly non-linear response to the flow, provided that enough volume of material V (see Eq. 5.5)
is available for transport. The material is made available by the landslide at a rate given by the
sliding velocity uLS, which is the mechanism responsible for the fragmentation of material.

zero. The cLS parameter is assumed constant in time and uniform in space in the simulations, and
its values cover a range from 1·10−6 in SIM a to 1·10−14 in SIM e.

5.3.3 Combined transport-supply limitations and comparison with observations

Although soil moisture has been identified as the main driver of landslide sediment supply (e.g.
Handwerger et al., 2019a), the internal geotechnical processes of landslide motion are not fully
described by the soil moisture dynamics. For instance, sudden transitions from slow to fast moving
conditions can occur, thus providing pulses of sediment supply that increase the sediment reservoir
of the basin (Schumm, 1979; Benda, 1997; Fuller et al., 2003; Handwerger et al., 2019b). The
description of such variations in hillslope landsliding activity requires a modification of the cLS

parameter in time. To reproduce this condition we generated time series of SSCs at the outlet by
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FIGURE 5.3: Bootstrapping of the simulations. Each bootstrapped time series was derived by
randomly sampling for each ∆t of the simulated period (2004-2016) the corresponding time series
of hourly SSCs at the outlet from SIM a to SIM e. The random sampling was repeated 100 times
for each value of ∆t, where ∆t was taken equal to one day, one month and one year. In this way,
we obtained three groups of 100 bootstrapped time series (BS) of the same duration of SIM a to
SIM e, corresponding to the daily (BS d), monthly (BS m) and yearly (BS y) time scales.

bootstrapping the five simulations SIM a to SIM e on daily, monthly and yearly periods, to simulate
different time scales of the variability in the hillslope activity, i.e. of cLS. In particular, for each
simulated day, month or year of the period 2004-2016, we randomly selected the corresponding time
series of hourly SSCs at the outlet from SIM a to SIM e. We repeated this random sampling 100
times for each time scale. In this way, we obtained three groups of 100 time series corresponding
to the daily (BS d), monthly (BS m) and yearly (BS y) sampling time scales of the same duration
of SIM a to SIM e (2004-2016 period) (see Fig. 5.3). This procedure allows us to introduce an
element of stochasticity in the level of hillslope activity, while maintaining the correspondence
between the hydrology and the sediment response of the basin within each day, month or year.

Finally, we compared the variability in the hourly modelled SSCs and their correlation with
discharge with observations of SSCs in natural river basis. From the network of monitoring stations
managed by FOEN, we selected six Alpine and pre-Alpine basins in Switzerland where hourly data
of suspended sediment concentrations are available from turbidity measurements (see Table 5.1).
We excluded the largest basins to keep the comparison among basins of a size similar to the Kleine
Emme.

5.4 Results

5.4.1 In the sediment factory: production of sediment and supply limitation

Landslides supply material to the drainage network through sliding, which then becomes available
for evacuation by runoff. Accordingly, the pattern of slip rate of landslides within a basin yields a
spatio-temporal picture of the sediment reservoirs within a basin. In this section we summarize
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FIGURE 5.4: Landslide sliding velocity and supply limitation as a function of the cLS parameter.
(a) Mean uLS over the entire simulation period of the spatial median and hourly sliding velocity
from all landslides. (b) Index of supply limitation ISL evaluated over the entire simulation period
(dots), and the interquartile range of its monthly fluctuations (error bar).

the results of the five simulations SIM a to SIM e, controlled by changes in Eq. 5.4, in terms of
the sliding velocities of landslides and the degree of supply limitation. The variability of landslide
properties across the basin produces a distribution of sliding velocities. Therefore, in Fig. 5.4a for
each simulation we report the mean over the simulation period of the median sliding velocity of all
551 landslides at each time step. The range of velocities produced by the simulations goes from
extreme values (450 m/y), corresponding to a very high sediment supply to the reservoir, to almost
static landslides (4.5e-3 mm/y), corresponding to very little sediment supply.

The supply limitation of each simulation is quantified as the deficit of sediment volume sourced
from landslides VLS in each simulation compared to the reference transport-limited simulation SIM
a (Fig. 5.4b). We defined the index of supply limitation ISL for the i-th simulation as:

ISLi =
VLS(SIMa)−VLS(SIMi)

VLS(SIMa)
(5.6)

The error bar in Fig. 5.4b shows the range of monthly ISL fluctuations. We observe that SIM b
reproduces consistently low ISL across the months, i.e. predominantly transport limited conditions.
On the contrary, SIM d and SIM e reproduce consistently high ISL, i.e. predominantly supply
limited conditions. Seasonal fluctuations are instead more pronounced in SIM c, covering a much
wider range of ISL values from supply limited to unlimited conditions. Overall, with this set of
simulations we are able to cover the entire range of sediment availability conditions from ISL ≈ 0 to
ISL ≈ 1.

5.4.2 Dynamics of the sediment reservoir

While landsliding contributes to the build up of the sediment reservoir on the hillslopes (modelled
with Eq. 5.4), localized erosion by runoff in channels at the toe of the landslides and in rills
on the landslides themselves (combination of Eq. 5.2 and 5.3) results in the evacuation of the
sediment reservoir. The spatio-temporal development of the balance between both processes
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FIGURE 5.5: Temporal dynamics of sediment storage. (a) Time series of the mean monthly volume
of sediment stored in the 8 most contributing landslides for SIM a to SIM e. SIM a and b show a
steadily increasing volume of sediment, indicative of transport limited conditions, SIM c shows
a steady state between sediment production and evacuation, and SIM d and e show predominant
supply limited conditions. (b) Average monthly volume of the sediment stored in the 8 most
contributing landslides, normalized by the mean volume of each simulation. The shaded areas
indicate the interannual variability in terms of the interquartile range of the normalized monthly
volumes.

results in a dynamic evolution of sediment storage. In particular, due to the spatial variability of
precipitation, runoff and landslide properties within the basin, each landslide contributes with a
different proportion to the total load. To analyse the sediment storage response to the hydrological
forcing we focus on those landslides preferentially activated by runoff. We identified them by
selecting the most contributing landslides in the transport limited simulation (SIM a), because
in this case the contributions are determined purely by the overland flow and river shear stress
distribution (combination of Eq. 5.2 and 5.3). Accordingly, we focused on 8 landslides constituting
70% of the total mobilized sediment in SIM a. In Fig. 5.5a the time series of the mean monthly
volume of their reservoir is reported for SIM a to SIM e. We observe that the decrease in the volume
from SIM a to SIM e corresponds to a change in the temporal dynamics too. SIM a and SIM b show
a steady increase in the reservoir volume, as a result of a much greater recharge rate than export by
floods. SIM c shows oscillations around the mean value for most of the simulation, and is empty
only about one month a year. SIM d and SIM e also show fluctuations, but with longer periods of
almost empty reservoir. The reservoir fluctuations are the result of the temporally varying balance
between the process of landslide recharge, and the flushing of sediments produced by floods.

The seasonality of the stored sediment is further explored in Fig. 5.5b where the average of the
reservoir volume over a year is reported for each simulation, including their interannual variability
(shaded areas). To allow comparison among the simulations, the volumes have been normalized
by their mean value over the entire simulation. Three seasonal behaviors of the reservoir can be
identified also in this case: transport limited conditions without any seasonality (SIM a and SIM b),
oscillation around the mean volume with a minimum in September (SIM c), and oscillations around
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FIGURE 5.6: Sediment load and discharge at the outlet. (a) Mean annual load for SIM a to SIM
e and the interquartile range of its interannual distribution (black dots with whiskers). The error
bars reflect the effect of the non-linearity of the hillslope-channel coupling relationships, and
patterns of SIM d and e mainly reflect the response of sediment supply by overland flow erosion,
which is a nearly linear function of hydrology (Eq. 5.1). The red diamonds indicate the portion of
the load produced by landslides, please note the reverse axis. (b) Simulated and observed mean
monthly sediment loads (ML) at the basin outlet normalized by their 12 month average (ML). The
observed monthly loads have been provided by FOEN. Please note the different y-axis values. (c)
Comparison of the simulated and observed mean monthly streamflow and their interquartile range
(iqr), and seasonality of the simulated snowmelt.

the mean volume with a predominance of low sediment availability from April to September and a
maximum value in February (SIM d and SIM e).

5.4.3 Variability in suspended sediment at the outlet

The effect of basin sediment availability on the sediment dynamics at the outlet is shown in Fig. 5.6
in terms of magnitude, variability and seasonality of the sediment load.

In Fig. 5.6a the annual sediment load is reported for each simulation, together with its in-
terannual variability and the percentage of the total sediment load sourced from the landslides.
Besides a reduction in the magnitude of the yearly load with decreasing landslide sediment supply,
we also observe a decrease in its interannual variability. This results from a lack of sediment
available for mobilization on the landslide bodies and at their toes, due to their slow sliding rates,
and consequently to the gradual switching off the non-linear component of the hillslope-channel
coupling (Eq. 5.2 and 5.3). In fact, 99.7% of the yearly load in SIM e is made up of sediment
eroded by overland flow erosion (Eq. 5.1), whose response to the hydrological forcing is close to
linear.
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Fig. 5.6b shows the simulated and observed mean monthly sediment loads at the basin outlet.
The loads have been normalized by their average over the 12 months to allow comparison of the
seasonality independently of the mean simulated load. The seasonality shows two peaks, one
in spring and one in late summer, which are driven by peaks in snowmelt and rainfall. While
the timing of the peaks remains consistent across the simulations, the relative magnitude of the
summer peak compared to the spring peak decreases significantly with increasing supply limitation.
The seasonality of the observed monthly contributions is best captured by SIM c, while transport
limited and strongly supply limited conditions would respectively overestimate or underestimate
the summer contribution.

The observed and simulated seasonality of the sediment load differ mostly in the early summer
(June), when an extra peak of sediment load is evident from the observations, and in autumn
(September and October), when the simulations underestimate the observations. To investigate
the sources of such discrepancy, in Fig. 5.6c we compare the observed and simulated monthly
streamflow, and the monthly simulated snowmelt. Both the mean and the extremes of the monthly
flow rates are captured very well by the model, especially between May and September, and
therefore the performance of the hydrological model is not the cause for missing the June peak of
sediment load. We also do not expect it to be the reason for the underestimation of sediment load in
September and October, because in these months the simulated flow actually slightly overestimates
the observations. We suggest that mass wasting events may have affected the sediment regime in
these months, and therefore added a stochastic component to the flow-driven sediment response,
which is not accounted for by the simulations. The effect of such events is likely to be amplified by
the method applied in the extrapolation of the monthly loads from the bi-weekly sediment samples
(FOEN, 2010), where in fact more weight is given to the higher observed SSCs. Moreover, the
underestimation of sediment flux by the model in September and October is expected to be also
caused by the simulation of direct flushing of sediment to the outlet in the river network, without
the possibility to deposit it on the river bed. The lack of a reservoir of sediment in the river bed
probably causes a quicker exhaustion of the modelled sediment wave than in reality.

In Fig. 5.7 we further characterize the modelled sediment dynamics by analyzing the suspended
sediment concentration at the outlet of the basin, and compare it to observations from six other
Alpine and pre-Alpine river basins where hourly data of SSCs are available. In Fig. 5.7a the
correlation coefficient ρ of hourly water discharge and SSCs is plotted for SIM a to SIM e, the
bootstrapped simulations at different time scales and the observations. For the same SSC time
series, the SSC variability relative to the Q variability is quantified in Fig. 5.7b in terms of the
variability index V I:

V I =
CV (SSC)

CV (Q)
(5.7)

where CV is the coefficient of variation.
SIM a to SIM e predict an increasing correlation coefficient ρ and decreasing variability V I

of suspended sediment concentration at the outlet with increasing supply limitation, indicating a
dampening of the natural variability by effect of sediment starvation. The bootstrapped simulations
show consistently lower ρ and higher VI than SIM a to SIM e, indicating the temporal variability
of hillslope landsliding activity as a source of scatter. It is noticeable that the observed data of other
catchments cover the entire range of ρ and V I produced by SIM a to SIM e and by the bootstrapped
simulations in the Kleine Emme. The mean elevation of the river basins seems to suggest that
higher elevation basins tend to have a lower correlation between SSC and Q and a higher SSC
variability and therefore are more likely represented by the bootstrapped simulations, which mimic
with a time-variable cLS, than by models using a single cLS value as in SIM a to SIM e.
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FIGURE 5.7: Variability of suspended sediment concentrations at the outlet. (a) Pearson correlation
coefficient ρ between SSC and discharge at the outlet in SIM a to SIM e (dots), in the bootstrapped
simulations (boxplots) at three different temporal scales (yearly BS y, monthly BS m and daily BS
d) and in 6 monitored catchments in Switzerland (diamonds). b) Variability index V I of SSC in
SIM a to SIM e (dots), in the bootstrapped simulations (boxplots) and in 6 monitored catchments in
Switzerland (diamonds). The color coding of the diamonds and the SIM a to SIM e dots indicates
the mean basin elevation.

5.4.4 Contribution of landslides as sediment sources

We complete the analysis by looking at the spatial effect of a variable landslide sediment supply. Fig.
5.8a shows the maps and frequency distribution of the mean annual contribution of each landslide
to the total volume of mobilized sediment for a transport limited simulation (SIM b), a supply
limited simulation (SIM d) and the intermediate condition (SIM c). Because the amount of sediment
mobilized from the landslides that does not reach the channel is negligible (<3 mm of sediment
deposition in 13 years in the cell with highest deposition), the contributions in Fig. 5.8a are also
indicative of the landslides that mostly contribute to the sediment flux at the outlet. We notice that
the landslides with the highest contribution to the sediment load are located in the south-eastern
region of the basin, which is characterized by higher precipitation intensities and where the thicker
and larger landslides are concentrated. The location of the dominant sediment sources changes as
the sediment availability decreases, due to the exhaustion of the sources preferentially activated
by hydrology, i.e. the most contributing landslides in SIM b. This also determines a shift in the
frequency distribution, with a decreasing number of landslides dominating the sediment production
as the supply limitation increases. In transport limited conditions, LS 1, 2 and 3 are the most
contributing, because they combine high bed shear stress with high connectivity to the river (LS 1,
2), areal extension (LS 1, 2 and 3) and slope (LS 3) (see Fig. 5.1b). In intermediate conditions of
sediment availability LS 2 dominates, because it is not only large and well connected to the river
network, but also has a high thickness of deposits and a relatively high slope, which guarantee a
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a)

b)

LS 2
LS 3

LS 1

LS 4

LS 6

LS 5

FIGURE 5.8: Contributions of the single landslides to the sediment load. (a) Maps and frequency
distribution of the mean annual contribution of each landslide for SIM b, SIM c and SIM d. The
properties of the landslides labelled in SIM b map are shown in Fig. 5.1b. (b) Difference between
the summer and winter mean bed shear stress on landslides, and difference between the summer
and winter seasonal contribution of each landslide in SIM c. A positive value indicates a greater
bed shear stress or landslide contribution in summer.

high rate of sediment supply. Finally, in supply limited conditions (SIM d), LS 5 and 6 become
dominant, mainly because of their very high thickness, which results in a high sliding velocity of
the landslide (Eq. 5.4).

The effect of seasonal exhaustion of the sediment storage is shown in Fig. 5.8b, where the
difference in the bed shear stress on landslide surfaces between summer and winter is compared
to the difference in the landslide contributions for the intermediate condition SIM c. In the south-
eastern part of the basin, while the bed shear stress is greater in summer than in winter, the sediment
production does not increase proportionally and some landslides actually show a lower summer
contribution due to a lack of sediment.

5.5 Discussion

We used the hydrology-sediment model TOPKAPI-ETH to investigate numerically the effects of
sediment supply limitation on sediment load in the context of pre-Alpine basins. We assumed
that the two main sources of sediment in the basin are erosion by overland flow on hillslopes
and mobilization of sediment from landslides. Landslides have the greatest contribution to the
modelled sediment budget, because it was assumed that the gullies on their surfaces are highly
competent, and that a non-linear coupling between landslide surfaces and river network exists. We
introduced a dependency of the sediment supply by landslides on the hydrology and on the activity
of hillslopes. In this way the model creates a temporally variable sediment availability in the basin,
and by the choice of model parameters it is possible to simulate different scenarios of sediment
availability. We used this setting to study the dependency of suspended sediment dynamics both on
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the seasonal fluctuations of the sediment storage driven by soil moisture and runoff variability, and
on the sediment productivity of the basin depending on the hillslope activity.

In the next sections, we will address the research questions by discussing the impact of sediment
availability on the variability of suspended sediment at the outlet, and the seasonality in basin
sediment storage and suspended sediment load.

5.5.1 Supply limitation reduces sediment variability and shifts sediment sources

In Sect. 5.4.3 we showed that increasing supply limitation in a simulation leads to a reduced
variability of suspended sediment concentrations and loads at the outlet. This is indicated by the
reduction in yearly load interannual variability (Fig. 5.6), the increase in correlation between Q and
SSC and the decrease in the variability of SSCs from SIM a to SIM e (Fig. 5.7). The reason for such
reduced variability is the gradual switching off of sediment supply by landslides as their sliding
velocity decreases. By switching off the strongly non-linear coupling of landslides and channels,
the variability of the sediment response is reduced not only because the transport capacity cannot be
fulfilled anymore, but also because the sediment is mobilized mainly by a close-to-linear relation to
hydrology (overland flow). The implication of such a decreased variability and increased correlation
is the reduction of the scatter in the SSC-Q rating curve with increasing supply limitation, and this
indicates that one effect of sediment shortage can be to smooth out the natural variability given by
the combination of flow variability and non-linearity of the sediment transport.

The reduction of sediment flux variability at the outlet corresponds to the exhaustion of the
main sediment sources, i.e. the landslides preferentially activated by hydrology. In transport-limited
conditions the landslide contributions are determined by the spatial distribution of bed shear stress,
their size and slope, defining the sediment export by the overland flow on their surfaces, and their
connectivity to the river network. Instead, in supply-limited conditions, the most contributing
landslides are those that, besides being activated by hydrology, also have a high thickness (and
slope) that determines a high supply rate. The combination of these features results in a higher
contribution to the sediment load from the regions of the study catchment where precipitation
is more intense, and the glacial ice cover during the LGM left a high availability of glaciogenic
material on the hillslopes, and therefore a landscape dominated by wide and thick instabilities. On
the contrary, smaller and shallower landslides in the non-glaciated areas result overall in minor
contributions to the sediment load.

5.5.2 Stochasticity of soil erosion favors suspended sediment variability

The correlations between SSC and Q of the monitored basins clearly distinguished between low
elevation basins (Emme and Thur) with a higher correlation, and high elevation basins located in
the Alps with a generally lower correlation (Aare, Reuss, Linth and Ticino). Such low correlation is
due to the occurrence in the observed time series of some events of sediment export with very high
SSC to discharge ratios and may be explained by a strong stochasticity in the erosional processes
of these basins. In fact, above the ELA of the LGM the erosional activity by glaciers produced
strength-limited rock-dominated basins (Schlunegger and Norton, 2013; Salcher et al., 2014), where
sediment starvation is frequent and stochastic mass wasting provide pulses of sediment supply
temporally increasing the sediment availability. The stochasticity of soil erosion has been associated
to the steepness of basins by Delunel et al. (2020), who showed that it is dominant in oversteepened
catchments due to the decoupling between hillslope and rivers produced by the glacial history.
Therefore, the steep average slope (>22.5◦) of the high-elevation Alpine basins considered in
this study supports the hypothesis that stochasticity of erosion processes plays a key role in the
sediment dynamics of these basins. For instance, this is well documented in the Aare basin where
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the sediment dynamics is dominated by frequent debris flows, originating from the very steep slopes
of the headwaters with colluvial and glacial deposits (Kober et al., 2012).

However, not all the considered Alpine basins are also characterized by high variability indices
(Aare, Reuss and Linth). In these cases the time series of SSC and discharge only show a few events
with extreme SSC/Q ratios, which are responsible for lowering the correlation ρ , but their low
frequency does not significantly increase the variability of SSC compared to the discharge (Eq. 5.7).
This effect can be explained by the role of glacial melt, which favors a high correlation between
concentrations and flow (e.g. Collins, 1989). The Aare, Reuss and Linth are indeed the basins with
greatest glacial cover among those considered in this study. Therefore, in these basins the strong
correlation provided by glacial melt is on the one hand perturbated by stochastic mass wasting (low
ρ), and on the other hand it keeps low the variability of concentrations with respect to flow

Such different behaviours of the low and high elevation basins considered in this study are
confirmed by the bootstrapped simulations. These assume a random variability of the sediment
supply by landslides, and are therefore representative of the stochastic nature of soil erosion in
time. The low correlation ρ between SSC and discharge, as well as the high variability index VI of
the high elevation basins are better captured by the bootstrapped simulations than SIM a to SIM
e. The role of stochastic sediment supply in favoring suspended sediment variability is confirmed
by Horowitz (2003) and Fuller et al. (2003), who found that computing separate rating curves for
periods of abundant and scarce sediment availability improves SSC predictions. Doomen et al.
(2008) and VanSickle and Beschta (1983) also proposed to introduce in the sediment rating curves
a parameter describing the availability of sediment to improve their performance.

Finally, the bootstrapped simulations suggest that the extreme values of sliding velocities in
the transport-limited simulation SIM a are better interpreted as transient conditions, rather than
permanent ones. In fact, comparable values have only been measured on very short time scales
(Schwab et al., 2008), after which modifications in the morphology induce feedback processes
that slow down the landslide. Our conclusions are supported by other authors, who reported shifts
between basin sediment availability conditions in different case studies. For instance, Fuller et al.
(2003) found alternating multi-annual periods of transport and supply limitation in Taiwan mountain
basins and attributed them to variations in the sediment supply produced by landslides. Significant
variation of the sediment rating curve parameters due to the exhaustion of sediment availability
were observed by Horowitz (2003) in the Mississipi, Missouri and Ohio Rivers following a major
flood. Modifications in the sediment availability regimes have also been associated with human
landscape modifications, such as land use change and logging (e.g. Beschta, 1978; Walling, 2008;
Belmont et al., 2011).

5.5.3 Hydrology produces sediment storage seasonality

Precipitation has two opposite effects on the storage of sediment in our modelling setup: on the one
hand it favors input into the sediment reservoir by increasing soil moisture and therefore supply
by landslides, on the other hand it favors sediment export by producing runoff, which erodes the
surface and the toes of landslides. With the proposed model we are able to evaluate how these two
effects balance each other during the year and at different levels of hillslope landsliding activity.

In predominantly transport limited conditions the recharge rate is much higher than the export,
and therefore no seasonality can be observed in the sediment storage time series. Instead, when
the two processes have a comparable magnitude (SIM c) or the export dominated the recharge rate
(SIM d and e) seasonality appears. In winter, when the soil moisture is high and the flood events are
limited, the recharge rate dominates the export and the sediment storage grows from late summer to
spring. In spring and summer the magnitude and frequency of flood events increases and export
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dominates, producing a decreasing sediment storage from April to September, or a sharp decrease
in March and April followed by a period of approximately stationary empty volume.

The modelled sediment storage seasonality is supported by qualitative and quantitative observa-
tions that landslide derived sediment input to the channel is greater during the winter and spring
months (Schuerch et al., 2006), and that landslide deposits in the channels are present in spring but
disappear by the end of the summer in Alpine basins (Berger et al., 2011). Alternating periods of
filling and cutting of fan channels have also been related to the sediment supply dependence on
hydrology by Fuller and Marden (2010).

The modelled sediment starvation in summer affects the seasonality of the sediment flux at the
outlet by significantly reducing the summer peak of sediment load compared to the transport limited
case, where the sediment response reflects the hydrological forcing. The observed seasonality of
sediment fluxes in the study basin suggests that sediment transport is likely affected by sediment
starvation in summer, because it best compares with SIM c. Furthermore, the deviation of the
observed seasonality from the simulated one indicates that random pulses of sediment inputs may
affect the sediment dynamics in the case study. These would also explain some of the high observed
sediment loads that do not correspond to peaks in the mean or extreme discharge.

Different sediment dynamics regimes at the seasonal level have been observed for example by
Beschta (1978) and Nanson (1974), and led to the idea of introducing a dependence on the season
in the sediment rating curves (Kao et al., 2005). Finally, we showed that seasonal sediment source
contributions are determined not only by the hydrological forcing, but also by the spatial distribution
of sediment availability. In intermediate conditions of sediment availability, the landslides with a
limited recharge rate could not fulfill the transport capacity of the highest flows (e.g. in summer).
On the contrary, the very high thickness of some glacially conditioned landslides allowed them to
respond even to the higher floods by increasing their contribution.

5.6 Conclusions

We introduced a dependency of the sediment supply by landslides on the hydrology and hillslope
activity of the river basin in the TOPKAPI-ETH hydrology-sediment model. In this way, we are
able to reproduce basin systems with a temporally variable sediment availability, and different
degrees of supply limitation. The model was applied to a river basin representative of pre-Alpine
conditions for 13 year long simulations of various scenarios. The results lead to the following main
conclusions:

1) The numerical model allows us to investigate the effect of sediment availability on suspended
sediment concentration variability at the basin outlet, helping to disentangle the causes of the
scatter of the Q-SSC rating curve. We found that a generally low sediment availability in the
river basin dampens the natural variability of SSCs, and therefore reduces the scatter of the
SSC-Q rating curve. Alternation between conditions of low and high sediment availability
produced by temporal variations in the hillslope activity overall increased sediment load
variability at the outlet.

2) We demonstrated the effect of hydrology on the seasonality of sediment storage and suspended
sediment load, and in particular on the dual role of precipitation as a driver both of sediment
recharge by high soil moisture, and of its export by floods. We showed that, when the
sediment supply by landslides is comparable to the flood sediment export, their temporally
variable balance during the year produces sediment storage recharge in the winter months
and emptying from spring to the end of summer. In supply limited conditions, sediment
starvation significantly dampens the sediment load in summer, and affects the location of the
seasonal sediment sources.
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5.6 Conclusions

3) Observations of suspended sediment concentrations from six Alpine and pre-Alpine basins
support the physical plausibility of the model approach. They also indicate that the high
variability in the sediment concentrations of high elevation basins may be related to the
sediment inputs by stochastic mass wasting, which interrupt the predominantly supply-
limited conditions. In the study basin, supply limitation in summer may explain the relatively
low magnitude of the sediment response to the summer floods, compared to the sediment
response observed in spring.

The new feature of the TOPKAPI-ETH hydrology-sediment model allows the representation
of both the input and output dynamics of the sediment storage. In this way, it is a step towards
a comprehensive physically-based representation of the suspended sediment transport in pre-
Alpine rivers. The novel sediment component of the model allows to represent a variety of
properties of the basin to capture the natural complexity of the system, while keeping the key
parameters limited in number and with a precise physical meaning. This means that, although
some parameters may produce the same effect on the modelled sediment load at the outlet, the
knowledge of the geomorphology of the case study helps to define their realistic range. Therefore,
the parameterization can be constrained to values that are consistent with the processes they are
expected to represent. The association of the model with landslide monitoring and sediment tracing
would help to improve the model calibration, and would be useful to infer a frequency distribution
of the cLS parameter to replace the constant value used in this work with temporally variable values.
Finally, the representation of the physical mechanisms of the sediment dynamics provided by the
model allows to explore changes in the sediment dynamics under scenarios of future climate, related
to the magnitude and variability in the dynamics of sediment availability.
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CHAPTER 6
Conclusion

6.1 Summary

This thesis explored three major sources of variability of the suspended sediment dynamics in a
mesoscale pre-Alpine basin. The three main research questions addressed the role of (1) spatially
variable erosion drivers, (2) localized sediment sources and (3) the sediment availability on hill-
slopes and in channels. To answer the research questions, I incrementally developed a new soil
erosion and sediment transport component for a spatially distributed hydrological model. A new
model was needed to fill a lack of spatially distributed numerical models suitable for long-term
continuous simulations in medium to large river basins, ones that keep track of the sediment origin
and the dynamics of sediment storage. The developed model has been applied to a representative
pre-Alpine mesoscale basin with different configurations, in order to explore the sources of sus-
pended sediment variability.

The TOPKAPI-ETH hydrology and sediment transport model
To develop such a model, I introduced three new modules in the TOPKAPI-ETH spatially dis-
tributed hydrological framework to simulate (i) hillslope erosion by overland flow, (ii) sediment
mobilization from landslides and incised areas, and (iii) the dynamics of the volume of sediment
available for transport in sources. Sediment mobilized from hillslopes, landslides and incised
areas is routed on the hillslopes according to the transport capacity of overland flow, and then
advected in the river network to the outlet. The sediment fluxes from the different sources are
routed as independent waves, so that the temporal dynamics of the sediment provenance can be
reconstructed at any river cell. Finally, the model allows for soil moisture dependent sediment
supply by landslides and keeps track of the volume of sediment available in the sources. In this way,
transport- and supply-limited conditions are explicitly distinguished. The model can be applied to
medium to large scale river basins (>500 km2) with spatial and temporal resolutions in the order of
∆x≈ 100 m and ∆t ≈ 1 h for simulations of multiple decades.

The Kleine Emme basin
The study case is the Kleine Emme river basin, located in central Switzerland. This basin was
chosen because of its diverse geomorphology, which was partly shaped by the ice cover during the
Last Glacial Maximum c. 20’000 years ago, and partly by fluvial processes (e.g. Schlunegger and
Schneider, 2005; Van Den Berg et al., 2012). The basin has been object of several hydrological
and geomorphological studies: Pappas et al. (2015) and Paschalis et al. (2014) calibrated the
hydrological component of TOPKAPI-ETH here, Schwab et al. (2008), Schwab et al. (2007),
Dürst Stucki et al. (2012) and Van den Berg and Schlunegger (2012) studied instabilities and inner
gorges in the basin, and Van Den Berg et al. (2012), Clapuyt et al. (2019) and Norton et al. (2008)
measured 10Be concentrations to derive denudation rates in the subcatchments.

Below I provide a summary of the main thesis results, a discussion of the relevance of the
presented research and an outlook for future model developments and applications.
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6.1.1 How does spatial variability in the erosion drivers impact suspended sediment
dynamics? (RQ 1)

To answer this research question, in Chapter 3 I introduced the component of hillslope erosion by
overland flow into the hydrological model TOPKAPI-ETH (see Sect. 2.2.2), and used it to compare
the effect of spatially variable (V) and spatially uniform (U) precipitation (P) and surface erodibility
(α) on the sediment mobilization and suspended sediment transport.

I found that spatially variable drivers of erosion favour the representation of the SSC variability
in the model, i.e. the scatter of the SSC-Q rating curve (Fig. 3.3). The temporal and spatial
variability of precipitation contributes to SSC variability, by allowing to distinguish for example the
basin response under localized intense summer events from that driven by diffuse snowmelt and
winter storms. A spatially variable surface erodibility also increases the variability, when its spatial
distribution enhances the heterogeneity of the basin given by the distribution of slope, elevation,
aspect, and soil properties. However, the model showed a strong underestimation of the observed
SSCs at high flows and therefore suggests that some sources of natural variability are still missing.
I hypothesized that these are the localized sources of sediment, i.e. landscape features with a small
areal extent that preferentially supply large amounts of sediment such as landslides. These sources
usually have a threshold behaviour and get activated only at high flow. Their localized nature
increases the spatial variability of the basin properties and therefore is expected to favour the SSC
variability at the outlet.

The spatial distribution of erosion drivers was also demonstrated to be key in determining the
location, productivity and connectivity to the outlet of the areas of sediment production. Although
both spatially variable precipitation (VP) and erodibility (Vα) favour the clustering of sediment
sources (Fig. 3.7), they have opposite effects on the sediment production (Fig. 3.8). VP favours
clusters of high soil moisture, which are hotspots of overland flow and subsequent erosion, and
therefore has a higher erosive power than UP (uniform precipitation). Vα also favours clusters of
sediment production where the land cover is most susceptible to erosion. However, the combination
of intense overland flow areas with lower erodibility areas in the study basin decreases the sediment
production by Vα compared to Uα .

The connectivity to the river network of sediment production areas (Fig. 3.9) on the hillslopes
was found to be reduced by VP, due to the concentration of rainfall in areas with low topographic
connectivity. Vα also reduces spatial connectivity, because it accounts for the buffering effect of
forested areas around first order channels, which reduce sediment input into the streams.

Overall, the spatial variability in erosion drivers produces the following effects on the sediment
load at the outlet of the study basin (Fig. 3.10): (i) VP is more erosive than UP and increases the
sediment load, despite a reduced connectivity of the sources to the outlet, and (ii) Vα leads to lower
erosion than Uα and also decreases the source connectivity to the outlet, therefore decreasing the
sediment load. Although these results are strongly dependent on the specific spatial distribution of
precipitation, surface erodibility, and physical properties of the studied basin, I will discuss below
the general implications of these findings (Sect. 6.2). Due to the underestimation of SSCs at high
flow, the total sediment load at the outlet was also significantly underestimated. To improve the
model’s predictive capability, in the Chapter 4 I introduced sediment mobilization from localized
sources of sediment.

6.1.2 What is the effect of localized sediment sources on the sediment provenance?
(RQ 2)

In Chapter 4, I addressed this question by mapping the location and extent of potential localized
sediment sources in the study basin, i.e. landslides and deeply incised areas, and by introducing
sediment mobilization from them in the TOPKAPI-ETH model (see Sect. 2.2.2). The contribution
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of the localized sources to the sediment flux is modelled as a non-linear threshold process (Eq.
2.11), and the overland flow erosivity on landslides is regulated by a parameter of gully competence
(Eq. 2.13). This parameter defines the degree of development of gullies on landslide surfaces, and
therefore the concentration of overland flow in rills (Eq. 2.14). Two calibrations of the model
including this new feature were performed by assuming a very high and a very low gully competence,
i.e. respectively strongly gullied and non-gullied landslides. Both calibrations reproduced the full
range of observed SSCs, thus significantly improving the predictions by the previous version of
the model (compare Fig. 3.3 and Fig. 4.3). This confirmed the hypothesis made in Chapter 3 on
the contribution of localized sources, and suggests that many distributed models based on diffused
hillslopes erosion only are probably not suitable for applications in mountain areas (Van Rompaey
et al., 2005; Borrelli et al., 2014, 2018).

The two end-member simulations led to different sediment provenance: dominated by channel
processes when the gully competence was minimum, and by landslides when it was maximum (Fig.
4.3). I evaluated the more representative calibration for the case study by analysing the roughness of
landslide surfaces (Fig. 4.5), and by validating the simulated sediment provenance with tracing of
10Be concentrations (Fig. 4.6). Both validations suggest that in the study basin gullies on landslides
are predominantly poorly developed, and that sediment sources in and adjacent to the channel
dominate the load at the outlet. This result is further supported by independent geomorphological
observations that the connectivity between the landslides and the river network is switched off
most of the time, and by the presence of cut terraces and migrating knickpoints in the inner gorges
(Schwab et al., 2008; Clapuyt et al., 2019; Van Den Berg et al., 2012).

To summarize, localized sediment sources have a key role in the sediment budget of pre-
Alpine basins, in particular at high flow rates. Their morphological properties, such as the gully
development on landslides, control their connectivity to the channel and therefore the provenance
of sediment at the basin outlet. The simulated temporal dynamics of sediment provenance also
indicates that in pre-Alpine basins this is highly variable in time and characterized by pulses of
sediment from the localized sources, which dominate the load during flood events.

To further investigate the role of localized sediment sources, in the Chapter 5 I explored their
dependence on the sediment availability given by the season and the hillslope activity.

6.1.3 How does suspended sediment dynamics depend on basin sediment availabil-
ity? (RQ 3)

This research question has been addresses in Chapter 5, by simulating time-dependent sediment
availability in the basin. I did so by including in the model a variable sediment supply by landslides
as a function of their physical properties, soil moisture and intensity of hillslope activity, and by
keeping track of the basin sediment availability, recharged by landslide supply and emptied by flood
events (see Sect. 2.2.3).

I simulated five scenarios of sediment availability by varying the intensity of hillslope activity
to generate transport- and supply-limited conditions. I bootstrapped the simulated time series to
produce stochastic variability in the sediment availability, and compared the results with data from
the case study and basins of similar size in Switzerland.

The results showed that an overall low sediment availability reduces the variability of SSCs and
load at the outlet, by dampening the natural variability of the sediment production and transport
processes (Fig. 5.6a and 5.7). Alternating conditions of low and high sediment availability overall
increase the variability of suspended sediment load at the outlet (Fig. 5.7). I interpreted these
conditions as representative of the strong stochasticity of mass wasting in high elevation basins,
which is documented by e.g. Fuller et al. (2003) and Delunel et al. (2020), or shifts in the sediment
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transport regime following a major flood or catastrophic events, as observed by e.g. Horowitz
(2003).

The modelled seasonality of the basin sediment reservoir showed that, when the sediment supply
by landslides is comparable to the sediment export by floods, the storage recharges in winter and
empties from spring until the end of summer (Fig. 5.5). In this case, sediment starvation happens in
summer, and substantially dampens the peak of suspended sediment load generated by the flood
events. Observations in the case study indicate that this could be the case in the Kleine Emme basin.
The model also combines the spatial distribution of sediment availability and hydrological forcing
to predict the contribution of sediment sources, and highlights the key role of thick landslides
located in glacial deposits when the system runs into supply limitation (Fig. 5.8).

To summarize, basin sediment availability affects the suspended sediment dynamics by influenc-
ing the magnitude, variability and seasonality of concentrations and loads at the outlet. Comparison
of model results and observations suggests that basins may naturally shift from transport- to supply-
limited conditions due to intermittent sediment supply. The spatial distribution of geomorphic
properties that control sediment supply with respect to the hydrological forcing is key to determine
the dominant sources of sediment.

6.2 Discussion and implications

Importance of resolving spatial variability

From the presented results emerges the importance of understanding and characterizing the spatial
variability in the drivers of sediment mobilization and the processes of transfer to the outlet of
river basins. In Chapter 3, I showed the effect of spatial distribution of precipitation and surface
erodibility on erosion and transport by overland flow, and demonstrated that it affects the sediment
production and connectivity of the sources to the river network. Therefore, predictive models need
to resolve explicitly such variability in order to capture the correct driving mechanisms of the
mobilization and transport of sediment across river basins.

Such effects are expected to be even more significant when localized sediment sources are
present in a basin, because these enhance the heterogeneity of potential sediment production across
the basin. In this case, the spatial distribution of erosion drivers is key to determine the combination
of a strong hydrological driver with highly productive sediment sources, such as intense precipitation
on major landslides. When this happens, very small areas of the basin may dominate the sediment
yield of the entire basin, as it has been observed in several Alpine basins (e.g. Korup et al., 2004;
Schuerch et al., 2006; Delunel et al., 2014; Cruz Nunes et al., 2015). This is the case also in the
simulations presented in Chapter 5, which include sediment production from landslides. Here, the
spatial distribution of hydrological forcing, morphological properties and sediment availability
determines the contribution of each landslide, and 70% of the total sediment load both in supply-
and transport-limited simulations is produced by landslides covering only about 1% of the basin
area (Fig. 5.8).

Previous modelling work also suggested the importance of clusters of high soil moisture in
the hydrological and hydromorphological response of river basins (Paschalis et al., 2014; Peleg
et al., 2020). The modelling framework and the analysis presented in this thesis allow a spatially
explicit physical explanation of the role of hydrological and morphological drivers in the source
contribution of pre-Alpine basins.

Dynamic simulation of functional connectivity

The newly developed sediment component for the TOPKAPI-ETH hydrological model provides a
dynamic evaluation of the functional connectivity based on the information of structural connectivity
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(Wainwright et al., 2011; Fryirs, 2013; Bracken et al., 2015). The spatial resolution of 100 m used
in the applications of this thesis is likely too coarse to fully capture the strong spatial gradients
of the pre-Alpine and Alpine landscapes, as well as the very small landslides that may have a
significant effect on the sediment budget. However, the model structure is such that the concepts of
structural and functional connectivity are both included. Below I discuss how they are captured by
the model, and the connectivity elements that emerge from the applications presented in this thesis.

In the TOPKAPI-ETH model, the information about the structural connectivity is represented
thanks to its grid-based nature, which allows for a spatially distributed description of the physical
properties of the study basin. In this way, the physical connection between landscape elements
given by the topography is represented. This is key in the modelling of the sediment dynamics
to include the information about the location of areas of sediment production with respect to the
channel network. Such information is present in the model applications of this thesis, in the position
of the landslides with respect to the river. This determines the mechanism with which they can be
emptied, i.e. either by the overland flow only, or by both overland and river flow. Analogously, the
very strong hillslope-channel connectivity in the incised areas is represented by their location along
the river network.

Based on the physical properties of the basin, the hydrological processes determine the surface
and subsurface water fluxes, e.g. the slope of each basin cell determines the flow direction, the
land cover the evapotranspiration, and the soil properties the infiltration rate and subsurface lateral
flow. By associating the surface water fluxes to sediment mobilization and transport, the sediment
component of the model builds a link between the physical properties of the basin and the sediment
transport processes. In this way, it represents the functional connectivity, i.e. the connection
between landscape units provided by the processes of sediment transport.

Because of its spatial and temporal dimension, the representation of the functional connectivity
in model is dynamic in space and time. Such representation is given in the first place by the
routing of sediment on hillslopes, which depends on the magnitude of overland flow, and the
topographic and land cover properties (slope and surface erodibility, Eq. 2.10). These determine
the transport capacity of overland flow, which may produce transfer of the mobilized sediment
until the river network, or its deposition, thus interrupting the sediment flux and disconnecting the
sources from the outlet. A quantification of this component of the connectivity is given by the
sediment delivery ratios in Fig. 3.9. Here, the lower structural connectivity of the south-eastern part
of the basin, where the steep highly erosive slopes are separated from the river network by lower
gradient floodplains, is the reason for lower sediment delivery ratios and therefore lower functional
connectivity compared to the north-western part of the basin. In the second place, the periodic
activation of localized sources by high bed shear stress also contributes to a dynamic representation
of functional connectivity. Their degree of connectivity is given by their physical connection to
the river network, the distribution in time and space of surface runoff and the interaction between
the hydrological forcing and the landslide morphological properties. In our model, the latter is
provided by the gully competence parameter, which determines the effectiveness of the overland
flow in transferring sediment from the landslide bodies to the channel.

Evaluation of functional connectivity by means of physically based models offers an alternative
approach to widely used static indicators where discharge is usually approximated as a function of
the upstream area, see Heckmann et al. (2018) for a review. An example is provided by Mahoney
et al. (2018), who combined a hydrological model with the spatially distributed and temporally
variable probability of sediment connectivity to estimate watershed erosion. Analogously to the
approach presented in this thesis, most spatially distributed and physically based model presented in
Sect. 1.2.1 are also suitable for such dynamic evaluation of functional connectivity, with advantages
and limitations that are connected to their structure. For example, the model by Cea et al. (2016)
has the advantage of using a variable triangular mesh, and a flow routing that is not limited by a D4
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scheme. Therefore, it is likely more accurate than the TOPKAPI-ETH model in representing the
path of sediment close to the river network. A hydraulic description of the fluxes in the channel
as in Cea et al. (2016) and Tsuruta et al. (2018) also improves the representation of water and
sediment connectivity in the river network. On the contrary, both models do not allow deposition on
the hillslopes and therefore are likely to overestimate the connectivity there. As mentioned above,
the use of a higher spatial resolution also favours a more accurate description of the structural and
functional connectivity.

Time-dependent sediment provenance

In the presented model, the sediment mobilized by each sediment source is routed as an independent
wave on the hillslopes and in the channels. In this way, it keeps track of the sediment origin at each
point of the river network and allows to estimate the contribution of each sediment source to the total
load. Such information supports the construction of sediment budgets. The temporal dimension of
the modelling allows the mixing of sediment sources by fluvial processes, and enables time series
of the sediment provenance (Ch. 4). Such knowledge of time-dependent sediment provenance
is not only useful for sediment management, but also for the use of cosmogenic radionuclides in
the estimate of long-term basin-average denudation rates. In fact, this approach is based on the
assumption that a river bed sediment sample is representative of long-term and catchment-averaged
denudation rates of the upstream area (von Blanckenburg, 2005; Yanites et al., 2009). However,
these conditions are often not satisfied in river basins dominated by mass wasting events (e.g. Kober
et al., 2012; Savi et al., 2014; Delunel et al., 2014). The tool I developed in this thesis allows to
identify the hydrological conditions and locations in which the sampling should be performed, to
maximize the representativeness of the CRN sample. Our results show why, in a pre-Alpine basin
dominated by landslides and inner gorges, sampling should be carried out preferably during low
flow and as close at possible to the low flow channel.

Further information on sediment provenance can be extrapolated from the analysis of sediment
availability. Our model predicts the strongest CRN fluctuations at the basin outlet in spring and sum-
mer, when the major floods take place and trigger mass wasting. However, this model application
in Chapter 4 was carried out without including the possibility that landslides exhaust their sediment
reservoirs. In fact, flood events also cause emptying of the basin sediment reservoir and consequent
sediment starvation, which may lead to supply limitation in summer (Fig. 5.5). Therefore, it is
likely that after the first major flood of the season, the fluctuations of CRN concentrations become
smoother and the sampling of CRN increasingly representative as the sediment reservoir of localized
sources empties. This could be proved by performing the sediment tracing with the 10Be data as
done in Chapter 4 for the supply-limited simulations performed in Chapter 5. This hypothesis is
also supported by field observations in Alpine basins by Schuerch et al. (2006) and Berger et al.
(2011), who found that sediment input from landslides and debris flows is greatest in winter and
spring. Measurements by Wetzel (1994) also indicate that sediment load is dominated by mass
wasting during the ablation period, while summer load by the behaviour of channel storage. A direct
validation of these concepts on the sediment provenance provided by the model could be obtained
with sediment tracing, consisting in the measurement of conservative properties of sediment in the
sources and at the outlet, such as geochemistry and mineralogy.

Towards a comprehensive physically based representation of the suspended sediment dynam-
ics

The model developed during this research is a step towards a comprehensive physically based
representation of the suspended sediment dynamics in pre-Alpine river basins. It includes the
description at high resolution of the topographic, land cover, soil and climate properties of the
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6.3 Outlook

basin, the characteristics of the major sediment sources, and the basin sediment availability. In this
way, it allows to separate the role of each of these elements in the sediment response of a given
basin setting. I demonstrated that the activation of localized sediment sources is responsible for
generating the highest suspended sediment fluxes (Ch. 4), and that the model links the geomorphic
properties of such sources to their contribution to the total sediment load. This happens through
the gully competence parameter λ , defining the hillslope-channel connectivity (Ch. 4), and the
slope and thickness of the landslides, determining their sediment supply to the river network (Ch.
5). Furthermore, by simulating the input and export from the basin sediment reservoir, the model
captures its dynamics and allows to analyse the relation between sediment availability in the basin
and suspended sediment load properties (Ch. 5).

Although representing several properties describing the natural complexity of the system, the
number of parameters used in model remains limited and with a precise physical meaning. The most
relevant model parameters are the surface erodibility α (Eq. 2.10), the river initiation threshold RT
(Sect. 3.2.3.3), the gully competence parameter λ (Eq. 2.13), the localized sediment flux parameters
k and µ (Eq. 2.11), and the parameter of hillslope activity cLS (Eq. 2.15). α and RT describe the
magnitude of the basin response to hillslope overland flow, and the mean drainage area at which the
fluvial sediment transport processes become dominant over hillslope processes. They determine
the magnitude of the SSCs, and the slope of the SSC-Q rating curve at low flows. λ is the key
parameter to allocate the sediment load to the sources, by defining the overland flow erosivity on
landslide surfaces (Eq. 2.14). In other words, it determines the degree of connectivity between the
hillslopes and the channel. k and µ represent the magnitude and non-linearity of the sediment flux
from localized threshold-behaviour sediment sources, and therefore determine the magnitude of
SSCs, and slope of the SSC-Q rating curve at high flows. Finally, cLS represents the intensity of
landsliding activity on the hillslopes, and allows to modulate the response of the landslide sediment
supply to the river network driven by soil moisture dynamics.

The physical meaning of the parameters facilitates the model calibration, because it allows
a clear connection with field observations. Basic information that is necessary to calibrate the
sediment component of the model consists in high temporal resolution measurements of discharge
and suspended sediment concentrations. This characterizes the sediment rating curve, and therefore
allows a first estimate of α and RT based on the low flow data, as done in Sect. 3.2.3.3, and of k
and µ based on the high flows, as in Sect. 4.2.4. In Chapters 4, I also showed that a qualitative
evaluation of the hillslope contribution to sediment load compared to channel contribution is
possible through a simple analysis of landslide surface topography, and observations of the river
morphology at the confluence of small tributaries. This provides a physical basis for the estimate of
the λ and cLS parameters. As mentioned in the previous section, such estimates can be improved by
sediment tracing, and I showed in Chapter 4 that even relatively sparse data across the basin can
be informative. Other useful measurements consist in the monitoring of landslide movements (e.g.
Schwab et al., 2007; Schuerch et al., 2006; Handwerger et al., 2019b) to distinguish whether a low
sediment flux from landslides is given by low transport capacity of the streams (low k, µ or λ ) or a
low sediment availability in the landslides themselves (i.e. a low cLS parameter).

6.3 Outlook

Further developments of the model

Several further developments of the model are possible in order to improve its representation of
the physical processes. Those include a more detailed description of the erosion on hillslopes, for
example by modelling the soil detachment by raindrop impact and distinguishing the erodibility of
mobilized and compacted sediment, as in Hairsine and Rose (1992). Modelling of sediment supply
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could also be based on a more specific description of the inputs of sediment from landslides and
incised areas, for example by explicit simulation of the triggering of debris flow and bank collapses
(e.g. Taccone et al., 2018). Multiple grain sizes could also be included, as well as a module for
bedload transport (e.g. Tsuruta et al., 2018; Coulthard et al., 2002).

In general, the current knowledge on sediment processes potentially allows for a highly detailed
description of each component. However, an increased model complexity comes at the cost of
additional parameters, applicability for practical purposes, and interpretation of the results. This is
an especially critical point in the field of sediment transport, where observations are still challenging
and relatively limited in time and space, and very often suffer from a high uncertainty. This
represents a limitation for the calibration and validation of numerical models. In fact, at the moment
it represents the main limitation of several sediment budget models available in the literature, such
as DHSVM (Doten et al., 2006), tRIBS (Francipane et al., 2012) and CAESAR-Lisflood (Coulthard
et al., 2013). For this reason, I think that further developments of the numerical model presented in
this thesis should be pursued with the aim of addressing specific research questions and be limited
to the new elements strictly needed for such aim, rather than with the potentially overambitious
scope of producing a more complete model.

With respect to the research questions addressed in this thesis, the developments that in
my opinion would allow deeper insights into scientifically relevant issues without significantly
increasing model complexity are the following:

1) Implementation of a temporally variable surface erodibility α to capture the seasonality of
land cover properties, i.e. of the C factor in the RUSLE equation. This would add a temporal
component to the spatially variable surface erodibility, in the same way as this is already
included for the precipitation input, and complement the representation of the spatial and
temporal variability of the suspended sediment dynamics. Such feature could be added to the
model by automatically modifying the α parameter at each time step based on the day of the
year, or based on the precipitation and soil moisture.

2) Introduction of the possibility to vary the parameters of gully competence λ and hillslope
activity cLS in space and time, in order to represent the different degrees of hillslope-channel
connectivity across a river basin, and the periodic activation or deactivation of such connec-
tivity. For example, previous works in the Kleine Emme basin suggest that the northwestern
subbasins have a stronger hillslope-channel coupling than the rest of the basin, which could
be represented with a higher λ than the southeastern subbasins (Schlunegger and Schneider,
2005; Norton et al., 2008; Van den Berg and Schlunegger, 2012). Furthermore, Clapuyt et al.
(2019) observed an episodic connectivity of landslides to the channel in the basin, which
corresponds to periodic pulses of higher cLS values. This improvement would overall allow a
better representation of the spatial variability, of the activation of localized sediment sources
and the prediction of the basin sediment availability.

3) Allowing fine sediment to deposit on the river bed and on the floodplain and be resuspended,
and account for the mixing of sediment properties in the river bed storage, such as 10Be
concentrations. While this process was estimated to be of secondary importance in the Kleine
Emme river basin, it is important to correctly represent the suspended sediment dynamics
and fluvial mixing in other river basins. Examples of approaches that could be followed in
this step are provided by many models that feature a detailed description of fluvial processes.
BASEMENT (Vetsch et al., 2017) and SHESED (Wicks and Bathurst, 1996) provide a 1D
approach that could be suitable for implementation in TOPKAPI-ETH.

4) Explicitly introduce uncertainty in some key parameters and processes. So far the model
is fully deterministic in the representation both of sediment mobilization and sediment
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6.3 Outlook

transport. In Chapter 5 I applied a bootstrapping technique to reproduce the randomness
of hillslope landsliding activity, however this is was done as a post-processing procedure.
Further developments in this respect could be pursued by random sampling of the parameter
values from prescribed probability distribution within the model runs, and/or by repeated
realizations of a stochastic climate (Monte Carlo analysis), as in Fuller et al. (2003), Belmont
et al. (2007) and Navratil et al. (2011).

Potential applications

The hydrolology-sediment model TOPKAPI-ETH is a useful tool to study scenarios of possible
climatic, morphological or stuctural changes in a given river basin. Among the most relevant
applications is the analysis of the basin response under scenarios of climate change, as done for
example for one event on the Kleine Emme by Peleg et al. (2020) with the CAESAR-Lisflood
model. The model presented in this thesis allows the simulation of such scenarios on long time
scales (≈100 years), by accounting for the effects of future temperature increase, modifications in
the temporal and spatial properties of the precipitation, as well as indirect consequences of climate
change such as land cover changes. We are currently working on the application of the modelling
setting for the Kleine Emme under the CH2018 climate scenarios for Switzerland (NCCS, 2018).

Another very relevant application of the model is to evaluate the sediment input into reservoirs
and water impoundments and the fraction potentially trapped, in order to estimate their life span
(Vörösmarty et al., 2003). While the implementation of sediment trapping in reservoirs is still under
development in TOPKAPI-ETH, the estimate of sediment input from the upstream catchments can
already be performed with the current model structure.

In future applications of the model, I also recommend to test the advantages of an automatic
model calibration over a manual calibration. In this thesis, I manually calibrated the parameters by
varying one of them at a time because of computational reasons. An automatic calibration would
allow to identify multiple groups of parameters that equally fit the observed suspended sediment
concentrations, such as the two end-members calibrations that I identified in Chapter 4. By using
an automatic approach also parameter sets with intermediate values of the gully competence λ

would be identified, which are probably more realistic than its extreme values, as anticipated also in
Chapter 4.

Combination with remote and field measurements

Finally, I believe that future modelling efforts should be combined with further measurement data,
to improve the validation of the hydrological module, as well as to help quantify and interpret the
parameters of the sediment component.

Validation of the modelled overland flow. The hydrological module would benefit from a more
accurate validation of the simulated overland flow in time and space, because this is the main driver
of the modelled soil erosion on hillslopes. In the study basin of this thesis, discharge measurements
were available at three river gauges, thus partially allowing validation of the spatial distribution
of overland flow. However, this validation remains limited in space and should be complemented
with spatially distributed information. A promising way in this regard is provided by comparison
of the modelled soil moisture with remote sensing measurements of the soil water content. This
approach would allow to validate the key variable for overland flow production, with the advantage
of providing a spatially distributed information on each hillslope cell of the river basin, instead of a
punctual aggregated information such as the river gauges.
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Calibration and validation of the sediment parameters. In the sediment module each parameter
has a concrete physical meaning (see Sect. 6.2). This implies that knowledge of the basin
geomorphology and some focussed measurements of sediment properties may significantly improve
the informativeness of the model. In particular, such field information could allow to select between
multiple parameter sets identified by an automatic calibration.

As mentioned above, high resolution SSC-Q data is the basic information needed to calibrate
the model. In this thesis, I used SSC data taken twice a week, which has to some extent limited the
possibility to calibration. I believe that hourly resolution data would provide substantial benefit to
the calibration, and may allow to select between equivalent calibrations, such as the end-members
simulations with low and high gully competence parameter λ in Chapter 4, even without recurring
to additional datasets.

The other key dataset for validation and interpretation of the modelled sediment provenance can
be obtained by sediment fingerprinting. In this respect, resources should be invested in measuring
time series of sediment tracers at the outlets of river basins. Although this is an expensive exercise
and so far usually not performed in denudation rate studies, there is a growing interest in the CRN
community to investigate landslide dominated basins (e.g. Belmont et al., 2007; Kober et al., 2012;
Savi et al., 2014), and in the fingerprinting community to link sediment provenance to climatic
inputs (e.g. Navratil et al., 2012). Besides cosmogenic 10Be, other suitable components to trace the
sediment production process include meteoric 10Be, as proposed by Reusser and Bierman (2010).
Additional information on the soil depth of sediment provenance can be provided by e.g. 137Cs
and 210Pbxs (Olley et al., 2013) and on the travel time of sediment by 7Be/210Pbxs (Matisoff et al.,
2005; Evrard et al., 2016). Because the model accounts for three sediment sources, at least two
independent tracers should be measured, which combined with the mass balance hypothesis allow
to derive the three unknown source contributions. Moreover, by combining multiple tracers it is
possible to compensate for the uncertainty in the measurements.

Conversely, studies that aim at reconstructing basin sediment provenance by sediment finger-
printing will benefit from the application of the presented model on the same catchment. In fact, the
model results allow to generalize the observations performed on short time scales and at a limited
number of locations to longer time periods and the entire basin. Moreover, the model provides a
physically based concept to support the choice of statistical mixing models that are currently used
(Evrard et al., 2011; Blake et al., 2018).
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APPENDIX A
Supporting information for chapter 3

A.1 Model inputs and calibration

A.1.1 Soil erodibility and land cover-management factors

Figure A.1 shows the spatial distribution of the soil erodibility factor K and land cover-management
factor C of the Universal Soil Loss Equation for the Kleine Emme river basin. The two factors
were used to derive the spatial distribution of the surface erodibility parameter α of the model.
The soil erodibility factor K was taken from the work of Schmidt et al. (2018) and the land
cover-management factor was derived from Yang et al. (2003).

(b)(a)

FIGURE A.1: Maps of the (a) soil erodibility USLE factor K (source: Schmidt et al. (2018)) and
(b) cover-management factor C for the Kleine Emme basin (derived from Yang et al. (2003)).

A.1.2 Evaluation of sediment module performance

In this section some additional metrics that evaluate the performance of the sediment model
component are presented.

In Figure A.2 the histogram of the simulated SSCs sampled at the hours of collection of
suspended sediment bottle samples is compared with the histogram of measured SSCs smaller than
the 85th percentile. The comparison of the two histograms provides an evaluation of the model
performance in terms of SSC distributions.

To allow the comparison between the continuous time series of simulated hourly SSC and the
intermittent observed SSC (twice a week), a continuous hourly time series has been extrapolated
from the observations, based on the fitting of a Q-SSC rating curve. The comparison of observed
and simulated SSCs is shown in Figure A.3. In Table A.1 the time series of hourly simulated and

1



extrapolated observed SSCs are compared by means of the correlation coefficient r, percent bias
PBIAS, normalized root mean square error nRMSE and mean absolute error MAE. Coherently with
the approach applied in the calibration procedure (see Sect. 3.2.3.3), we have limited this comparison
to the observed SSC values lower than the 85th percentile of their distribution. As expected, the
comparison shows a tendency to underestimate the observations and a lower performance at the
hourly scale, which, however, improves with increasing temporal aggregation.
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FIGURE A.2: Simulated and observed SSC frequency distributions: (a) frequency distribution of
simulated SSCs at the hours of suspended sediment sample collection, (b) frequency distribution
of observed SSCs smaller than the 85th percentile.

TABLE A.1: Performance of the suspended sediment simulations for the period 2004-2016 at the
outlet of the river basin, in terms of correlation coefficient (r), Percent Bias (PBIAS), normalized
root mean square error (nRMSE) and mean absolute error (MAE) for data simulated at the hourly
resolution and aggregated to daily, monthly and annual values. The analyses has been limited to
the values lower than the 85th percentile of the observations.

r PBIAS nRMSE MAE
[-] [%] [-] [mg L−1]

Hour 0.51 -12.14 1.02 8.86
Day 0.52 -12.14 0.91 9.18

Month 0.64 -12.14 0.52 5.64
Year 0.52 -12.14 0.19 2.28

2



A.1 Model inputs and calibration
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FIGURE A.3: Density plot of simulated vs observed hourly suspended sediment concentrations at
the outlet of the river basin for the period 2004-2016. The black dashed line indicates the 85th
percentile of the observations, to which the performance assessment has been limited. The red line
gives the 1:1 fit.

A.1.3 River initiation threshold effect on the hydrological model

Table A.2 shows the influence of the river initiation threshold on the hydrological performance of
the model. The performance is evaluated through the correlation coefficient (r), Nash-Sutcliffe
efficiency (NSE) and root mean square error (RMSE). The conclusion we draw from this is that RT
is not significantly influencing discharge predictions at the outlet.

TABLE A.2: River initiation threshold (RT) effect on hydrological model performance. Observed
hourly discharge data at the outlet for the period 2004-2016 are compared with two simulations with
different RT values. The model performance is evaluated by means of the correlation coefficient
(r), Nash-Sutcliffe efficiency (NSE) and root mean square error (RMSE) at the hourly resolution
and at the daily and monthly temporal aggregation.

r [-] NSE [-] RMSE [m3 s−1]

RT km2 1.25 0.4 1.25 0.4 1.25 0.4

Hour 0.84 0.84 0.69 0.69 0.75 0.75
Day 0.91 0.90 0.80 0.79 0.53 0.55

Month 0.93 0.93 0.76 0.77 0.26 0.27

A.1.4 Hydrological model performance under dry and wet conditions

In Table A.3 and Figure A.4 the performance of the hydrological component of the model in
reproducing events with low and high initial soil moisture (SM0) is evaluated. These conditions
have been defined as SM0 smaller than the 20th percentile of the SM0 distribution, and SM0 greater
than the 80th percentile. SM0 is computed as the basin averaged soil moisture distribution at the
last hour before the start of each event. The model performance for the selected events is good and
comparable to the entire simulation, however Figure A.4 indicates a tendency to overestimation
especially for low SM0 events.
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TABLE A.3: Performance of the hydrological model in reproducing low and high initial soil
moisture (SM0) events. Simulated and observed hourly discharge data at the outlet are compared
for the selected events in terms of the correlation coefficient (r), Nash-Sutcliffe efficiency (NSE)
and root mean square error (RMSE).

low SM0 high SM0

r [-] 0.86 0.82
NSE [-] 0.74 0.63

RMSE [m3 s−1] 0.71 0.66

(a) (b)

FIGURE A.4: Density plot of simulated vs observed hourly discharges at the outlet for (a) low and
(b) high initial soil moisture events within the 2004-2016 period.

A.2 Suspended sediment concentration variability at the outlet

The variability of suspended sediment concentration at the outlet in the four simulations is compared
by means of the SSC-Q cloud of points and a coefficient of variation that quantifies their scatter.
Figure A.5 compares the modelled SSC (density plots) in SIMs 1 to 4 with the observations (lines).
The comparison of SIM 1 and 3 with SIM 2 and 4 shows the effect of the spatial distribution of
precipitation in stretching the bulk of the modelled concentrations towards higher values, which
reflects the increase in the annual sediment load. Analogously, the effect of the spatial distribution
of surface erodibility is opposite (compare SIM 1 and 2 with SIM 3 and 4). The plots are in
log-log scale, so we point out that the differences between the simulations are more relevant at high
concentrations.

To quantify the scatter of the SSC-Q relations independently of the mean simulated SSC, we
binned the simulated discharges, computed the coefficients of variation (CVs) of the sediment
concentrations in each discharge bin and reported them as a boxplot for all discharges in Figure A.6.
We observe that the distribution of the CVs shifts to lower values every time a source of variability
(rainfall or α distribution) is removed, therefore, we observe a general correspondence between
information content of the inputs and scatter of the predictions of SSC. However, we also observe
that the changes between simulations are very small, especially in the mean value, thus suggesting
that the spatially distributed nature of the model itself plays a more relevant role than the variability
of the analysed input variables (rainfall and surface erodibility). The comparison of observed and
simulated CVs shows the amount of variability of the lower 85th percentile of observed SSCs that
is captured by the model. As expected, the observed variability is much larger than the simulated
one, because of the sources of variability which are not accounted for in our model.
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A.2 Suspended sediment concentration variability at the outlet

FIGURE A.5: Density plot of simulated SSC-Q values for SIM 1 to SIM 4 sampled at the time of
observations, compared with observations (lines give median and 15th-85th percentiles).

(a) (b)

FIGURE A.6: Quantification of the SSC-Q relation scatter: (a) boxplots of the coefficients of
variation of the SSC-Q relation for SIM 1 to SIM 4, (b) comparison of simulated (blue box) and
observed coefficients of variations, where the observed SSCs have been truncated to the 85th
percentile.

5





APPENDIX B
Supporting information for chapter 4

In the following I explain how the representative 10Be concentrations reported in Table 4.1 for
the different sediment production processes were derived, based on measurements available in
the literature. Since LSR and LSHS mobilize sediment from the same source, I attributed them the
same concentration, equal to the average of 5 measurements on the Rossloch landslide in the Entle
subbasin by Clapuyt et al. (2019) (indicated as green dots in Fig. 4.1, values are reported in Table
B.1).

A concentration representative of the background steady state denudation rate has been derived
from samples taken above knickzones and in small basins, indicated as red dots in Fig. 4.1 and
reported in Table B.1. Such samples are available in three different regions of the basin, thus
allowing to partially integrate the variability across the basin and the elevation dependence. Since
sediment mobilization by the OF process can also take place on landslide surfaces and incised
areas, the representative concentration of the OF process has been derived as the weighted average
of the background, LS and I concentrations, where the weights are the net erosion values produced
by the OF process on the areas corresponding to the background, LS and I concentrations.

No samples were available that only integrated areas of incision, therefore I derived a repre-
sentative concentration for the I process by means of a mass balance in the Entle subcatchment
(see Fig. B.1). This basin was classified by Van Den Berg et al. (2012) in three areas dominated
by hillslope (HS), weathering (WT) and channelized (CH) processes, where the last class largely
coincides with the incised areas I that I mapped. In their work, Van Den Berg et al. (2012) provide
a mean erosion rate ε for each area and for the entire Entle subbasin. A 10Be concentration C for
the WT and HS areas and the entire subbasin is also available from the samples indicated in Fig.
B.1 (see Table B.2 for the values). With these data, I computed the 10Be concentration that the CH
area, i.e. the I area in our model, needs to have to satisfy the mass balance:

AEntleεEntleCEntle = AWT εWTCWT +AHSεHSCHS +AIεICI (B.1)

where A is the area of each region. The resulting representative 10Be concentrations are reported
in Table 4.1.

In the derivation of the representative 10Be concentrations I did not explicitly account for the
dependence of the cosmogenic production rates on elevation. However, the background erosion
samples have been taken in the streams and therefore provide an elevation-integrated measure of
the upstream areas. Moreover, I have selected samples that are distributed across the catchment and
therefore partially account for the spatial variability of the cosmogenic production rate. The use of
samples from the Rossloch landslides to represent the LS process concentration, is instead likely to
provide an overestimation of the 10Be concentration for this process. In fact, with respect to the
distribution of all landslides in the basins, the Rossloch landslide is located at relatively higher
elevations, where the cosmogenic production rate is higher. This implies that the signal produced
by the LSR and LSHS processes at the outlet would be even more clearly distinguishable from that
of the OF process. With regard to the incised area concentration, the Entle subbasin inner gorge
covers a range of elevations that is representative of the location of the incised areas across the
basin, and is therefore expected to be representative of the process.
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Process Elevation Lat Lon 10Be concentration
[m a.s.l.] [◦ N] [◦ E] [104 at/gQuartz]

LSHS, LSR 1287 46.946 8.092 3.53 ± 0.281

LSHS, LSR 1325 46.947 8.092 1.34 ± 0.271

LSHS, LSR 1373 46.946 8.097 2.32 ± 0.581

LSHS, LSR 1451 46.945 8.098 0.62 ± 0.451

LSHS, LSR 1500 46.943 8.104 0.15 ± 0.531

Background erosion 1132 46.9514 8.0566 6.35 ± 0.342

Background erosion 1525 46.8447 8.0638 9.38 ± 0.463

Background erosion 1563 46.8444 8.0563 9.66 ± 0.653

Background erosion 1442 46.8506 8.0574 11.05 ± 0.503

Background erosion 913 46.9712 7.966 2.59 ± 0.854

Background erosion 896 46.9883 7.9708 2.85 ± 0.314

TABLE B.1: Location and 10Be concentrations of the samples used to compute representative
concentrations of sediments mobilized by the different processes. References: 1Clapuyt et al.
(2019), 2Van den Berg and Schlunegger (2012), 3 Casagrande (2014), 4 Norton et al. (2008).

Region 10Be conc ε Area
[104 at/gQuartz] [mm/yr−1] [km2]

Subbasin 2.46 ± 0.13 0.42 ± 0.04 63.56
WT 6.35 ± 0.34 0.14 ± 0.01 16.19
HS 4.91 ± 0.17 0.23 ± 0.03 35.65
CH - 1.37 ± 0.22 11.72

TABLE B.2: From Van Den Berg et al. (2012): 10Be concentrations, mean erosion rates ε and
areal extent of the Entle subbasin and its weathering (WT), hillslope (HS) and channelized (CH)
process dominated regions. The 10Be concentration for CH areas was not measured by Van Den
Berg et al. (2012) and was derived in this work via a mass balance.
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FIGURE B.1: Map of the Entle subbasin and the location of 10Be samples by Van Den Berg et al.
(2012) that were used to derive a representative concentration for the I process. The WT sample
(red dot) was assumed to be representative of the weathering dominated area, the HS samples (blue
dots) of the hillslope-processes dominated area and the outlet sample (blue star) was used to close
the mass balance.
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APPENDIX C
List of symbols for the sediment module

α [kg s0.4 m−4.8] surface erodibility of hillslopes (Eq. 2.10)

β [-] overland flow transport exponent on hillslopes (Eq. 2.10)

γ [-] slope transport exponent on hillslopes (Eq. 2.10)

k [kg m−1 s−1] transport coefficient for sediment flux from localized sources (Eq. 2.11)

µ [-] transport exponent for sediment flux from localized sources (Eq. 2.11)

θc [-] dimensionless critical bed shear stress (Eq. 2.11)

λ [-] competence of gullies on landslides (Eq. 2.13)

G [-] specific gravity of sediment (Eq. 2.14)

ds [m] grain size (Eq. 2.14)

cLS [-] intensity of landsliding activity on the hillslopes (Eq. 2.15)

H [m] landslide thickness (Eq. 2.15)

α̂ [◦] landslide slope (Eq. 2.15)

E [g m−1 s−1] sum of water column - river bed sediment exchange and input from local
sediment sources (Eq. 2.17)
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