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CHAPTER 1

INTRODUCTION

1. BACKGROUND

Landscape evolution results from complex interactions and feedbacks between
tectonics, erosion and climate (e.g. Bishop, 2007; Roe, Whipple, & Fletcher, 2008).
Earth’s topography primarily reflects the balance between tectonics and erosion, while
climate regimes subsequently control erosion intensity and processes (Figure 1.1).
Convergent movements of lithospheric plates are driving plate subduction, and induce
crustal thickening due to topographic load forces. The isostatic response to mass
accumulation at convergence boundaries is the creation of highly elevated mountain
ranges, e.g. the European Alps (Bernet et al., 2001).

Climate -—"_ O
Surface Processes @ CD ——

RISt L CLECOGIEINN N L A

Tectonic | & NG NON AT - Cantinental Crust
Processes

Mantle

Figure 1.1: Simplified diagram depicting the processes involved in the dynamics
of an active orogeny (Source: Roe et al., 2008).

In addition, the pace of tectonic rock uplift and exhumation of mass is controlled by
slab load forces which can either maintain surface uplift low (Schlunegger and

Kissling, 2015) or increase rock exhumation in case of slab detachment (Fox et al.,
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2015). In active mountain belts, tectonic uplift is often balanced by weathering and
erosion processes that are limiting the elevation of peaks and ridges. Combined with
biota, mechanical and chemical weathering on hillslopes primarily converts bedrock
into regolith and soil particles that can be transported by gravity and water to river
channels and sedimentary basins. These sedimentary particles, having a grain size
from clay to boulders, subsequently serve as tools for incision into river bedrock
(Riebe et al., 2015). Moreover, both the size and the flux of sediments in river
channels drive channel incision (Sklar et al., 2017) which in turn, steepens adjacent

hillslopes.

Models of fluvial landscape evolution often rely on the assumption that sediment
transport on hillslopes scales with slope gradient (Roering et al., 1999), and that river
erosion scales with the stream power or shear stress (Montgomery, 2003). However,
field-based quantitative studies showed that landscape response is frequently
thresholded, i.e. the mentioned relationships are not linear. Hillslopes adjust to river
incision until they reach a threshold angle where hillslope erosion rate attains a critical
value (e.g. Dibiase et al., 2012; Montgomery and Brandon, 2002; Ouimet et al., 2009;
Vanacker et al., 2015). When the erosion rate continues to increase, hillslopes respond
to further increase in base level lowering by increasing mass movement frequency. In
this threshold condition, the hillslope gradients tend to be independent of the
catchment-wide erosion rate (Binnie et al., 2007; DiBiase et al., 2010; Ouimet et al.,
2009). Depending on the lithological setting, the reported slope threshold values
usually range between 30° and 40° (e.g. Dibiase et al., 2012; Ouimet et al., 2009).
Besides, topography and latitude drive large-scale climate patterns, which, in turn,
control water availability for river incision and hillslope erosion, as well as glacial

erosion in cold environments (e.g. Montgomery et al., 2001; Riebe et al., 2015).
Landslides as a dominant erosion process in mountainous terrain

In humid mountainous environments, river incision sets the pace of channel lowering
and hillslope steepening (Whipple and Tucker, 1999). Hillslopes rapidly adjust to
channel incision (e.g. Safran et al., 2005) by overland flow erosion, downslope creep

of soil material, and mass wasting processes (e.g. Allen, 2009). Sediment transport by
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soil creep is often represented by non-linear diffusive models (Roering et al., 2001;
Schlunegger et al., 2013) where the sediment flux does not increase linearly with slope
gradient, which involves short adjustment time scales after changes in base level
lowering or tectonic uplift rates. At regional scale, mass movements are stochastically
delivering sediment to the river network (e.g. Hovius et al., 1997; Korup et al., 2004),
and can profoundly influence the topographic evolution of mountainous catchments.
At the hillslope scale, steepening of hillslopes adjacent to river valleys creates
unstable conditions increasing mass movement probability (e.g. Roering et al., 2005).
Mass movement occurrence reduces the hillslope gradient to reach a dynamic
topographic steady state. At the catchment scale, mass movements primarily regulate
the temporal variation in sediment production on hillslopes, and subsequently

sediment delivery to the river network (e.g. Benda and Dunne, 1997).

Sediment transport by mass wasting is complex to integrate in landscape evolution
models because of its stochastic behaviour and the feedbacks on hillslope adjustment
and channel incision. Mass-movement related sediment accumulation in rivers has a
twofold impact. (1) It might decrease sediment transport capacity and protect the river
bed from further erosion (e.g. Korup et al., 2010). These transport-limited river
systems are typical of environments affected by earthquakes where large volumes of
sediments originating from co-seismic landslides enter the river network at once. The
residence time of such landslide-derived material that is temporarily stored inside the
catchments can reach thousands of years (Wang et al., 2015, 2017). Therefore, co-
seismic landslides can have an influence on fluvial erosion processes on a millennial
time scale. (2) The removal of mass movement material may lead to a situation where
the river becomes supply-limited. This shift from transport-limited to supply-limited,
is often the result of selective transport of fine sediment particles in the river channel.
Once the river becomes depleted in fine sediment, that can easily be mobilised by the
median river flow (Wang et al., 2015, 2017), the coarse material rich in fresh abrasive
agents helps to accelerate fluvial incision (Whipple et al., 2000). The latter (abrasive
effect of tools) might reinforce the supply-limited character of the channel network.

The geomorphic efficiency of mass movements, i.e. their global contribution to the
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sediment budget of catchments, is still poorly constrained due to the variability of
mass movement mechanisms and scales of sediment connectivity (e.g. Egholm et al.,
2013; Hovius et al., 1997; Roering et al., 2005). In addition, the timing of sediment
production and supply to the river network also needs to be spatially and temporally
quantified to better constrain sediment transfer dynamics (e.g. Burt and Allison, 2010;
Burtin et al., 2014; Korup et al., 2010).

Mass movements are discrete slope failures, both in space and time, which are
initiated when the downslope component of the gravity force on a sediment mass
exceeds the forces resisting the motion. Movement initiation occurs when (1) the
gravity force increases, i.e. by mass accumulation on top of hillslopes or by slope
steepening through undercutting of the foothills or tectonic uplift, when (2) the shear
stress decreases, i.e. by soil weathering or by pore pressure increase (Bridge and
Demicco, 2008), or when (3) earthquakes trigger strong ground motion (Meunier et
al., 2007). This combination of a large number of controlling factors renders mass
movement prediction complex, as they are stochastic phenomena. Mass movements
or slope movements are typically classified into 5 main categories, i.e. falls, topples,
slides, spreads and flows (Hungr et al., 2014; Varnes, 1978). We therefore
acknowledge that strictly speaking, landslides encompasses only a fraction of the
variety in mass wasting processes. However, for the sake of legibility and simplicity,
we will use landslide as an all-inclusive term to name all the types of mass movements
in this manuscript. When we refer to specific types of mass wasting processes, i.e.

mainly debris flow and earthflow, we use the proper terms to describe them in detail.

For multi-annual landslide studies, one can construct magnitude-frequency
distribution functions that characterise the number of landslides of a given magnitude
that typically occur in a given period (Guzzetti et al., 2002; Hovius et al., 1997;
Malamud et al., 2004). Based on regional remote-sensing landslide inventories, the
inferred distribution is then modelled using either an inverse power law (Guzzetti et
al., 2002; Hovius et al., 1997) or a parametric inverse-gamma (e.g. Guns and
Vanacker, 2014; Malamud et al., 2004) probability distribution. In both cases, small

landslides are more likely to occur than large landslides. Using the parametric inverse-
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gamma probability distribution, it is possible to model the exponential rollover of the
distribution for small events: landslide inventories regularly highlight that the
probability of medium-size landslides is greater than the one of small and large

landslides.
The sediment cascade: a variety of sediment pathways from sources to sinks

Gravity and runoff water mainly control sediment production and mobilisation on
hillslopes, transport to and along the river network, temporary storage, and eventually
deposition. Besides, mass transfer is only possible when sediment connectivity
between landscape compartments, i.e. sediment stores and sinks, is effective (Fryirs,
2013). Connectivity is physically expressed as linkages and blockages controlling
sediment transfer within catchments. Three different types of linkages characterise
connectivity (Figure 1.2). (1) Lateral linkages connect the channel network with the
rest of landscapes, i.e. mainly hillslopes. (2) Longitudinal linkages depict the ability
of the river network to transfer sediments downstream. (3) Vertical linkages mainly
affect lower reaches of catchments and characterise surface-subsurface interactions of
water and sediment. The variety of pathways from the primary sediment sources to
the final depositional areas was initially described as the sediment delivery problem
(Dietrich and Dunne, 1978; Walling, 1983) and the issue has been revisited with the
sediment cascade concept (e.g. Bracken et al., 2015; Burt and Allison, 2010; Fryirs,
2013; Heckmann and Schwanghart, 2013).

Within the sediment cascade, landslides stochastically act as a major sediment source
on hillslopes. They can mobilise soil and regolith material that can temporarily
accumulate on the slopes and becomes available for further mobilisation and transport
downstream. In configurations where hillslopes are physically linked to channels,
mobilised sediments are directly available for transport in the river network (e.g.
Berger etal., 2011; Sutherland et al., 2002; Wang et al., 2017). In decoupled hillslope-
channel systems, sediments remain on hillslopes as landslide colluvial fans before
being gradually depleted and transported to the river network by rainfall-induced and
stochastic superimposed debris flows (e.g. Benda and Dunne, 1997b; Schwab et al.,
2008).
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Downstream Typical linkages
changes in

linkages Headwaters
+ Source zone

« Hillslopes and channels
coupled

+ Tributaries and trunk
stream connected

« Efficient flow and longitudinal
sediment transfer

* Limited vertical connectivity

« Transfer zone

= Irregular hillslope - channel
connectivity

= Tributaries may be trapped
and disconnected from the
trunk stream

« Efficient flow and longitudinal
sediment transfer

+ Channel - floodplain
connectivity is irregular

« Irregular vertical exchanges

increasing channel-floodplain connectivity 4+————

longer residence times of sediment stores

decreasing sediment delivery «
decreasing slope-channel connectivity

increasing sediment storage

* Accumulation zone

+ Hillslopes and

channels decoupled

Tributaries may be

trapped or disconnected

from the trunk system

+ Significant sediment

storage

« Inefficient longitudinal
sediment transfer

= Channel-floodplain
connectivity is high

= Strong vertical

¥ connectivity
—= Longitudinal linkages ===~ # Lateral linkage (channel — floodplain)
—> Vertical linkages —-=3 Lateral linkage (hillslope — channel)

Buffers (landforms that affect sediment transfer from hillslopes to the channel network)

(1) landslide  (2) tibutary (3)fan (4) backswamp (5) floodplain
confluence

Barriers (landforms that impede downstream conveyance of sediment within the channel network)
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Figure 1.2: Idealized sediment cascade from sources to sinks, with longitudinal,
lateral and vertical linkages between landscape compartments (Source: Fryirs,
2013).

Rainfall is a stochastic time-invariant process, which has a twofold control on

mountainous environments (Benda and Dunne, 1997b; Fuller et al., 2003a; Hovius et
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al., 2000). On the one hand, precipitation regulates sediment supply from the
hillslopes: it increases the overland flow erosion, and landslide probability as it
decreases the shear stress within soil material and increases the gravity forces
(Vanacker et al., 2003). On the other hand, the response of the fluvial network to
enhanced sediment supply from the hillslopes depends on the discharge and river’s
transport capacity, i.e. its ability to transport sediments to lower reaches of the river
channel. Therefore, the dual stochastic behaviour of sediment supply on the slopes
and sediment transport in the river network gives the landscape a certain capacity to
buffer sediment transfer within the sediment cascade (Gran and Czuba, 2017). The
temporal scale of the buffering capacity can be highly variable, and vary from a
number of years (e.g. Berger et al., 2011; Fuller and Marden, 2010; Sutherland et al.,
2002), to decades (e.g. Bennett et al., 2013; Schwab et al., 2008), and millennia (e.g.
Wang et al., 2017; West et al., 2014). The landscape response to sediment production
and supply forcing is commonly assessed over one given time scale. Few studies
attempted to integrate different spatial and temporal scales to assess landscape
response to landslide sediment supply and transport. As such, the temporal dynamics
of sediment cascades in landslide-affected alpine environments are poorly constrained
(Delong et al., 2012; Kirchner et al., 2001; Mackey et al., 2009).

Quantifying pathways of the sediment cascade along with understanding the patterns
and rates of these mechanisms is of crucial importance to assess long-term landscape
evolution and potential feedbacks between tectonics, erosion and climate (Bishop,
2007; Burt and Allison, 2010; Fryirs, 2013; Korup et al., 2010). Furthermore,
unravelling the fate of sediment production and transport in mountainous catchments
can also help to constrain long-term biogeochemical cycles (e.g. Sklar et al., 2017).
At the global scale, Earth’s temperature is thought to be regulated by a negative
feedback between atmospheric CO; levels, chemical weathering of silicate rocks and
organic carbon burial over 10° years time scale (Maher and Chamberlain, 2014). In
this context, rivers are seen to be important agents that are linking the biogeochemical
cycles between continents, atmosphere and oceans (Aufdenkampe et al., 2011). As

chemical weathering rates are not linearly related to physical erosion, the sensitivity
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of the climate-weathering feedback is still under debate (e.g. Gabet and Mudd, 2009;
Maher and Chamberlain, 2014; Willenbring and von Blanckenburg, 2010). Recent
studies have highlighted that the response of chemical weathering to climate can differ
depending on the sensitivity of mountainous and low-relief areas to runoff, and it may
vary depending on the distribution of erosional regimes and rock distributions (Maher
and Chamberlain, 2014; Schoonejans et al., 2015). Therefore, properly constraining
biogeochemical cycles eventually requires to quantify sediment source area dynamics
and the impact of stochastic geomorphic events such as landslides, that are producing
fresh minerals on hillslopes that becomes rapidly exposed to intense chemical

weathering.

From a more applied point of view, quantifying rates of sediment propagation through
the sediment cascade would also help to constrain rates of sediment retention behind
dams along mountainous river courses. Indeed, their impact on the longitudinal
connectivity of the sediment cascade is important, and often underestimated (Fryirs,
2013). As an example, only 45% of the sediments mobilised in the headwaters are

exported out of the European Alps (Hinderer et al., 2013).

Bridging the different spatial and temporal scales over which geomorphic processes
are typically assessed within the sediment cascade is a difficult task. Rates of
geomorphic processes along with sediment connectivity are often highly variable in
space and time due to their stochastic character. Moreover, landscapes that are in
erosive or depositional phase over short time scales can either be at dynamic
equilibrium, erosive or depositional phase at longer time scales. Consequently,
upscaling discrete processes quantified over short time scales, e.g. landslides on
hillslopes, will not necessarily properly depict the geomorphic system behaviour over
longer time scales and spatial scales (Dietrich and Dunne, 1978; Sadler and
Jerolmack, 2015; Schumm and Lichty, 1965).

Quantifying pattern and rates of the sediment cascade

Depending on the respective spatial and temporal scales of interest, various

methodologies, tools and techniques are available for geomorphologists to assess
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erosion rates, sediment fluxes, sediment budgets, and more generally the pattern and
rates of the sediment cascade (Brown et al., 2009; Passalacqua et al., 2015; Turowski
and Cook, 2017).

On the one hand, surveying methods rely on repeated topographic measurements of a
surface over time. Then, time series of measurements are used to quantify erosion or
deposition of a given slope or catchment. These methods are applicable to monitor
changes over 10°-102 years. Over the last decade, recent advances in high-resolution
topography representation techniques and acquisition platforms, combined with
decreasing surveying costs, have led to an increasing availability of topographic
datasets (Tarolli, 2014). The choice of the acquisition framework always results from
the trade-off between (1) the spatial resolution needed and (2) the extent of the study
area (Passalacqua et al., 2015). For repeated measurements of dynamic natural
environments, e.g. landslide processes or volcanic eruptions, the following three
parameters are narrowing down the possibilities of the acquisition framework: (3) the
surveying cost, (4) the necessary return period for proper monitoring, and (5) the
accessibility of the study area. Photogrammetry has long been used to derive digital
surface models (DSM) from historical aerial photographs (e.g. Casson et al., 2003;
Guns and Vanacker, 2014; ProkeSova et al., 2010) and optical satellite imagery (e.g.
Delacourt et al., 2004; K&ab, 2002; Stumpf et al., 2017). However, these data sources
have become outdated with regard to the current standards for accurate topographic
reconstructions, or became too expensive. The latter argument is mainly an obstacle
for long-term monitoring of dynamic environments that requires frequent data

acquisition and dense time series.

Surface deformation is now increasingly monitored using radar technology, that are
synthetic aperture radar, i.e. SAR (e.g. Raucoules et al., 2013; Schlégel et al., 2015),
and light detection and ranging, i.e. LIDAR (e.g. Blasone et al., 2014; Ventura et al.,
2011; Wheaton et al., 2010). These techniques can be deployed on airborne and
ground-based platforms (Figure 1.3) that have distinct inherent accuracies and ranges
(Passalacqua et al., 2015). Moreover, in the recent years, the image-based structure-

from-motion (SfM) algorithm arose as a major challenger to the other topographic
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techniques because of its ability to reconstruct three-dimensional (3D) surfaces at very
high-resolution with standard and consumer-grade cameras (Westoby et al., 2012).
Datasets can cover up to several km-wide study areas if the camera is carried by an
unmanned aerial vehicle, i.e. UAV (Immerzeel et al., 2014; Lucieer et al., 2014;
Rippin et al., 2015). Compared to other topographic acquisition techniques (such as
SAR or LiDAR), the UAV-SfM framework is low-cost and flexible in its
implementation, and particularly attractive for surveying campaigns in poorly

accessible terrain (Eltner et al., 2016).
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k)ﬁentaﬁon of aircraft information -~ @) Q ¢>§§<&“°
‘@ \_}3 N
< |/ | scenestructurerefersto
distance between scanner and | fjf' | both camera positions
gand @uneterred fran 2% [ \ and orientationsand
delay between outgoing pulse _\ thetopography
& and ref ected retum " %
g !
5 i
& ™,
» featuresmatched in
».multiple photographs
.\-;
(b) Tarrestrial LIDAR

&, /inesshow track of scan across ground
drdes show actual ground retum footprints

Figure 1.3: Principal high-resolution topographic techniques (Source: Johnson
et al., 2014). (a) Airborne LiDAR. (b) Terrestrial LiDAR. (c) Structure-from-
motion potentially combined with an UAV platform.

On the other hand, catchment-scale measurements of erosion consist of the
quantification of the total volume of material that has been evacuated from the
considered catchment over a given time period (Turowski and Cook, 2017). These
methods usually allow covering regional to continental spatial scales, i.e. 101-10* km,

over longer time scales, i.e. 10°-107 years. Sediment budget at the catchment scale can
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be based on direct measurements of geometric changes in sediment accumulation
within natural or human-made reservoirs (Bellin et al., 2011; Vanmaercke et al.,
2011). Indirect measurements are based on the physical inference of geomorphic
processes, i.e. sediment rating curves (Horowitz, 2003), cosmogenic radionuclides
(Dunai, 2010) and thermochronology (Reiners and Brandon, 2006). Among these
techniques, the quantification of terrestrial in-situ cosmogenic radionuclides (CRN) is
widely used and provides catchment-averaged denudation rates over 10%-10° years
(e.g. Bierman and Nichols, 2004; von Blanckenburg, 2005; Gosse and Phillips, 2001).
Cosmogenic nuclides are produced in target minerals, i.e. in quartz grains for 1°Be, at
or near Earth surface. The production of such isotopes exponentially decays with
depth, depending on the density of the material. Consequently, quartz grains
accumulate °Be from the time sediment samples are near the surface. The isotopic
clock continues to tick during erosion and transport into river streams, and only stops
when burial occurs. Therefore, derived denudation rates are only representative for
the integration time of samples. The faster the denudation rate, the shorter the time

scale of the measure.

2. RESEARCH OBJECTIVES

Understanding the pattern and rates of the geomorphic mechanisms involved in the
sediment cascade is of crucial importance to assess long-term landscape evolution,
biogeochemical cycles and potential feedbacks between tectonics, erosion and
climate. However, this task is difficult and poorly addressed in the literature because
rates of geomorphic processes along with sediment connectivity are often highly

variable in space and time due to their stochastic character.

Therefore, this PhD thesis aims to quantify geomorphic response and sediment
transfer in landslide-prone mountainous environments by constraining spatio-
temporal sediment dynamics from state-of-the-art geomorphic techniques: UAV-SfM
derived 3D topographic reconstructions, and in-situ produced cosmogenic
radionuclides. These methods were applied to a mountainous catchment in the

foothills of the Central Swiss Alps to explore the spatio-temporal dynamics of



12 CHAPTER 1

sediment transfer systems and understand the processes controlling hillslope-coupling
over 10°-10% years. To constrain sediment fluxes, we compiled a robust database over
annual, decadal and millennial time scales. At the annual scale, we assessed the
sediment dynamics of an active earthflow using UAV-SfM derived very high-
resolution topographic reconstructions. This methodology is convenient to perform
monitoring of highly dynamic environments, such as landslides in mountainous
environments, because of its flexibility, and its low-cost and lightweight
characteristics. At the millennial time scale, we quantified in-situ *°Be-derived
denudation rates in the catchment draining from the earthflow and in adjacent rivers.
In addition, we used published data on erosion and denudation rates at the decadal,
centennial and at the millennial scales, respectively from Schwab et al. (2008), Savi
et al. (2013) and Van den Berg et al. (2012).

Besides the geomorphic questions related to sediment cascades in mountainous
terrain, this thesis also addressed more methodological questions related to the
reproducibility of UAV-SfM topographic reconstructions and the sensitivity of in-situ

produced cosmogenic radionuclide concentrations to stochastic geomorphic events.

In the recent years, the UAV-SfM framework became an increasingly popular tool to
capture the earth’s topography at very high-resolution (i.e. centimetric). Despite a
relatively large amount of papers assessing the accuracy of the technique (e.g. Smith
et al., 2015; Westoby et al., 2012), i.e. comparing the UAV-SfM 3D topographic
reconstructions with independent topographic datasets, the reproducibility of the
methodology was poorly discussed in the scientific literature. To fill this gap, we
developed an experimental setup to: (1) assess the reproducibility of the UAV-SfM
framework in itself, and (2) identify the parameters that influence the precision of 3D

topographic reconstructions.

Landslide events have a stochastic nature, and can perturb the CRN signal in river
sediments as shown by previous field-based studies (Savi et al., 2014; West et al.,
2014) and numerical simulations (Niemi et al., 2005; Yanites et al., 2009). However,
the impact of the stochasticity of landslides on CRN-derived denudation rates is still

poorly constrained. Taking advantage of the numerical model of cosmogenic
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radionuclide dynamics in landslide-prone terrain by Yanites et al. (2009), we assessed
the variability of CRN concentrations as a function of landslide magnitude-frequency

distribution and landscape characteristics.

3. THESIS OUTLINE

The PhD dissertation is organised in six chapters (Figure 1.4), including this

introduction (Chapter 1).

Constraining the spatio-temporal sediment dynamics in landslide-prone mountainous
environments

Methodological contributions Scientific contributions

Chapter II Chapter Il

Annual sediment dynamics and

internal mechanisms of an earthflow

= Time-series of very high-resolution 3D
topographic reconstructions

= DEM of differences between DSM, Image
correlation, 3D comparison of point clouds

Reproducibility assessment of the
UAV-SfM framework as a very high-
resolution topographic tool

= Repeated survey of a test area

= DEM of differences between DSM

Chapter V Chapter IV

Spatio-temporal dynamics of sediment
transfer and hillslope-channel coupling
over 10°-103 time scales
CRN-derived long-term denudation rates
Sediment fluxes database at annual,
decadal and millennial time scales.

Stochastic influence of landslides on
CRN-derived denudation rates
= Numerical modelling

Figure 1.4: Flowchart depicting the links between the different chapters of the
PhD thesis.

Chapter 1l focuses on the assessment of the reproducibility of earth surface
topography reconstructions acquired using the UAV-SfM framework. We surveyed a
study area characterised by gentle topography in the Belgian Loess belt with an UAV

platform equipped with a standard reflex camera, and varied the focal length of the
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camera and the location of georeferencing targets between flights. We then compared
the UAV-SfM digital surface models to assess the precision of the methodology, and

the detection limit for topographic monitoring.

Chapter 111 consists in the application of the UAV-SfM framework on a very dynamic
environment. Between October 2013 and October 2015, we acquired very high-
resolution topographic datasets of the Schimbrig earthflow, located in the foothills of
the Central Swiss Alps. A comprehensive 3D analysis of the landslide was conducted
by combining three different analyses: (1) the sediment budget of the hillslope, (2) the
horizontal and (3) the 3D surface displacements. The data allowed us to highlight the

complex and highly dynamic structure of the earthflow.

In Chapter IV, we compiled sediment fluxes for three different time scales in the Entle
catchment, which includes the Schimbrig earthflow. We quantified millennial-scale
sediment dynamics of the Schimbrig catchment, which acts as a sediment source in
the landscape. Then, we included annual data from Chapter Ill, and data from
published researches on the same study area, i.e. additional data from long-term

denudation rates and from classic photogrammetry at the decadal scale.

Chapter V explores the variability of CRN dynamics due to the stochastic behaviour
of landslides using a two-dimensional (2D) numerical model. We iterated the
stochastic model to assess the variability of final CRN concentrations and resulting

erosion rates.

Finally, Chapter VI summarizes findings presented in this PhD dissertation and opens

perspectives for further research.



CHAPTER 2

REPRODUCIBILITY OF UAV-BASED
EARTH TOPOGRAPHY RECONSTRUCTIONS
BASED ON STRUCTURE-FROM-MOTION
ALGORITHMS

Based on:

Clapuyt, F., Vanacker, V., Van Oost, K. (2016), Reproducibility of UAV-based earth
topography reconstructions based on  Structure-from-Motion  algorithms,
Geomorphology, 260, 4-15, doi:10.1016/j.geomorph.2015.05.011.

ABSTRACT

Combination of unmanned aerial vehicle (UAV) based aerial pictures and structure-
from-motion (SfM) algorithm provides an efficient, low-cost and rapid framework for
remote sensing and monitoring of dynamic natural environments. This methodology
is particularly suitable for repeated topographic surveys in remote or poorly
accessible areas. However, temporal analysis of landform topography requires high
accuracy of measurements and reproducibility of the methodology as differencing of
digital surface models leads to error propagation. In order to assess the repeatability
of the SfM technique, we surveyed a study area characterised by gentle topography
with an UAV platform equipped with a standard reflex camera, and varied the focal
length of the camera and location of georeferencing targets between flights.
Comparison of different SfM-derived topography datasets shows that precision of

measurements is in the order of centimetres for identical replications which highlights
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the excellent performance of the SfM workflow, all parameters being equal. The
precision is one order of magnitude higher for three-dimensional (3D) topographic
reconstructions involving independent sets of ground control points, which results
from the fact that the accuracy of the localisation of ground control points strongly
propagates into final results.
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1. INTRODUCTION

For the study of landslides or the monitoring of dynamic fluvial environments, an
accurate and high-resolution representation of the earth surface is required. For these
geomorphic applications, topographic surveys are typically conducted using a real-
time kinematic (RTK) global positioning system (GPS; e.g. Brasington et al., 2000;
Squarzoni et al., 2005), total stations (e.g. Fuller et al., 2003; Moss et al., 1999),
terrestrial laser scanning (TLS; e.g. Brasington et al., 2012; Travelletti et al., 2008)
and aerial laser scanning (ALS; e.g. Dewitte et al., 2008; McKean and Roering, 2004;
Notebaert et al., 2009). While these acquisition techniques are increasingly used in
geomorphology and result in rich observational datasets, they are often time-
consuming and costly. Recent developments in image processing, with the application
of computer vision algorithms as structure-from-motion (SfM), and the availability of
reliable, low-cost and lightweight unmanned aerial vehicles (UAV), permit to
overcome some of these drawbacks (e.g. Neitzel and Klonowski, 2011; Snavely et al.,
2008).

During the last years, exploratory research has shown that UAV-based image
acquisition is suitable for environmental remote sensing and monitoring (e.g. Bendig
et al., 2013; Dandois and Ellis, 2010; Hugenholtz et al., 2013; Mancini et al., 2013;
Westoby et al., 2012). Image acquisition with consumer grade cameras mounted on
an UAV can be performed at very high spatial resolution (centimetre) and high
temporal frequency in the most dynamic environments (D’Oleire-Oltmanns et al.,
2012; Gomez, 2014; Immerzeel et al., 2014; James and Robson, 2012; Lucieer et al.,
2014). Besides, the SfM technique allows reconstructing landform topography based
on an unoriented set of pictures (i.e. without spatial orientation or georeferencing
information) and taken with consumer grade uncalibrated cameras without having
prior information on the location of the principal point, radial distortion, focal length
or distance to the surveyed topography. Initially developed for building architecture
and three-dimensional (3D) representations of objects, computer vision SfM
algorithms aim to reconstruct simultaneously camera positions and orientations, as

well as a 3D scene structure from a set of feature correspondences derived from
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overlapping pictures (Snavely et al., 2008). Scene structure is rendered as a 3D sparse
point cloud generated in an arbitrary coordinate system, lacking spatial scale and
orientation. This cloud is then projected in a real-world coordinate system using
ground control points (GCPs) that are visible in the point cloud and were surveyed
with a GPS in the field. To this end, a seven-parameter Helmert transformation, with
a single factor of scale, three factors of translation and three of rotation, is computed
based on the GCP coordinates in both arbitrary and real-world coordinate systems.
Then, this similarity transformation is applied to the entire set of 3D point arbitrary
coordinates in order to have a properly georeferenced output (Dandois and Ellis,
2010). Based on the sparse point cloud and camera parameters, densification of output
can then be performed with a multi-view stereopsis (MVS) algorithm following a

match, expand and filter procedure (Furukawa and Ponce, 2010).

Recently, the combination of image acquisition with UAVs and SfM-based
topography reconstruction has been successfully applied on a broad range of
landforms and landscapes (Table 2.1). The accuracy assessment has commonly been
carried out by comparing the output with other very high-resolution acquisition
techniques. Westoby et al. (2012) mapped an 80 m high coastal cliff and assessed the
accuracy of the resulting digital surface model (DSM) using a terrestrial laser scanner.
This study reported an overall absolute accuracy of less than 0.5 m for 86% of the
area. James and Robson (2012) monitored a 3 m high coastal cliff over a year. A time
series of seven topographic representations allowed them to derive erosion rates.
Comparison of SfM- with TLS-derived data indicated that the root mean square error
(RMSE) is about 0.07 m. Based on a similar comparison of datasets from an
inaccessible wave-cut bench, Obanawa et al. (2014) obtained a maximum deviation
of 0.1 m. Fonstad et al. (2013) surveyed a floodplain system and compared the SfM-
derived output with ALS data for accuracy assessment. The mean difference between
both topographic reconstructions was about 0.6 m. Tonkin et al. (2014) surveyed a
formerly-glaciated cirque and assessed the accuracy of the UAV-SfM dataset based
on points measured with a total station. They obtained a vertical RMSE of 0.52 m for

the entire study area and a vertical RMSE of 0.2 m for less densely vegetated areas.
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Turner et al. (2012) compared direct georeferencing of a point cloud, based on camera
positions recorded by the internal GPS of the UAV, and a GCP extraction technique.

Table 2.1: Summary of accuracy assessments conducted in various published

studies.

Authors Reference dataset Method Accuracy Georeferencing
Westoby et DEM of 86% of the area between
al., 2012 TLS data difference -0.5and 0.5 m Manual
James and DEM of Vertical RMSE of
Robson, 2012 TLS data difference 0.07m Manual
Obanawa et . Maximum deviation of .
al., 2014 TLS data Not defined 01m Not defined
Fonstad et al., DEM of Mean difference of
2013 ALS data difference 0.6m Manual
. GCPs surveyed with  Discrete set of -
Toné'&it al, total station validation Vertlcoalsgel\;SE of Manual
(millimetre accuracy) points '
Turner et al GCPs surveyed with  Discrete set of Mean absolute Direct
2012 " dGPS (centimetre validation horizontal accuracy of coreferencin
relative accuracy) points 0.10 and 0.13 m 9 9
Turner et al GCPs surveyed with  Discrete set of Mean absolute
2012 " dGPS (centimetre validation horizontal accuracy of =~ GCP extraction
relative accuracy) points 0.66and 1.25m
. . Horizontal RMSE of
. GCPs surveyed with  Discrete set of
Harwin and - S 0.001to 0.083 m .
Lucieer, 2012 dGP_S (centimetre valld_atlon Vertical RVMSE of 0.04 GCP extraction
relative accuracy) points
to 0.06 m
QOuédraogo et RTK GPS DEM of Mean absolute .
al., 2014 (centimetre accuracy) difference difference of 0.074 m GCP extraction

Based on a discrete set of validation points, they assessed the horizontal accuracy of
the generated ortho-mosaics and showed that the GCP technique is 5 to 10 times more
accurate, even in absolute terms, than direct georeferencing, with accuracies of resp.
0.10 m to 0.13 m for the GCP technique compared to 0.66 m to 1.25 m for direct
georeferencing. Harwin and Lucieer (2012) suggested that the combination of UAV
and SfM could detect sub-decimetre absolute changes. In addition to nadir pictures,

they also included oblique views in the SfM algorithm. By comparing the coordinates
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of GCPs in the georeferenced point cloud of a coastal estuary they reported horizontal
accuracies of 0.001 to 0.083 m and elevation accuracy of 0.04 to 0.06 m. Lucieer et
al. (2014) showed the use of orthomosaics and digital elevation model (DEM) derived
from SfM and UAV to quantify relative landslide surface displacements. Ouédraogo
et al. (2014) showed that accuracy of 3D topographic representations also depends on
the software used to run the SfM algorithm, by comparing outputs with reference RTK

GPS data where absolute mean differences are up to 0.1 m.

Either based on classic topographic surveys, i.e. RTK GPS, TLS or light detection and
ranging (LIDAR), or on more recent image processing techniques, i.e. SfM
reconstruction, very high-resolution DSMs can be used to quantify temporal changes
in earth surface topography, based on differencing of DSMs taken at various moments
in time. However, it is important to have both an accurate topographic representation
and consistency between measurements over time, as DSM differencing automatically
leads to error propagation (Wheaton et al., 2010). Previous studies explored
workflows to produce 3D point clouds based on aerial photos taken by UAVs and
assessed the accuracy for single topographic representations based either on discrete
set of validation points or on independent digital terrain models (DTM). These studies
showed that accuracies, i.e. the difference between measurements and ground truth,
obtained with the SfM technique are in the same order of magnitude as those obtained
with more traditional high-resolution topographic survey methods. However, the
reproducibility of topographic measurements based on SfM algorithm, i.e. the

repeatability of measurements, is poorly documented in the literature.

This paper specifically aims to assess the reproducibility of repeated reconstructions
of earth surface topography using the SfM technique based on aerial photographs
taken by an UAV. In the context of quantification of topographic changes over time,
it is mandatory to account for errors that are inherent to the technology used to
reconstruct surface topography at each time step. Spatial errors propagate when
differences of DSMs (a so-called DEM of differences, DoD) are computed to quantify
topographic change. In order to isolate and quantify the error that is associated with

the topographic reconstructions, we repeatedly surveyed a test area which has not
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experienced topographic changes. Hence, the error associated with our UAV-SfM
workflow will set the lower limit of detectable topographic changes for monitoring of

dynamic environments.

While the quantification of the precision of measurements in itself is important, we
also focus on parameters which can potentially affect the reproducibility such as the
focal length of the camera and location of georeferencing targets. The focal length
determines the resolution of the ground pixels for a given flight altitude. Other
parameters being equal, a smaller focal length allows a wider viewing angle, i.e. larger
surveyed areas during one flight, but results in coarser image resolution. The location
and spatial structure of the GCPs is also a parameter of interest; as this is likely to
vary between repeated surveys because of changes in topography. Here, we compare
10 digital surface models for one study area with gentle topography. Six DSMs are
derived from independent datasets of aerial pictures taken from an UAV with different
experimental parameters. Four DSMs are derived from one set of aerial pictures and

georeferenced based on four different patterns of GCPs.

2. METHOD
2.1. STUDY AREA

The study area (Figure 2.1) is located in the Belgian Loess belt, about 40 km south of
Brussels. Its centre is located at 52°32°30”N / 4°41°09”E. The study area is covered
by pasture and arable fields. The altitude of the study area ranges between 125 m and
140 m a.s.l. and topography is characterised by gentle slopes up to 30° (mean slope:
5°). LiDAR topography is available for this area. This dataset was acquired by the
regional public institution, i.e. the Service Publique de Wallonie, between 2000 and
2002 along waterways. Raw acquisition had an initial density of points of 5 to 8 points
per square metre while the final product was delivered as a raster surface resampled
at 1 m of resolution. The mean absolute altimetric accuracy of this dataset has been

assessed to 0.11 m (Service Publique de Wallonie, 2004).
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Legend
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Figure 2.1: 3D view of the study area (Spatial extent: approx. 1 ha).
2.2. IMAGE ACQUISITION

The UAV platform used is a Mikrokopter Oktokopter XL, equipped with a stabilized
camera mount. The maximal payload is about 1.5 kg with an associated autonomy of
5 to 6 min for a single battery. The Oktokopter has an on-board navigation system
composed of an inertial measurement unit (IMU), i.e. the Mikrokopter FlightCtrl ME
2.1, and a low-cost global positioning system (GPS) receiver, i.e. u-blox LEA 6S
which has an accuracy of 2.5 m (U-blox AG, 2012). This setup allows autonomous
flights through predefined waypoints, after manual take-off and landing. To acquire
the aerial images, we used a standard small format reflex camera (Canon EOS 550D)
and two different fixed-focal-length lenses: a low-cost and lightweight Canon EF
50 mm /1.8 11, i.e. F50, and a wide-angle Canon EF 28 mm /2.8 IS USM equipped
with an optical image stabilizer and a high-speed autofocus motorisation, i.e. F28.
Both lenses were calibrated with the help of the lens calibration software Agisoft
Lens. The parameters were then used to constrain the bundle adjustment with a fixed
camera model in the SfM algorithm (see below). The camera is mounted on a two-
axis gimbal which compensates tilt and roll movements of the UAV, in order to
maintain the nadir orientation of the camera. In order to obtain sharp pictures in usual
photogrammetry, camera parameters should be set to maximize depth of field by

minimizing lens aperture, i.e. using the aperture priority mode, the shutter speed being
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automatically defined to obtain well-exposed pictures. However, in UAV-based
photogrammetry, due to movements and vibrations of the UAV-platform, images
should be acquired at a predefined high shutter speed (shutter priority mode)
depending on the light conditions, i.e. quicker than 1/1600 s, in order to avoid motion
blur, the aperture being automatically set by the camera. Besides, the ISO parameter
is also dependent on light conditions during flights and typically set as low as possible
to avoid a grainy texture on the pictures, i.e. ISO 100 to 400. The acquisition
frequency is predefined directly within the camera setup at 1 Hz, i.e. one image per
second, in order to have high redundancy needed for good performance of the SfM
algorithm. In practice, the time interval between two images is slightly longer because
of the intrinsic image acquisition capacity of the camera, and depends on the autofocus
rapidity and time necessary to write picture files on the memory card. However,
overlap between successive pictures is still sufficient due to the low UAYV flight speed
of ca. 2 m s The latter is slightly slower for flights with the 50 mm lens than with
the 28 mm lens because of the smaller ground coverage of the pictures taken with the
50 mm lens (Table 2.2).

Table 2.2: Picture characteristics for 50 m of altitude flights.

Focal (mm) Resolution Length Image Width Image Distance between two
(mm) Ground (m) Ground (m) flight lines (m)
28 7.70 39.82 26.61 13.27
50 431 22.30 14.90 743

The experimental setup was designed to assess the reproducibility of 3D topography
reconstructions based on UAV and SfM algorithm, with varying focal length and
georeferencing target locations (Figure 2.2). For each focal length, i.e. F28 and F50,
a flight plan was determined to survey 1 ha at a constant flight altitude of 50 m above
ground level of take-off location. Each flight plan ensures that there is sufficient

overlapping (66%) between pictures of adjacent flight lines (Table 2.2; Figure 2.3a).
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Figure 2.2: Parameters of derived SfM datasets. Accuracy is assessed by
comparing each SfM dataset with LiDAR data. Internal precision is quantified
by comparing identical replications, i.e. with two different aerial pictures
datasets, DS1 and DS2, with the same GCP set T1. External precision on
georeferencing is computed by comparing replications with independent GCP
sets (same amount and pattern), i.e. T1 and T2.

Legend
® TagetSet1
© Target Set2

——— Fight Lines 28mm
~——— Fiight Lines 50mm

Elevation LIDAR (m)
o High : 142,52

W Low i 126,18

Figure 2.3: (a) Flight lines for each focal length at 50 m of altitude. (b) Locations
of georeferencing targets for both sets.
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Thirty georeferencing targets were scattered regularly every 20 m over the area. Each
target consists of a 30 cm side white square that contrasts sharply with surrounding
features and that allows automatic detection based on red-green-blue (RGB) values.
Each flight plan was performed three times: two repetitions, i.e. DS1 and DS2, with
the same set of georeferencing targets, i.e. set T1, and one repetition, i.e. DS1, with a
second set of target locations, i.e. set T2. Figure 2.3b depicts both sets of
georeferencing targets. From this experimental setup, six independent datasets of

pictures are constructed (Table 2.3).

Table 2.3: Characteristics of datasets resulting from the experimental setup.

Dataset LIZ%(;atL Te;;giet N.ur(;}ber ;uprgib:t 2 Targetiodretet-:ted '?r;i)a dﬁ\_rlmgirte)l/gc(?f
(mm) pictures georeferencing points m2
F28_T1 DS1 28 1 288 368782 29 18882 19.53
F28_T1 DS2 28 1 291 360825 28 18847 19.14
F28_T2_DS1 28 2 352 378299 24 17448 21.68
F50_T1_DS1 50 1 643 767831 27 16452 46.67
F50_T1_DS2 50 1 454 546509 18 11702 46.70
F50_T2_DS1 50 2 597 738821 27 16073 45.97
Table 2.4: Summary of GCP differential correction.
Target Set T1 T2
Number of targets 30 30
Correction method | Code-corrected | Code-corrected
Solution type Float Float
Minimum vertical precision (m) 0.500 0.600
Mean vertical precision (m) 0.520 0.613
Maximum vertical precision (m) 0.700 0.700
Minimum horizontal precision (m) 0.400 0.600
Mean horizontal precision (m) 0.463 0.610
Maximum horizontal precision (m) 0.700 0.700

Dataset names explicitly mention parameters used, e.g. F28 T1 DS1 or

F50_T2_DS1. Georeferencing targets, i.e. ground control points, are surveyed with a



26 CHAPTER 2

GPS receiver, the Trimble GeoXT handheld from Geoexplorer 2008 Series, which
provides sub-metre accuracy after post-processing differential correction (Table 2.4).

Finally, each picture dataset was processed following the steps described below.
2.3. STRUCTURE-FROM-MOTION ALGORITHM

To derive 3D point clouds from a set of unoriented overlapping pictures, the structure-
from-motion algorithm is composed of three basic steps: keypoint detection, image
matching and bundle adjustment, implemented in a fully-automated free software
named VisualSFM (Wu, 2011; Wu et al., 2011). The first step is the extraction of
distinctive features from images that are invariant to image scale and rotation and
partially invariant to change in illumination and 3D camera viewpoint, using the scale
invariant feature transform (SIFT) algorithm (Lowe, 2004). A database of keypoint
features is then created for each image, containing the keypoint descriptors, i.e.
localisation, orientation and scale. The SIFT algorithm is implemented in SiftGPU, a
component of VisualSFM, which efficiently combines the use of the graphics
processing unit (GPU) and central processing unit (CPU) of the computer to increase
processing time (Wu, 2007). Based on keypoint features detected on each image, the
second step is the keypoint feature matching for each pair of images in the dataset
(Snavely et al., 2008), including a pre-emptive feature matching reducing time
processing (Wu, 2013). In addition to the pre-emptive feature matching, image
matching is only performed on pairs of images that potentially have common keypoint
features, i.e. images which overlap. Pairs are determined by geotagging aerial photos
based on the GPS camera points recorded during flights and exchangeable image file
format (EXIF) data. The procedure then selects images that are within a given radius,
which is defined based on the ground coverage of the image and depends on flight

altitude and focal length.

The third step of the SfM algorithm is the incremental bundle adjustment (Snavely et
al., 2008; Wu, 2013) which permits the reconstruction in 3D of locations of keypoint
features and camera parameters, i.e. interior orientation (focal length, principal point
and pixel size) and exterior orientation (translation and rotation) parameters. In

photogrammetry, bundle adjustment is the process of simultaneously refining 3D
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point coordinates based on two-dimensional (2D) coordinates of points from different
viewpoints. This optimisation of parameters is done by minimizing the re-projection
error between the location of keypoints on the image and their predicted position,
which can be expressed as a non-linear least square problem (Snavely et al., 2008).
Instead of simultaneously computing all parameters for the entire point cloud at once,
which could lead to poor optimisation for large scale 3D representations, the SfM
algorithm implemented in VisualSFM has an incremental approach. First, the
estimation of parameters is done based on the pair of images which has the largest
number of keypoint feature matches. Then, a third image, which shares the largest
number of matches with the 3D points, is included in the optimisation. This
incremental addition of pictures continues until any picture can be added to model.
The output of the bundle adjustment is a 3D sparse point cloud of keypoint features

in an arbitrary coordinate system, with associated RGB values for each point.
2.4. GEOREFERENCING AND DSM PRODUCTION

Point cloud georeferencing can be achieved either by direct georeferencing, i.e. using
camera locations to geotag images, or by GCP extraction from the point cloud. Turner
et al. (2012) showed that GCP extraction method provides a better accuracy of the
output compared to direct georeferencing. Furthermore, direct georeferencing is not
suitable in this study because of the relatively low quality of the Oktokopter on-board
GPS receiver (reported accuracy range: 2.5 to 4 m). We therefore applied the GCP
extraction method based on RGB values. As targets are white, a threshold of 250 for
the three bands is set to properly detect points representing georeferencing targets
(almost) without false positive points. In most cases, a cluster of points is representing
a single target within the point cloud. As a consequence, the arbitrary coordinates of
cluster centroids for each target were computed and matched with real-world
coordinates of the targets, measured by the GPS receiver in universal transverse
Mercator (UTM) coordinate system, zone 31 N (European Petroleum Survey Group
geodetic parameters: EPSG:32631). This list of point pairs was then used to compute
the Helmert transformation parameters, i.e. translation vector, rotation matrix and

scaling factor, that are applied to the entire point cloud. Georeferencing errors
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associated with this transformation are computed by comparing the coordinates
measured with GPS receiver and SfM coordinates of targets after georeferencing.
Simple linear regression is applied, and the resulting R? and root mean square errors
will be compared. Extractions of GCPs, computation of Helmert transformation
parameters and georeferencing of point clouds were automatized using a script written
in R software. Finally, each georeferenced point cloud was converted into a
triangulated irregular network (TIN) and then linearly interpolated into a raster surface
with a pixel resolution of 0.1 m, in order to avoid the use of complex statistical
interpolation methods to transform 3D points to raster format. All raster outputs are

aligned with each other.
2.5. ASSESSMENT OF ACCURACY AND PRECISION

In order to assess the absolute accuracy of the different point clouds (Figure 2.2), we
compared the generated topography with the independent LiDAR dataset described
previously, by calculating a DEM of differences. Mean absolute differences and
RMSEs are then quantified based on the DoDs. Precision of the SfM-derived
topography reconstructions can be split into internal and external precision. The
internal precision evaluates the error that is associated with the SfM algorithm. As all
other parameters are equal, i.e. focal length and GCP dataset, only the dataset with
input pictures changes because the image acquisition with the UAV platform is
repeated. Internal precision is here assessed by comparing pairs of identical
replications: F28 T1 DS1 and F28 _T1 DS2 datasets for the 28 mm focal length,
F50_T1 DS1 and F50_T1_DS2 datasets for the 50 mm focal length. The external
precision quantifies the error associated either with GCP location which is limited by
the accuracy of the GPS receiver used to survey GCPs or with the quantity (and
location) of ground control points used to compute the georeferencing step. To
quantify the effect of ground control point location, the datasets that were taken with
the same focal length but different GCP sets, i.e. T1 and T2, are compared by DEM
of differences. With regard to the external precision controlled by the amount of
GCPs, it is quantified by comparing the output georeferenced with the entire set of

GCPs with outputs georeferenced with different patterns and numbers of GCPs. The
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latter assessment is based on the unoriented and unscaled point cloud F28_T1 DS1.
From it, we derived four new point clouds with different ground control point patterns
and locations (Figure 2.4), which will be compared to the reference dataset
F28_T1_DS1: (1) two point clouds are georeferenced with two different sets of
15 GCPs regularly scattered over the study area, i.e. F28 15GCP_A and
F28 15GCP_B, (2) one point cloud with 9 GCPs, i.e. F28_9GCP, and (3) one point
cloud with only 4 GCPs, i.e. F28 4GCP. As for accuracy, reproducibility is also
assessed by a DEM of difference between the different datasets (Figure 2.2). In
addition, the density of points, topographic slope and distance to nearest GCP are also
calculated for each dataset in order to analyse whether accuracy and reproducibility
are statistically correlated with specific variables. Spatial data manipulations were

carried out in ArcGIS 10.1 while statistics and graphs were computed in R.

Focal 28mm (F28) SR e h
T1
External precision controlled by number of GCP
15 GCPs — Pattern A 15 GCPs — Pattern B 9 GCPs 4 GCPs
F28 15GCP_A F28 15GCP_B F28 9GCP F28_4GCP
° . ° °
(- °
o ° e o ’ A .
L ° s T y ° N °
S .uth. 1 < ° &
Sl o h ..
O e \ °
\ g ° s

Figure 2.4: Datasets derived from the reference F28 T1_DS1 in order to assess
the external precision controlled by the number of GCPs taken into account in
the georeferencing step.
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3. RESULTS

Six point clouds are constructed with SfM algorithm based on six independent sets of
aerial pictures according to the experimental setup designed to test our hypotheses
(Table 2.3). Four other DSMs are derived from one unoriented point cloud and

successively georeferenced based on different patterns and numbers of GCPs.
3.1. GEOREFERENCING ASSESSMENT

Regarding the errors associated with the georeferencing of the point clouds (Table
2.5), the RMSE values are generally smaller in x and y than in z. The errors in
z-values that are associated with georeferencing range between 0.22 and 0.37 m, with
one outlier at 0.57 m for dataset F50_T1_DS1.

Table 2.5: Accuracy assessment of Helmert transformation for point clouds
georeferencing.

Dataset R? (GPS vs SfM) RMSE (m)
X y z X y z
F28_T1 DS1 1 1 0.990 0.156 0.109 0.323
F28_T1 DS2 1 1 0.992 0.145 0.092 0.309
F28_T2 DS1 1 0.999 0.996 0.136 0.231 0.223
F50_T1 DS1 1 1 0.973 0.151 0.142 0.570
F50_T1 DS2 1 1 0.983 0.107 0.114 0.368
F50 T2 DS1 1 0.999 0.994 0.161 0.222 0.248

These errors are mainly related to the sub-metre accuracy of the GPS receiver, where
smaller errors in x and y values compared to z values are due to intrinsic lower
precision of the GPS-derived altitude values. Also, not all targets are systematically
detected for each point cloud, which could potentially explain a lack of accuracy in
areas without targets. For each focal length, point clouds are consistent in terms of
pictures taken into account in the SfM processing steps, points constituting point
clouds, and average point density per square metre (Table 2.3). Only the dataset
F50_T1 DS2 has a smaller spatial extent because of an operational problem during
the flight. However, it has the same point density than the other two point clouds

constructed based on the 50 mm lens. A drawback of the Helmert transformation for
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georeferencing is that point clouds are not subjected to heterogeneous deformation or
statistical interpolation. As a consequence, georeferencing errors increase
proportionally with distance from georeferencing targets. For subsequent analyses of
accuracy and precision of the datasets, the study area was reduced to a subarea of

1.14 ha, of which the borders extended no more than 10 m from the outermost GCPs.
3.2. ACCURACY ASSESSMENT

Comparison of DSMs derived from point clouds with LIiDAR data provides an
accuracy assessment of the different datasets over the entire study area (Table 2.6;
Figure 2.5). The results show that the accuracy is similar for the six experimental
settings that we tested. Importantly, the accuracy is of the same order of magnitude as
the errors associated with georeferencing. Statistics of replications for each focal
length are coherent within each other.

Table 2.6: Accuracy assessment of 3D topographic reconstructions. Summary

statistics of absolute differences of elevation between LIiDAR data and each
point-cloud-derived DSM (metres).

Dataset Minimum 1st Quartile Median Mean 3rd Quartile Maximum
F28 T1 DS1 0 0.053 0.116  0.166 0.212 4.621
F28 T1 DS2| <0.001 0.055 0.116 0.162 0.205 4.801
F28 T2 DS1 0 0.09 0.187  0.205 0.275 4.493
F50_T1_DS1| <0.001 0.142 0.258 0.332 0.439 4.827
F50_T1_DS2 | <0.001 0.125 0.276  0.337 0.463 4.765
F50_T2_DS1 0 0.094 0.184 0.232 0.313 4.481

Both identical replications with a 28 mm lens and GCP set T1 have a mean absolute
difference of 0.16 m while the replication with GCP set T2 has a mean absolute
difference of 0.20 m in comparison with the LiDAR reference data. Even if the
accuracies based on the mean absolute error are similar with only a difference of
0.04 m, it has to be noted that there is an offset between 3D surfaces derived from
GCP set T1 and GCP set T2 datasets in comparison with the LiDAR reference surface.
In fact, the mean difference of F28_T1_DS1 (Figure 2.5a) and F28_T1_DS2 (Figure
2.5b) datasets compared to LiDAR data is 0.12 m while this value is negative and
equals 0.13 m for the F28_T2_DS1 (Figure 2.5¢). The accuracy of the data acquired
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with the 50 mm lens is lower with mean absolute differences for identical replications
with T1 that are twice as large as those obtained with the 28 mm focal length, i.e.
0.33 and 0.34 m, and 0.23 m for the replication with GCP set T2. Figure 2.5 also
shows that elevation differences for the 28 mm lens replications are distributed more
closely around the mean, as standard deviation values are lower in comparison with
50 mm lens replications. The higher accuracy of dataset F50_T2_DS1 is coupled with
a smaller standard deviation around the mean error. Spatially, the highest values of
elevation differences are found where isolated trees are present, and are explained by
the time interval between acquisition date of the LIiDAR and the UAV-based aerial

photos, during which the landowner harvested several high trees.

By analysing simple linear regressions between the LiDAR dataset and each one of
the SfM-derived datasets (Figure 2.6), it becomes clear that the observations are
properly spread around the line of equality, i.e. the 1:1 line, that the amount of outliers
is small, and that they occur at higher elevations. The errors are mainly associated
with the two isolated trees that are located at higher elevations in the study area.
Importantly, root mean square errors of the different regressions are constant within
datasets for each focal length. Again, datasets derived from aerial pictures taken with
the 28 mm lens show systematically lower RMSE values than for 50 mm-derived
datasets. The high statistical correlations between the accuracies of the different
datasets strongly suggest a non-random spatial pattern of the errors of topographic
representations (Table 2.7; Figure 2.7).

Table 2.7: Statistical correlations (Pearson coefficient) between accuracies of
each SfM dataset compared to LiDAR data.

F28 T1_DS1 F28 T1.DS2 F28 T2 DS1 |F50_T1_DS1 F50_T1_DS2 F50_T2_DS1
F28_T1 DS1 1 0.922 0.880 0.531 0.705 0.836
F28_T1_DS2 1 0.864 0.505 0.712 0.834
F28 T2 _DS1 1 0.502 0.663 0.866
F50_T1_DS1 1 0.703 0.504
F50_T1_DS2 1 0.749
F50_T2_DS1 1
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Figure 2.7: Correlations between accuracy of each SfM dataset compared to
other replications.

Accuracies of the 28 mm-lens-derived datasets are highly correlated with each other,
showing Pearson coefficients greater than 0.85. While identical replications with the
50 mm focal length, i.e. F50_T1 DS1 and F50_T1 DS2, show lower accuracy in
comparison with other datasets, the accuracy of F50 T2 DS1 dataset is highly
correlated with the 28 mm-focal-length-derived datasets. Finally, when comparing
datasets with independent LiDAR data, the use of the 28 mm lens produces more

accurate topographic reconstructions than the standard 50 mm lens. The location of
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the georeferencing targets, i.e. sets T1 and T2, has no clear influence on the total

accuracy of datasets compared to LiDAR data.
3.3. INTERNAL PRECISION ASSESSMENT

In order to assess the internal precision of topographic representations based on SfM
point clouds, differences between identical replications were computed (Table 2.8;
Figure 2.8). For the GCP set T1, identical replications with the wide angle lens provide
a better reproducibility, i.e. a mean absolute difference of 0.06 m, with the smallest
observed standard deviation (Figure 2.8a), in comparison with identical replications
with the 50 mm lens, which has a mean absolute difference of 0.28 m and a higher
dispersion of errors (Figure 2.8b). All other parameters being equal, the use of the
28 mm lens leads to higher internal precision of repeated topographic representations.
The simple linear regression between the two 28 mm-derived datasets with the GCP
set T1 (Figure 2.9a) shows that observations are closely distributed along the line of
equality with few outliers, which confirms the very high internal precision of the
procedure. The associated RMSE value is only 0.12 m.

Table 2.8: Internal and external precision of 3D topographic reconstructions.

Summary statistics of absolute differences of elevations between point-cloud-
derived DSMs referred as Dataset 1 and Dataset 2 (metres).

Dataset 1 Dataset2 | Minimum ngsrttile Median Mean Qu3arriile Maximum
F28_T1 DS1  F28_T1_DS2 0 0.022 0.047 0.063 0.081 6.261
F28_T1 DS1  F28_T2_DS1 0 0.181 0.243 0.239 0.295 6.056
F28_T1_DS2 F28_T2_DS1 0 0.162 0.243 0.237 0.306 5.812
F50_T1 DS1  F50_T1_DS2 0 0.116 0.247 0.284 0.387 3.021
F50_T1 DS1  F50_T2_DS1 0 0.142 0.293  0.349 0.516 12.06
F50_T1 DS2  F50_T2_DS1 0 0.116 0.255  0.341 0.535 2.854
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3.5. EXTERNAL PRECISION ASSESSMENT

The external precision controlled by the accuracy of GCP georeferencing is here
assessed by comparing datasets that are based on independent GCP sets, i.e. T1 and
T2. Considering only 28 mm-focal-length datasets, differences between replication
with GCP set T2 and the two datasets with GCP set T1 show a mean absolute error of
0.24 m and low dispersion of values (Table 2.8; Figure 2.10a; 2.10b). In this case, the
accuracy of GCP survey has a clear influence on the precision of topographic
representations as the mean absolute error value is multiplied by four in comparison
with error associated with identical replications (0.06 m), i.e. internal precision. A
similar test with the 50 mm datasets shows higher absolute errors of 0.34 and 0.35 m
(Table 2.8) and higher standard deviation values (Figure 2.10c; 2.10d). Simple linear
regressions between 28 mm-derived datasets from independent GCP sets (Figure 2.9b;
2.9¢) confirm good external precision as few outliers are observed. The fact that
observations are slightly above the regression line (Figure 2.9b; 2.9c) is due to the
systematic offset between 3D surfaces, induced by propagation of errors on the GCP
survey. When changing the number of ground control points that are taken into
account for georeferencing, our analysis shows that errors increase when the amount
of ground control points decreases (Table 2.9).

Table 2.9: Assessment of external precision controlled by GCP location.

Summary statistics of absolute differences between reference dataset
F28 T1 DS1 and each dataset (metres).

Dataset Minimum  1st Quartile  Median Mean  3rd Quartile  Maximum
F28_15GCP_A 0 0.004 0.009 0.014 0.017 0.979
F28_15GCP_B 0 0.006 0.013 0.018 0.023 1.629

F28_9GCP 0 0.047 0.093 0.102 0.150 1.759
F28_4GCP 0 0.180 0.310 0.309 0.438 3.677

The mean absolute differences between reference dataset F28 T1 DS1 and derived
datasets range between 0.01 for 15 GCPs and 0.31 m for 4 GCPs. The two datasets
with 15 GCPs at different locations show similar mean absolute differences, with
values of 0.014 and 0.018 m respectively. As a consequence, all other parameters

being equal, the pattern of GCPs has no influence on the precision of the 3D
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topographic representation if the number of GCPs is similar and sufficiently high, and

if they are equally distributed over the study area.
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Figure 2.10: External precision of georeferencing assessment by DEM of
differences between point-cloud-derived DSMs. Histograms (a) and (b) show
comparisons between 28 mm-focal-length datasets with independent GCP sets.
Histograms (c) and (d) show comparisons between 50mm-focal-length datasets
with independent GCP sets.

4. DISCUSSION

By comparing 10 digital surface models of one particular study area, we attempted to

assess the reproducibility of the UAV-SfM workflow. By focusing on a study area
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without major topographic changes, we were able to isolate the error terms that are
associated with (1) the SfM algorithm itself, (2) the focal length of the lens, (3) the
independent sets of GCPs, and, (4) the number and spatial pattern of GCPs. For
operational monitoring of dynamic environments, these error terms have to be known
to distinguish real changes in the topography from errors that rise from
methodological considerations. Both accuracy and precision are here quantified over
the entire surface covered by the point clouds. The measures that we present here are
not based on a discrete set of points only. The LiDAR dataset was only available at a
spatial resolution of 1 m and was acquired between 2000 and 2002. Major topographic
changes between the acquisition dates of the LiDAR dataset and our UAV-SfM
survey are not likely as the area is not subject to rapid soil erosion or landslide.
However, the LiDAR data can only serve as a reference dataset and, strictly speaking,
not as a ground truth dataset. To assess the absolute accuracy, ground truth data with

higher spatial resolution are necessary, but not (yet) available for this study area.

Our results show that the accuracy of 3D topographic reconstructions is controlled by
the camera lens, i.e. focal length and intrinsic quality of the components (image
stabilizer and autofocus), and the set of georeferencing targets. Also, datasets derived
from the 28mm focal length lens show better accuracies than those derived from the
50mm lens. The accuracy of datasets has clearly an influence on the precision of
repeated measures. As a consequence, 50mm-derived datasets are generally
characterised by lower precision than 28mm-derived datasets. We distinguished
internal precision from external precision of 3D topographic reconstructions. Internal
precision, i.e. reproducibility of the structure-from-motion workflow, is very high
with a mean absolute error of 0.06 m for 28mm focal length. This suggests that the
SfM algorithm in itself has very low impact on 3D topographic measurements.
Moreover, this value captures the impact of multiple parameters influencing the
quality of the aerial pictures, i.e. meteorological conditions, solar azimuth and zenith
angles. In fact, wind speed may influence the flight path and stability of the UAV
which can induce additional motion blur on the pictures. The interaction between

clouds and the sun position may also create shadows on the aerial pictures that affect
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the automatic detection of invariant keypoint features. During operational flights for
temporal analyses of topographic changes, these parameters should be maintained as
constant as possible.

Besides, analysis of external precision shows that the accuracy of the GCP localisation
clearly affects 3D topographic representations. In fact, the external precision is four
times higher (one order of magnitude higher) than the internal precision for 28 mm-
derived datasets. However, for the 50 mm lens, the external precision is of the same
order of magnitude than the error for replications. This is mainly due to the lower
accuracies of the replications with the 50 mm lens. The previous observation cannot
be supported by any systematic statistical correlation between the accuracy of datasets

compared to LiDAR and reproducibility between topographic measurements.

Even if the theoretical spatial resolution at a given altitude is finer with the 50 mm
lens compared to the 28 mm lens, our UAV-SfM workflow generally shows better
reproducibility with the use of the 28 mm lens. This result may seem to be
counterintuitive, but can be explained by the higher quality of the 28 mm lens. In fact,
the Canon EF 28 mm /2.8 IS USM has an image stabilizer and a high-end autofocus,
in contrast to the Canon EF 50 mm f/1.8 1l low-end lens. With the Canon EF 28 mm
/2.8 1S USM lens, UAV-induced motion blur is reduced which permits to obtain a
large majority of sharp images. However, we did not properly isolate the impact of
components quality from the one of the focal length on the accuracy of topographic
reconstructions. For both lenses, the constant and wide aperture is a clear advantage
to obtain sharp pictures as it allows high shutter speeds which also help to counteract
the UAV-induced vibrations. Moreover, the theoretical resolution provided by the
28 mm lens at 50 m above ground, i.e. 7.7 mm, is sufficient for many applications in
geomorphology. Importantly, the image resolution is not the limiting factor to high
reproducibility as we showed that it is mainly controlled by the GPS used to survey

the GCPs, for which errors are an order of magnitude larger.

Finally, the spatial structure and the number of GCPs taken into account for
georeferencing also play an important role on topographic reconstructions. Compared

to other UAV-SfM based topographic reconstructions (e.g. Fernandez et al., 2016;
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Peternel et al., 2017; Stumpf et al., 2014), the density of GCPs in this particular study
can be considered to be very high, i.e. ca. 30 pts ha™. It therefore provides highly
accurate and precise measurements. However, a dense and regular distribution of
GCPs is time-consuming and not always possible in rough or inaccessible terrains,
e.g. glaciers or volcanoes. Assessing the influence of the amount of GCPs on the
precision of the topographic reconstructions remains recommendable when one is
obliged to decrease the number of GCPs below this optimal GCP density. Our study
showed that using 15 instead of 30 ground control points only leads to a mean absolute
difference of 0.01 m. The associated error increases by an order of magnitude when
only 9 GCPs are used. These results can be explained by the rigidity of the Helmert
3D transformation that is here applied to the raw point cloud. Although this similarity
transformation is easy to use, the main drawback is that georeferencing errors increase
proportionally with the distance to ground control points. As a consequence,
irregularly scattered GCPs, i.e. dataset with 9 GCPs, or large areas without GCPs, i.e.

dataset with only 4 GCPs, might lead to large errors and weak reproducibility.

Although the results on reproducibility are encouraging for further geomorphic
applications, several parameters can be modified to enhance the accuracy and
precision of the measurements. First of all, the main limiting factor is the GPS used
to survey the georeferencing targets. Because of the rigid Helmert 3D transformation
applied to point clouds for georeferencing, the errors on GPS measurements propagate
to final results. Besides, automatic extraction of georeferencing targets within point
clouds based on RGB values is not perfectly efficient (Table 2.3). In fact, automatic
extraction could be complemented by manual extraction on aerial pictures, such as the
method implemented in the sfm_georef MATLAB toolbox developed by Westoby et
al. (2012), in order to use all information available from the targets as to better

constrain the parameter of the Helmert transformation.

In this setup, the density of GCPs used for georeferencing topographic reconstructions
is very high in comparison to existing literature. Recent recent technological advances
in the miniaturization of RTK GPS devices render the georeferencing of UAV-SfM

point clouds using GCPs less crucial. Small RTK GPS systems can now be embedded
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on the UAV system and directly record its position when images are acquired. The
RTK GPS is connected to a single-board computer that controls image acquisition by
the camera and synchronizes it with the coordinates of the UAV. This setup eventually
enables the user to perform direct georeferencing of topographic datasets and can

allow one to overcome some of the limitations of using GCPs.

5. CONCLUSION

In order to assess the reproducibility of 3D topographic reconstructions based on
aerial images acquired by an UAV platform and structure-from-motion algorithms,
we repeatedly surveyed a study area characterised by gentle slopes, with varying
parameters as independent sets of ground control points and focal length. Based on
the different image datasets, earth topography representations were reconstructed with
SfM algorithms and compared with each other. Our data show that best performances
of 3D topographic representations are achieved based on datasets acquired with a
28 mm focal length lens equipped with an image stabilizer and a high speed autofocus
motorisation. For these datasets, internal precision, i.e. mean absolute error controlled
by SfM workflow only, is only 0.06 m, which shows that all other parameters being
equal, reproducibility of topographic measurements based on our methodology is very
high. Our data also show that the GPS survey accuracy of ground control points plays
an important role on reproducibility as the mean absolute error between measurements
derived from independent sets of GCPs is increasing by an order of magnitude in
comparison with identical replications based on the same set of GCPs. Nevertheless,
this external factor can easily be improved by using a very high-resolution

(centimetre) RTK GPS for field measurements.
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UNRAVELLING EARTH FLOW DYNAMICS
WITH 3D TIME SERIES
DERIVED FROM UAV-SFM MODELS

Based on:

Clapuyt, F., Vanacker, V., Schlunegger, F., Van Oost, K. (2017), Unravelling earth
flow dynamics with 3-D time series derived from UAV-SfM models, Earth Surface
Dynamics, 5(4), 791-806, doi:10.5194/esurf-5-791-2017.

ABSTRACT

Accurately assessing geo-hazards and quantifying landslide risks in mountainous
environments are gaining importance in the context of the ongoing global warming.
For an in-depth understanding of slope failure mechanisms, accurate monitoring of
the landslide topography at high spatial and temporal resolutions remains essential.
The choice of the acquisition framework for high-resolution topographic
reconstructions will mainly result from the trade-off between the spatial resolution
needed and the extent of the study area. Recent advances in the development of
unmanned aerial vehicle (UAV)-based image acquisition combined with structure-
from-motion (SfM) algorithm for three-dimensional (3D) reconstruction make the
UAV-SfM framework a competitive alternative to other high-resolution topographic
techniques. In this study, we aim at gaining in-depth knowledge of the Schimbrig
earthflow located in the foothills of the Central Swiss Alps, by monitoring ground
surface displacements at very high spatial and temporal resolution using the

efficiency of the UAV-SfM framework. We produced distinct topographic datasets for
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three acquisition dates between 2013 and 2015 in order to conduct a comprehensive
3D analysis of the landslide. Therefore, we computed (1) the sediment budget of the
hillslope, and (2) the horizontal and (3) the three-dimensional surface displacements.
The multitemporal UAV-SfM based topographic reconstructions allowed us to
quantify rates of sediment redistribution and surface movements. Our data show that
the Schimbrig earthflow is very active with mean annual horizontal displacement
ranging between 6 and 9 m. Combination and careful interpretation of high-
resolution topographic analyses reveal the internal mechanisms of the earthflow and
its complex rotational structure. In addition to variation in horizontal surface
movements through time, we showed that the configuration of nested rotational units
changes through time. Although there are major changes in the internal structure of
the earthflow in the 2013-2015 period, the sediment budget of the drainage catchment
is nearly in equilibrium. As a consequence, our data show that the time lag between
sediment mobilisation by landslides and enhanced sediment fluxes in the river network
can be considerable.
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1. INTRODUCTION

The northern Alpine border and particularly the foothills of the Central European Alps
of Switzerland are prone to slope instabilities, with 6% of its surface area affected by
landslide hazards (Lateltin et al., 2005). The widespread outcrops of Flysch and
Molasse bedrock have thick interbedded mudstones, which increase conditions for
landslide occurrence. This has led local authorities to draw particular attention to
georisk management by identifying and assessing landslide hazards (Raetzo et al.,
2002) to minimize socio-economic impacts through loss of human life and damage to
infrastructure. Climate change is likely to increase landslide hazards in the near future
(Crozier, 2010; Huggel et al., 2012). The ongoing global warming is characterised by
higher mean, minimum, and maximum air temperatures and more frequent
precipitation events (Cubasch et al., 2013), which in turn has an influence on pre-
conditions and triggering mechanisms for landslides (Bennett et al., 2013; Crozier,
2010). The increasing trend in intense precipitation reported for the northern part of
Switzerland is likely to change soil moisture conditions at the Alpine foothills during

autumn and spring (Seneviratne et al., 2010).

The recent advances in high-resolution topography representation techniques and
acquisition platforms, combined with decreasing surveying costs, have led to an
increasing availability of topographic datasets over the last decade. High-resolution
topographic reconstructions of the earth’s landforms are nowadays used for accurate
topographic representation and modelling in soil science, volcanology, glaciology,
river and coastal morphology (Tarolli, 2014). The study of geo-hazards benefits from
these technological advances for proper monitoring of surface displacements and
topographic deformation (Caduff et al., 2015; Jaboyedoff et al., 2012; Joyce et al.,
2009; Metternicht et al., 2005; Scaioni et al., 2014). Measurements of surface
deformation can be retrieved from chronological sequences of sub-metre resolution
topography. The choice of the acquisition framework for topographic representations
will always result from the trade-off between (1) the spatial resolution needed and (2)
the extent of the study area (Passalacqua et al., 2015). In the specific case of repeated

measurements of landslide and hillslope processes in mountainous environments, the
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following three parameters are narrowing down the possibilities for the acquisition
framework: (3) the surveying cost, (4) the necessary return period for proper
monitoring, and (5) the accessibility of the study area.

In the past, the evolution of landslides was studied based on aerial photographs, which
were used for either visual interpretation or photogrammetric reconstruction of digital
elevation models (DEM), characterised by an accuracy of up to several metres over
regional spatial extents (e.g. Casson et al., 2003; Guns and Vanacker, 2014; Hervas et
al., 2003; ProkeSova et al., 2010; Vanacker et al., 2003; van Westen and Lulie
Getahun, 2003). Historical aerial photographs allow for reconstructing surface
displacements over the last 50 years when data availability is optimal (Prokesova et
al., 2010; van Westen and Lulie Getahun, 2003). However, the use of aerial
photographs for monitoring dynamic environments is often limited by the relatively
large time interval between flight campaigns along with accuracy and resolution,
which does not match current standards for topographic representations. Optical
satellite images, i.e. from ASTER, Quickbird or Pléiades, have successfully been used
for landslide monitoring with decimetre accuracy by applying optical image
correlation techniques on time series of satellite images (e.g. Delacourt et al., 2004;
Ké&ab, 2002; Stumpf et al., 2017). Even though sub-metre resolution images such as
from Pléiades are now used, the price of very high-resolution optical satellite imagery
might remain an obstacle for long-term monitoring of dynamic environments that
require frequent monitoring and dense time series. Surface deformation is now
increasingly monitored using radar technology, that is synthetic aperture radar (SAR),
and light detection and ranging (LiDAR). These techniques can be deployed on
airborne and ground-based platforms that have distinct inherent accuracies and ranges
(Passalacqua et al., 2015). Terrestrial or satellite SAR and airborne LiDAR (ALS) can
cover areas ranging in size from one to thousands of kilometres for spacecraft-
embedded SAR, at a metric spatial resolution. Ground-based LiDAR, i.e. terrestrial
laser scanning (TLS), can provide topographic data of areas ranging in size from 0.01
to a few square kilometres at centimetre spatial resolution. For complex topography,

multiple laser scans from different viewpoints are often required to cover the surface
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with reasonable overlap. In hummocky topography, the viewpoint’s visibility fields
can be particularly narrow. Spacecraft-embedded SAR data, e.g. TerraSAR-X and
ALOS/PALSAR images, enable tracking displacements of landslides characterised by
important variations in vegetation cover and soil surface between the acquisition dates
(e.g. Raucoules et al., 2013; Schldgel et al., 2015). Aerial and ground-based LiDAR
datasets have mainly been used for landslide monitoring using DEM differencing (e.g.
Blasone et al., 2014; Ventura et al., 2011; Wheaton et al., 2010) and image correlation
(Travelletti et al., 2014). The spatial or temporal resolution and/or high acquisition
cost have so far limited the applicability of traditional photogrammetric
reconstructions, high-resolution optical satellite imagery and aerial- and satellite-
based laser scanning for multi-temporal three-dimensional (3D) analyses of landslide-

prone areas.

A recent technigue to reconstruct very high-resolution topography is the image-based
structure-from-motion (SfM) algorithm. Based on pictures taken from a standard
camera, 3D topographic reconstructions can cover up to several-kilometre-wide study
areas if the camera is carried by an unmanned aerial vehicle (UAV; Immerzeel et al.,
2014; Lucieer et al., 2014; Rippin et al., 2015). UAV-SfM has similar performance to
TLS data, i.e. decimetre to centimetre accuracy output (Chapter Il). Compared to
other topographic acquisition techniques, the UAV-SfM framework is low-cost and
flexible in its implementation and is particularly attractive for survey campaigns in
poorly accessible landslide-prone terrain. The UAV-SfM technique is now widely
applied for single 3D topographic reconstructions and mapping of natural
environments (Eltner et al., 2016). However, the potential of the SfM algorithm and
the derived 3D dense point clouds is not yet fully exploited for landslide monitoring.
Time series of topographic data derived from UAV-SfM data are mainly used to
compute DEMs of differences (DoD) from temporal pairs of topographic
representations (Fernandez et al., 2016; Huang et al., 2017; Peternel et al., 2017;
Tanteri et al., 2017). DEM differencing has been combined with image correlation
techniques (COSI-Corr) to assess horizontal displacements and determine landslide
dynamics (Lucieer et al., 2014; Turner et al., 2015). Recent UAV-based landslide
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studies included the assessment of point-based horizontal displacements from
displacement vectors between corresponding features on pairs of orthophotos
(Fernandez et al., 2016; Peternel et al., 2017), and cross-section profiles to get an
insight into the landslide’s internal structure (Tanteri et al., 2017). Using ground-
based images, Stumpf et al. (2014) assessed the seasonal dynamics of the Super-Sauze
landslide over a 2-year period, by using a 3D change detection algorithm, i.e.

multiscale model to model cloud comparison (M3C2).

This paper aims to take benefit from time series of UAV-SfM-derived topographic
representations at very high spatial resolution and evaluate the application of low-cost
and lightweight methods to infer internal landslide dynamics in mountainous
environments. As such, UAV-SfM models can complement data on the internal
structure and landslides’ dynamics that are commonly derived from geophysical
and/or geotechnical methods (e.g. Fressard et al., 2016; Merritt et al., 2014; Perrone
etal., 2014).

This study differs from previous work that applied the UAV-SfM framework on
landslide-prone areas. First, the accuracy and reproducibility of the UAV-SfM-based
topographic representations is directly accounted for in the change detection. Second,
the landslide kinematics and dynamics are reconstructed based on information from
hillslope sediment budgets, image correlation techniques and 3D point cloud analyses.
We hypothetize that UAV-derived datasets provide essential data to improve our
understanding of landslide kinematics and dynamics and of the hillslope soil residence
time in landslide-prone catchments, improving landslide hazard assessments. The
UAV-SfM framework was applied to a study site in the Central European Alps of
Switzerland where three distinct topographic datasets were generated for 2013, 2014
and 2015.
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2. METHOD
2.1. STUDY AREA

The study area is the Schimbrig landslide located in the northern foothills of the
Central Swiss Alps, between Bern and Lucerne (Figure 3.1; Figure 3.2). This landslide
is categorized as an earthflow, composed of centimetric to decimetric large clasts
embedded in a matrix of silt and mud. The landslide is located in the small, i.e. 4 km?
large, Rossloch River catchment, which is part of the Entle River drainage system
(Schlunegger et al., 2016a, 2016b). The centre of the earthflow is located in
46°56°38”N / 8°05’56”E.

T
48°58'N

Legend

T
46°56'N

%  Schimbrig earthflow

Flysch sedimentary rocks

River
Elevation (m) N
] High : 1973.78 A
Low : 671.4 0051152 |Z
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Figure 3.1: Location of the Schimbrig landslide in Switzerland (inset) and in the
Entle river catchment.

Previous studies on the Schimbrig earthflow cover a broad temporal surveying scale
from decades (Schwab et al., 2008) to one century (Savi et al., 2013). Our survey
complements earlier work in the sense that we will substantially improve the temporal

and particularly the spatial resolution of monitoring. The catchment area is composed
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of three litho-tectonic units, oriented SW-NE. The upper part, including the Schimbrig
ridge culminating at ca. 1,800 ma.s.l., is formed by a Late Cretaceous to Eocene suite
of limestones, marls and quartzites, exposed in the Helvetic thrust nappes. The
limestones form steep slopes, which are subject to rockfalls (Schlunegger et al.,
2016b). Subalpine Flysch deposits are dominant in the intermediate part of the
catchment between 1,100 and 1,400 m a.s.l., where the earthflow is situated. This
landslide covers an area of ca. 45 ha, with a central active part where bare soil is
exposed. Whereas the earthflow lies on the lower parts of the Schimbrig hillslopes, it
is geomorphically decoupled from the adjacent Rossloch River (Figure 3.1). The
lower part of the catchment is covered by conglomerate bedrock knobs of the
subalpine Molasse, which form small resistant conglomerates ridges and constrain the

flow direction of the earthflow in its lower segment (Schlunegger et al., 2016b).

Figure 3.2 : Aerial views of the Schimbrig earthflow. (a) Upper part of the
earthflow. (b) Frontal lobe of the earthflow.

Seasonal slip rate variability of the area has been determined by Schwab et al. (2007)
based on global positioning system (GPS) measurements over a period of 14 months
between 2004 and 2005. Slip rates were more intense in early spring and late summer
and ranged between 0.1 and 0.25 m month™. During the other periods, slip rates were
much lower and ranged between 0 and 0.1 m month™. This displacement pattern has
been related to seasonality in soil moisture content. The same authors have not
identified an immediate response of this earthflow to rainfall rates. On the decadal

scale, volumetric changes of the Schimbrig flow were quantified using classic
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photogrammetry based on aerial photos from 1962 to 1998 by Schwab et al. (2008).
They showed that extreme and episodic changes in slope morphology do not affect
the long-term sediment transport to the channel network. Based on dendrogeomorphic
analyses, Savi et al. (2013) qualitatively assessed the spatial pattern of geomorphic
activity within the Schimbrig area over the last 150 years. Their analyses showed that
the earthflow is a source of sediment, and the material mobilised by gravity is slowly

supplying material to the drainage network by slow ground movements.
2.2. DATA ACQUISITION AND DATA PROCESSING

In order to provide a spatial analysis of surface deformation through time, a time series
of very high-resolution datasets of the Schimbrig area is necessary. Given the high
geomorphic activity in the area (Schwab et al., 2008), yearly surveys were planned to
accurately capture earthflow movements at high temporal resolution. Three image
acquisition campaigns were organised in October 2013, June 2014 and October 2015.
Early autumn and late spring periods were chosen in order to minimize the effects of
vegetation growth. Image acquisition is done using a UAV platform, i.e. a custom Y6
multirotor with embedded DJI controllers. It is equipped with a stabilized camera
mount, which compensates for tilt and roll movements to maintain the fixed
orientation of the camera. The used camera is a standard small-format (i.e. 18.0
effective megapixel CMOS APS-C sensor) reflex camera (Canon EOQS 550D). The
lens is a fixed-focal-length lens (Canon EF 28mm /2.8 IS USM), equipped with an
optical image stabilizer and a high-speed autofocus motorization. The ground surface
is surveyed both with nadir-oriented and with a 45°-tilted camera, as the inclusion of
oblique images in the SfM algorithm has been shown to decrease systematic errors in
topographic reconstruction and to better capture complex 3D structures (Chapter Il;
James and Robson, 2014). Given a mean speed of 2 m s to avoid motion blur induced
by the UAV platform, the acquisition frequency is set at a rate of one image per 2 sin
order to have a high overlap between consecutive images at ca. 60 m above ground,
i.e. above 70%, because high redundancy improves the performance of the SfM
algorithm. Adjacent flight lines are separated by 15 m to maintain high lateral overlap

of aerial images (Figure 3.3). Even though image acquisition has been performed in
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diverse light conditions depending on the hour of the day and cloud coverage during
flights, the bottom line has always been to shoot in shutter speed priority mode and
maintain a high value to avoid motion blur. Camera, flight and imaging parameters

are summarized in Table 3.1 (O’Connor et al., 2017).

Legend

@  Ground control point
— Flight path of UAV
— Contour (2 m)
: Earthflow

Elevation (m)
High : 130157

Low : 1151.49

7
Vi )Almj I
¥

0 25 ::\ 75 100 z :’ T - | “{(",@.‘%l//{’l;!

Meters

Figure 3.3: Settings of the UAV flights and GCP location (example from the
October 2015 survey).

The point clouds are generated from overlapping optical images using the SfM
algorithm. Structure-from-motion is a computer vision algorithm that uses the set of
unoriented overlapping pictures to reconstruct the 3D scene structure without
additional a priori information (Snavely et al., 2006, 2008). The output 3D point cloud
is computed in a relative image-based coordinate system, and then georeferenced by
matching the real-world coordinates of the georeferencing targets with those
expressed in the image-based coordinate system. Based on the list of point pairs, the
Helmert transformation parameters, i.e. translation vector, rotation matrix, and scaling
factor, are computed and applied to the entire point cloud. The output point clouds

were georeferenced in post-processing based on ground control points (GCP), i.e.
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georeferencing targets, that were regularly scattered over the fly zone (Figure 3.3),
and surveyed with a centimetric accuracy GPS receiver (Chapter Il1). Despite the
rough topography of the earthflow, a regular grid having 25 m distance between GCPs
was possible. A limited number of measurements were not used in the final
georeferencing as their associated error was abnormally high due to poor GPS signal

reception.

Table 3.1: Camera and imaging characteristics for all the surveys.

Camera model Canon EOS 550D
Lens model 28mm f/2.8 IS USM
Image resolution 5184 * 3456 pixels
Crop factor 1.6
Approximate sensor size 22.3*14.9 mm
Pixel pitch 4.3 pum
Mean shutter speed 1/1250
Mean ISO 388
Mean f number 3.49
Flight velocity 2 m/s (idealized)
Flight height 60 m (idealized)
Ground sample distance 9.2 mm

The georeferenced point clouds were filtered in order to statistically remove outliers.
The root mean square error (RMSE) between the GPS coordinates and the position of
the georeferencing targets in the point cloud serves as a measure of the accuracy of
the 3D topographic reconstruction. These accuracy values are subsequently used to
infer the error that is associated with the topographic representations and they define
the detection limits for the multitemporal analyses. Finally, 3D point clouds are
interpolated into digital surface models (DSM), which are then aligned. Both datasets
serve as input for the analyses of the hillslope sediment budget and horizontal
displacements. The resolution of the outputs was set based on the average density of

3D point clouds and standardized for all the datasets.

To quantify internal deformation of the Schimbrig earthflow, three distinct and

complementary analyses are realized on the time series of 3D point clouds. First, the
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sediment budget is evaluated by computing DoD between DSMs, using the
Geomorphic Change Detection software (Wheaton et al., 2010). Uncertainties
associated with each surface representation, i.e. the accuracy values of 3D point
clouds, are considered to be uniform over the entire study area. We subsequently
analyse thresholded DSMs. The errors on the topographic representations are then
propagated in the calculations of the DoD and quantities of erosion and deposition.
By computing differences between DSMs, the mass balance of the earthflow is
derived from the difference between the total eroded volume and the total deposited
volume of sediments. Additionally, the average net thickness difference in elevation

is computed by dividing the net volume difference by the surface area of the earthflow.

Then, horizontal surface displacements are computed using the COSI-Corr image
correlation algorithm (Ayoub et al., 2009; Leprince et al., 2007). Correlation is
computed based on a moving window that scans dataset pairs. We used pairs of shaded
relief surfaces to detect horizontal displacements. This method is particularly suitable
for monitoring slow deformation processes, like the Schimbrig earthflow, with clearly
distinguishable surface deformation structures, such as cracks, fissures, and scarps.
The COSI-Corr algorithm results in horizontal displacements expressed as two layers,
i.e. the north-south component and the east-west component, which are combined to
compute the intensity and direction of ground movements. The horizontal
displacement analysis is complementary to the above-mentioned 3D analysis of point
clouds: the presence of micro-topography and vegetation in the 3D point clouds
facilitates the quantification of lateral earth movements using the COSI-Corr
algorithm. As such, the complexity of the earthflow including erosion and
accumulation areas and horizontal displacements of the earthflow body is better
represented. For each time interval, descriptive statistics, i.e. minimum, mean,
median, quartile and maximum, are computed for the distribution of horizontal

displacement values.

Finally, 3D distances between point clouds are computed to measure the 3D
topographic evolution through time by highlighting zones of erosion, scarp retreat,

surface subsidence, and zones of bulging and sediment accumulation. The multiscale



RESULTS 57

model-to-model cloud comparison is used to compute 3D distances between point
clouds because it directly operates on point clouds without meshing or gridding and
provides a confidence interval associated with each distance measurement (Lague et
al., 2013), in contrast to other cloud, mesh or raster distance computation techniques.
For a set of core points, i.e. either the entire point cloud or a subsample, the method
first computes surface normals in 3D. Then, along these normals, the local distance
between clouds is the difference between the projection of core points on each cloud.
Finally, a spatially variable confidence interval, i.e. a level of detection of local
distance between clouds at 95%, is computed based on the registration error, i.e. the
accuracy of point cloud georeferencing, and the local roughness of each core point
projection along the normals. This confidence interval allows distinguishing
statistically significant changes between two point clouds (Lague et al., 2013). Again,
simple descriptive statistics are computed on the distribution of local distances

between point clouds for each time interval.

The SfM processing and 3D point cloud georeferencing are performed using the
Agisoft Photoscan® software. Sediment budgets were computed with the
Geomorphic Change Detection software (Wheaton et al., 2010) implemented in
ArcGIS. COSI-Corr algorithm has been used as a software module integrated in
ENVI. Point cloud handling has been done with CloudCompare, using the M3C2
plugin. All other data manipulations were carried out with R software, CloudCompare
and ArcGIS 10.

3. RESULTS
3.1. 3D TOPOGRAPHIC RECONSTRUCTIONS

The three topographic reconstructions are not covering the same spatial domain (Table
3.2; Figure 3.4). The flight campaign of June 2014 allowed us to survey the entire
Schimbrig earthflow. The 2013 and 2015 flight campaigns are centred on the most
active part of the earthflow but do not cover the entire earthflow due to operational

problems encountered during the flight. Due to these spatial limitations, results are
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presented: (1) over the spatial intersection of the three datasets (T 2013 1 T2014 11 T2015),
i.e. area of interest named intersection, to allow the comparison of absolute values of
displacement and volumetric changes over the entire time period (2013-2015), and
(2) over the spatial intersection of each time interval (T2013 11 T2014 and T2014 N T2015),
i.e. area of interest referred to as interval, in order to get the most information of each
pair of datasets.

Table 3.2: Characteristics and accuracy assessment of 3D point cloud
reconstructions. Root mean square errors (RMSE) are the standard deviation of
differences between the coordinates of the ground control points, i.e.
georeferencing targets, measured by GPS and the coordinates of these points
within the 3D point clouds after georeferencing. Horizontal RMSE is computed

by taking the horizontal components of the point coordinates, while the vertical
RMSE is computed by taking only the z component of point coordinates.

October 2013 | June 2014 | October 2015
No. of pictures 1143 4519 2501
Point cloud characteristics No. of GCPs 9 108 %
Area (ha) 5.86 17.69 15.59
Point density (pts m2) 1456 1270 1080
Horizontal 0.23 0.20 0.20
RMSE (m) Vertical 0.06 0.05 0.08
Total error 0.24 0.20 0.22

The 3D point cloud reconstructions of the Schimbrig earthflow result in a large
dataset, with a very high point density of ca. 1,000 to 1,450 points per square metre,
which allows accurate tracking of ground deformation through time. The three
topographic reconstructions have similar accuracies, i.e. RMSE (Table 3.2), with
horizontal accuracies of 0.23 and 0.20 m, and vertical accuracies of 0.06, 0.05, and
0.08 m.



RESULTS 59

g2
o, /v:’ w/}a’

,. . )
£ 7

Legend
[ eartriow

R intersection 2013-2014

V] intersection 2014-2015

N

A

0 25 50 75 100
[ e m—

A

Meters

Figure 3.4: Intersections of point cloud datasets for the 2013-2014 and 2014-2015
time intervals.

The total error on the topographic reconstructions ranges between 0.20 and 0.24 m.
The overall detection limits for ground movements and deformations are derived from
error propagation of the RMSE values on the individual topographic constructions
given in Table 3.2. The detection limits are similar for the two time intervals (Table
3.3), with a value of 0.31 m for 2013-2014 and 0.30 m for 2014-2015. For further
analyses, changes which are smaller than the detection limit of our UAV-SfM

framework are not reported.

Table 3.3: Limit-of-detection values for temporal analyses (metres).

2013 - 2014 | 2014 - 2015
Horizontal 0.30 0.28
Limit of detection (m) | Vertical 0.08 0.09
Total 031 0.30
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3.2. GEOMORPHOLOGICAL MAP

Based on the time series of very high-resolution DSMs, their associated shaded relief
surfaces, slope maps, and field observations, a geomorphological map (Figure 3.5) of
the Schimbrig area is produced following Seijmonsbergen (2013) and the landslide
classification by Varnes (1978). Field observations consist of GPS measurements of
the scarp, flow lines and boundaries of the earthflow. Identification of stable ridges

and visual analysis of geomorphic units are based on expert knowledge.
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Figure 3.5: Geomorphological map of the study area. The black dashed line
locates longitudinal profiles displayed in Figure 3.11.

The Schimbrig earthflow is constrained by stable bedrock ridges covered by trees on
the northeastern part, and by relatively stable grasslands on the southwestern part. The
main track of the earthflow is from the southeast to the northwest, and it contains two
scarps in the upper part that expose up to 25 m. The earthflow is characterised by a
rough surface and a patchwork of vegetated surfaces covered by herbs and small
shrubs and bare surfaces where wet and bare soil (silt and mud with embedded clasts)
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is exposed. The secondary track flows from the northeast to southwest and joins the

main track upslope of its accumulation zone.
3.3. SEDIMENT BUDGET

Inputs for the sediment budget are the DSMs interpolated from 3D point clouds at the
best spatial resolution possible, i.e. 0.04 m, based on the density of point clouds. To
account for uncertainties related to the UAV-SfM reconstructions, a spatially uniform
detection limit has been applied to each input dataset as defined in Table 3.2. Over the
intersection of the surveyed areas, the estimated volume of deposited material is
6,012 £ 1,919 m3, for the first period of interest, i.e. between October 2013 and June
2014 (Table 3.4; Figure 3.6).

Table 3.4: Volumetric (cubic metres) and depth (metres) sediment budgets.

Errors on volumetric measurements account for limits-of-detection for each time
interval defined in Table 3.3.

Area of interest Intersection Interval
2013-2014 2014-2015 2014-2015
Time interval - - -
Estimate Error (+) | Estimate Error () | Estimate Error (1)
Total volume of 11345 3118 | 9054 2329 | -15093 4,008
erosion (m3)
Total volume of 6,012 1,919 8,203 2546 | 170056 4533
deposition (m3)
Total net volume of 5,333 3,661 762 3,450 1,912 6,111
difference (m?)
Average net thickness | = 5, 0.15 0.03 0.14 0.05 0.15
difference (m)

The volume of eroded material is larger, with an estimate of -11,345 + 3,118 m3. For
the first period, there is a net negative change in volume indicating that the removal
of material is larger than the accumulation of sliding material for the surveyed
surfaces. On average, there is lowering of the surface of 0.22 + 0.15 m (Table 3.4).
Field observations reveal a similar pattern. It is important to note that the lower part
of the earthflow, where the debris is accumulating in a frontal lobe, is not included in
the topographic analyses. Field observations indicate that only a minor part of the
sliding material might have been transported to the river network via the Rossloch

River.



62 CHAPTER 3

15,000

10,000

5,000

-5,000 !
-10,000

-15,000 -

Volume (m?)
o

Total Erosion Total Deposition Total Net Difference

m2013-2014 m2014-2015

Figure 3.6: Volumetric sediment budget computed for the spatial intersection
(intersection dataset) of the three datasets (see Table 3.4 for details on values and
associated error bars).
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The sediment budget computed over the second time interval, i.e. between June 2014
and October 2015, for the area of intersection is nearly at equilibrium (Table 3.4;
Figure 3.6) with a net volume of difference of -762 m3 + 3,450 m3. This suggests that
the sliding material that is mobilised by the earthflow accumulated within the area of
intersection. When analysing the internal flow dynamics of the larger sliding area
(interval) over the second time interval, it is clear that the sediment budget is slightly
positive (Table 3.4). This analysis now also captures the frontal lobe of the landslide
that bulged and advanced during this time interval. Figure 3.7 also shows that the
upper and lower part of the earthflow are bulging areas, while the intermediate zone

is experiencing surface subsidence.
3.4. HORIZONTAL DISPLACEMENTS

The COSI-Corr image correlation algorithm uses pairs of single-band input to
quantify horizontal displacement. A north-directed illumination on the DSMs allows
for highlighting topographic features and ground deformation properly, as well as the
presence of low vegetation. Shaded relief surfaces derived from the 3D point clouds
(with a spatial resolution of 0.2 m) provided the best results for the correlation
analyses. It is important to mention that input data with smaller spatial resolution
generated incoherent displacement results, associated with high signal-to-noise ratio.
In fact, under 0.2 m resolution, image correlation led to false positive correlation
between features due to the very complex topography of the earthflow. Pixels
characterised by a signal-to-noise ratio lower than 0.9 or by displacement vectors that
are smaller than the detection threshold are discarded for further analyses. To allow
comparison between the two time intervals that have a different duration, i.e. 8 versus
17 months, the displacement values are here represented as mean annual displacement
values (Table 3.5).

For the period between October 2013 and June 2014, the fluxes are relatively high
and well confined by stable morphologic ridges surrounding the earthflow (Figure
3.8). The displacement pattern is rather uniform over the entire length of the earthflow,
suggesting that the earthflow body is moving downslope between stable bedrock

ridges.
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Figure 3.8: Surface displacements for 2013-2014 using the COSI-Corr algorithm.
Displacement vectors are indicative of relative magnitude and direction of
movement and do not reflect true ground displacements.
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Figure 3.9: Surface displacements for 2014-2015 using the COSI-Corr algorithm.
Displacement vectors are indicative of relative magnitude and direction of
movement and do not reflect true ground displacements.
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Table 3.5: Mean annual horizontal displacement (metres) computed using the
COSI-Corr algorithm applied on shaded relief surfaces.

Area of interest Intersection Interval
Time interval | 2013-2014 | 2014-2015 | 2014-2015
Min. 0.47 0.23 0.23
1st Q. 181 0.89 0.89
Median 3.74 2.20 3.62
Mean 891 5.74 6.30
3rd Q. 13.06 11.25 11.84
Max. 40.16 21.06 21.06

The zones that show higher sliding activity are the lower scarp of the earthflow and
its adjacent flat slope. The mean annual horizontal displacement for this first period
is about 8.9 m. The output from the measurements during the second period of interest
(2014-2015) shows a slightly different pattern of surface displacements (Figure 3.9).
The areas with highest displacements are located in the surroundings of the two scarps
in the upper part, in the secondary track of the earthflow, and in the lower
accumulation zone where the frontal lobe spectacularly advanced downslope. In the
flatter area between the two scarps, the horizontal movement is less pronounced and
the direction of movement is rather diffuse. When comparing the surface
displacements for the two time periods over the same study area, it is clear that the
magnitude of the horizontal displacements is lower in the second period with a mean

annual displacement of 5.7 m.

A comparison with field measurements realized during the flight campaigns in 2013,
2014, and 2015 indicates that the spatial pattern of the horizontal movements that were
automatically extracted by the correlation algorithm are generally coherent with field
observations: the stable morphologic ridges constrain the direction of the earthflow
movement. Although the spatial pattern is highly consistent, the absolute
displacement of the frontal lobe of the earthflow is not properly captured, as the frontal

lobe advanced by ca. 55 m (Figure 3.10).
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Figure 3.10: Aerial images illustrating the advance of the frontal lobe of the
earthflow between June 2014 and October 2015.

3.5. 3D COMPARISON OF EARTH TOPOGRAPHY

Distances between 3D point clouds are computed using the M3C2 algorithm. For each
pair of point cloud datasets, a subsample of the first 3D point cloud is taken as the set
of core points, with a minimum distance of 0.5 m between points, to avoid extensive
computation time. Descriptive statistics are computed on the point cloud distances
(Table 3.6) which were filtered from values under the detection threshold.

Table 3.6: Descriptive statistics of the distances between 3D point clouds
(metres).

Area of interest Intersection Interval
Time interval 2013-2014 | 2014-2015 | 2014-2015

Min. -20.72 -27.56 -28.83

1st Qu. -1.06 -1.00 -0.89

Median -0.60 -0.49 -0.43
Mean -1.04 -0.69 -0.38

3rd Qu. 0.47 0.66 0.79
Max. 20.36 26.96 26.96

The dominance of negative values can be interpreted as predominance of ground
subsidence in flat parts or scarp retreat in steeper areas of the earthflow. Contrariwise,
positive values are zones of surface bulging in the zones of accumulation or
accumulation of debris at the frontal lobe.
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4. DISCUSSION

4.1. APPLICATION OF UAV-SFM FRAMEWORK FOR LANDSLIDE
MONITORING

Using the UAV-SfM framework, three very high-resolution topographic datasets were
obtained over a 2-year period that allowed us to accurately quantify the internal
dynamics of the earthflow and the sediment redistribution within the study area. First
of all, the study confirms the efficiency of the UAV-SfM framework to perform
natural hazard monitoring at very high spatial resolution. In comparison with other
high-resolution topographic methods (Passalacqua et al., 2015; Smith et al., 2015),
the UAV-SfM technique, along with terrestrial laser scanning technology, provides
the highest spatial resolution of surface reconstructions. Two main advantages of the
UAV-SfM framework are its flexibility and its low-cost and lightweight, which are
convenient for repeated measurements of dynamic environments, and more
particularly when deployed to acquire aerial imagery in remote and poorly accessible
areas. Similar to terrestrial laser scanning, which has similar spatial accuracy and
range, the UAV-SfM framework requires careful setup and planning of
georeferencing targets and image acquisition to adequately and accurately capture the
3D scene of complex topography (Chapter I1; Caduffetal., 2015; James et al., 2017b).
Being an airborne acquisition platform, the UAV-SfM has the advantage of
configuring a dense network of optimal viewpoints independent of terrain complexity

and access difficulties.

The workflow applied for the research is based on our previous work on
reproducibility of the technique (Chapter I1). The use of ground control points is time-
consuming for large areas, as it requires a sufficient number of observations that are
well distributed around the study area. However, both criteria were fulfilled in our
surveys. Only some GCPs, i.e. less than 5%, were discarded from the analysis because
of the important associated error on the GPS measurement. Consequently, the use of
the GCP georeferencing technique does not significantly affect our results, as
observations were not included in the bundle adjustment step. However, we are

confident that direct georeferencing technique for UAV-SFM framework will soon
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become a standard procedure as compact and low-cost real-time kinematic (RTK)
receivers are now available and suitable to be embedded on UAV platforms.
Performance of direct georeferencing has recently been assessed and showed to be at
least similar to GCP georeferencing (Carbonneau and Dietrich, 2017; James et al.,
2017a). In fact, this technique increases the field survey efficiency as the amount of
GCPs can be significantly reduced and more importantly, it will increase the accuracy
of topographic reconstructions where accessibility to place GCPs is drastically
limited, e.g. volcanic terrains and glaciers. For further surveys of the Schimbrig
earthflow, our workflow has to be adapted to include direct georeferencing. In this
case study, a 1-year time interval between surveys was suitable to capture the internal
dynamics of the earthflow (Schwab et al., 2007). With respect to this, our 3D temporal
database is considered as dense. We recognize that other natural hazards may require
a higher frequency of measurements, which can easily be achieved using UAVS. Even
though our results about landslide structure and dynamics need to be viewed against
geophysical or geotechnical field investigations, this study shows the potential of time
series of UAV-SfM topographic reconstructions to provide complementary data on

internal landslide dynamics in complex terrain.

One of the main drawbacks of the UAV-SfM framework is the need for the UAV
platform to acquire aerial pictures. The use of UAVSs is now increasingly subjected to
more stringent regulations, including a pilot license, UAV registration, and insurance
certificates (Stocker et al., 2017b). Moreover, UAV flights are only possible under
optimal meteorological conditions, and wind and rain may be a limiting factor in

mountainous areas.
4.2. SCHIMBRIG EARTHFLOW MONITORING

Post-processing of the time series of DSMs provides sediment budgets, horizontal
displacements and 3D comparisons of surfaces that allow us to monitor the internal
dynamics of the landslide at very high spatial and temporal resolution. By
qualitatively combining quantitative single results, which may initially seem

redundant, it is possible to quantify the magnitude and rate of sediment redistribution
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and surface movements within the area affected by the Schimbrig earthflow and more

importantly to capture the internal mechanisms of the earthflow (Figure 3.11).

As such, the very high-resolution topographic reconstructions allow analysis of the
spatio-temporal evolution of earthflow-prone terrain, as well as going beyond
conventional survey methods and expert knowledge (Savi et al., 2013; Schwab et al.,
2007, 2008). Savi et al. (2013) provide a historical insight into the Schimbrig sliding
activity based on dendrochronology over the last 150 years. These qualitative data on
hillslope processes provide information on surface displacements that extends beyond
the time span of photogrammetric techniques, but the temporal information has its
limits regarding quantitative and continuous data on displacement rates. A first
attempt to quantify slip rates of the earthflow was carried out by Schwab et al. (2007),
who tracked control points using GPS measurements. However, we are now able to
compute slip rates over the entire extent of the earthflow at very high temporal
resolution applying image correlation algorithms to very high-resolution aerial
images. Schwab et al. (2008) complemented their topographic analysis of the
earthflow using classic photogrammetry and aerial photographs spanning the last 50
years. Independent of the spatial resolution of the output and price of data acquisition,
photogrammetric analyses are very valuable as they allow for capturing surface
displacements at larger scales and over longer time periods than data derived from the
UAV-SfM framework, even though the time interval between the data sets may be a
limiting factor (e.g. ProkeSova et al., 2010; van Westen and Lulie Getahun, 2003). In
the Rossloch catchment (Figure 3.1), Schwab et al. (2008) emphasized that sediment
fluxes in the trunk streams are not directly controlled by the production of loose
material through landsliding on the hillslopes. Consequently, the time lag between
sediment production on the hillslopes and sediment evacuation in the river network
highlights the intermittent coupling between hillslopes and channels. This is
confirmed by our high-resolution topographic analysis and the computed hillslope

sediment budget.

For the estimation of the annual volumetric sediment yield, potential variations in

material bulk density were neglected. We acknowledge that this abstraction might
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introduce some bias in our assessments, although it is probably minimal. (1) The
Schimbrig earthflow is exclusively located within homogenous Flysch deposits
(Schwab et al., 2008). Even though some carbonate boulders originating from the
Schimbrig ridge are embedded in the Flysch matrix, we hypothesise that these small
variations do not lead to significant changes in the sediment budget computation.
(2) Given the extent of the study area, i.e. 6 to 18 hectares, it was out of the scope of

the current study to realise very high-resolution bulk density assessments for the area.

The UAV-SfM framework allows one to go a step further in the interpretation of the
earthflow’s internal structure and dynamics. When superimposing the temporal series
of the three sets of topographic analyses and interpreting it in a very detailed way, we
were able to show the complex rotational structure of the earthflow (Figure 3.11). Our
data show that the entire body of the earthflow is sliding but that there exist strong
differences in internal deformation and flow velocities within the sliding material. By
combining the results from the 3D comparison between the point clouds and the DoD,
it is possible to map the succession of ground surface subsidence and bulging areas
over the 3-year period. Notwithstanding the short monitoring interval, the pattern of
internal deformation of the earthflow changed its configuration (Figure 3.5). Between
October 2013 and June 2014, the earthflow had a succession of three nested rotational
units. In the upper part of the study area, two steep scarps are present. These active
scarps control the downward movement of two tilted blocks (see Figure 3.5). The
location of the two main scarps advances by ca. 8 m during the 2013-2014 period. A
third rotational unit is larger: it is defined by the lower steep scarp located in the
middle part of the earthflow and extends over the lower and flatter part of the
earthflow down the frontal lobe. During the second period of monitoring, i.e. between
June 2014 and October 2015, two rotational units can clearly be distinguished, i.e. a
small upper block that is confined above the upper active scarp and a larger
heterogeneous sliding mass that extends down to the frontal lobe of the earthflow.
Unlike the first period of interest, the lower erosional scarp is not active, and there is

no distinction between the second and third part of the sliding mass.
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Figure 3.11: Schematic summary of the internal dynamics of the Schimbrig
earthflow based on very high-resolution monitoring using the UAV-SfM
framework. Longitudinal profiles depicting the surface of the earthflow are
based on topography datasets from this study. Figure 3.5 locates them in the
Schimbrig area.
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The very high-resolution spatio-temporal analyses demonstrate that the Schimbrig
earthflow was very active over the monitoring period. Results from the image
correlation algorithm highlight the strong internal redistribution of sliding material
within the earthflow, as well as rapid changes in the spatial pattern of displacement
vectors. The mean annual horizontal displacements are large, with values of ca. 9 m
between October 2013 and June 2014 and ca. 6 m between June 2014 and October
2015. This is partly explained by the fact that the central part of the earthflow is
advancing toward the foot of the earthflow between October 2013 and June 2014, and
this advance is accompanied by surface subsidence along the main track. This phase
is followed by bulging in the accumulation zone, and a strong advance of the frontal

lobe of the landslide over a distance of ca. 55 m.

Notwithstanding the strong internal deformation of the sliding material, there is no net
effect on the sediment flux at the outlet of the Rossloch River. Our data show that the
overall sediment budget of the earthflow is nearly in equilibrium and is spatially very
consistent with the results on the displacement vectors and distances derived from the
point clouds. After the major surge that occurred in 1994, the earth surface lowered
by ca. 12 m in the central track of the earthflow (Schwab et al., 2008). More than
20 years later, the earthflow shows strong internal deformation that is related to the
re-adjustment and self-reorganisation of the sliding material after the 1994 surge
event. This suggests that phases of enhanced earthflow kinematics are not necessarily
leading to enhanced sediment export to the fluvial system, as a result of the time delay
between successive phases of earthflow reactivation and the sediment export from the

catchment.

5. CONCLUSION

The UAV-SfM framework is increasingly applied in geomorphology to accurately
capture the topography of given scenes. As it is low-cost and flexible in its
implementation, and particularly suitable for surveying dynamic environments in
poorly accessible terrain, we used this methodology to quantify ground surface

displacements of the Schimbrig earthflow, located at the foothills of the Central Swiss
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Alps, at very high spatial and temporal resolution. Based on three topographic
reconstructions between autumn 2013 and 2015, we were able to conduct a
comprehensive 3D analysis of the landslide by combining the sediment budget of the

hillslope, and the horizontal and the three-dimensional surface displacements.

Combination and careful interpretation of the three topographic analyses of this study
allow reconstructing the internal dynamics of the earthflow and highlight its complex
rotational movement. In addition to variation in horizontal surface movements
through time, we interestingly showed that the rotational structure of the earthflow is
also varying from year to year. Additional field surveys will be required to increase
the temporal series of topography reconstructions and confirm our findings. Results
also confirm that the Schimbrig earthflow was very active, with mean annual
horizontal displacements between 6 and 9 m. Besides, we showed that the sediment
budget of the hillslope is nearly at equilibrium. In fact, the earthflow experienced a
major sediment pulse more than 20 years ago and is still re-adjusting to this new
setting. Therefore, our very high spatial and temporal resolution analysis supports the
findings of Schwab et al. (2008) about the time lag between sediment production on
hillslopes and fluvial processes, i.e. enhanced sediment fluxes, in trunk streams, based

on lower spatial and temporal resolution time series of DEMs.






CHAPTER 4

SPATIO-TEMPORAL DYNAMICS OF
SEDIMENT TRANSFER SYSTEMS IN
LANDSLIDE-PRONE ALPINE CATCHMENTS

ABSTRACT

Tectonic and geomorphic processes drive landscape evolution over different spatial
and temporal scales. In mountainous environments, river incision sets the pace of
landscape evolution, and hillslopes respond to channel incision by e.g. gully retreat,
bank erosion and landslides. Sediment produced during stochastic landslide events
leads to mobilisation of soil and regolith on the slopes that can later be transported
by gravity and water to the river network. Quantifying sediment storage and
conveyance requires an integrated approach accounting for different space and time
scales. To better understand mechanisms and spatial and temporal scales of
geomorphic connectivity in mountainous environments, we characterised the
sediment cascade of the Entle River catchment located in the foothills of the Central
Swiss Alps. We quantified sediment fluxes over annual, decadal and millennial time
scales using respectively UAV-SfM techniques, classic photogrammetry and in-situ
produced cosmogenic radionuclides. At the annual scale (2013-2015), the sediment
budget of the Schimbrig earthflow is roughly in equilibrium, despite the fact that we
measured intense sediment redistribution on the hillslopes. At the decadal scale
(1962-1998), Schwab et al. (2008) reported episodes of sediment export that were not
directly related to increased geomorphic activity on the hillslopes. At the millennial

scale, catchment-wide denudation rates show a positive relationship with downstream
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distance or drainage area, when ignoring landslide-affected catchments. The latter
are characterised by a negative relationship between denudation rates and
downstream distance, along with high variability in denudation rates. The high
denudation rates that we measured in the earthflow-affected Schimbrig catchment are
illustrative for its high rates of geomorphic activity in comparison to adjacent areas.
Our data show that the elevated denudation rates of the landslide-affected catchments
are not necessary traceable when analyzing long-term sediment fluxes of the wider
geographic area, as the landslide-affected catchments are often only a small fraction
of the total catchment. The multi-temporal assessment of sediment fluxes indicates
that (1) landslides can provide local sediment pulses, and mobilise material that
becomes available for further mobilisation and transport when hillslopes and
channels are connected. (2) Connection and disconnection cycles occur at decadal
time scale. (3) Phases of high geomorphic activity at the catchment scale are episodic
over thousands of years. Consequently, one single landslide has not necessarily an
impact on the long-term sediment budget of first-order catchments. Rather, it is the
cumulated effect of multiple landslides which are intermittently connected to the
channel network at the decadal scale that may regulate sediment fluxes at the regional

scale over the millennial time scale.
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1. INTRODUCTION

The cascade of sediment is a widely used concept to describe the routing of sediment
particles from sources to sinks throughout the landscape (Walling, 1983). Among
other factors, e.g. topography, lithology, climate or tectonic activity (e.g. Aalto et al.,
2006; Montgomery and Brandon, 2002; Whipple and Tucker, 1999), the geomorphic
coupling and sediment connectivity control the pathways of sediment transfer in
geomorphic systems, and eventually landscape evolution (Bracken et al., 2015; Fryirs,
2013; Harvey, 2001; Heckmann and Schwanghart, 2013). Geomorphic coupling is
commonly seen as the linkage between individual landforms by sediment transport
(e.g. Harvey, 2001; Heckmann and Schwanghart, 2013) while sediment connectivity
was recently defined as the transfer of sediments between all the potential sources and
sinks within a system, controlled by the geomorphic coupling between distinct

landscape units (Bracken et al., 2015).

At global scale, the sediment delivery to continental margins is not spatially uniform
nor steady. Mountainous rivers are particularly efficient conveyors of sediment to
coastal regions (Larsen et al., 2014), but processes of erosion, transport and deposition
do not occur at a constant rate in space and time. This makes the behaviour of
geomorphic systems complex and sometimes difficult to assess, model and predict
(Burt and Allison, 2010). In mountainous environments, landslide processes are a
dominant source of sediments (Korup et al., 2010), with the amount of sediment
displaced being a function of their magnitude and frequency (e.g. Crozier and Glade,
1999; Hovius et al., 1997; Malamud et al., 2004). The contribution of landslides to the
overall sediment budget is still poorly constrained, as their geomorphic efficiency
varies according to mechanisms and scales of sediment connectivity (Burtin et al.,
2014; Korup et al., 2010).

Landslides stochastically supply sediment to the river network: the regolith displaced
by landslides on the hillslopes is transported downslope, remobilised and evacuated
to the channel network as sediment. The time lag between the onset of displacement

on the slopes and the supply of landslide-derived material to the river channel is driven
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by the occurrence of superimposed landslides, gully channels or surface runoff
evacuating colluvial material from temporarily sediment sinks on the slopes (e.g.
Benda and Dunne, 1997; Bennett et al., 2014). Field studies have shown that the
landscape buffering capacity can strongly vary: from several years (Berger et al.,
2011; Fuller and Marden, 2010) to decades (e.g. Bennett et al., 2013; Schwab et al.,
2008) using photogrammetrically-derived digital elevation models, and millennia
(e.g. Wang et al., 2017) using cosmogenic radionuclides. In particular, sediment
dynamics related to co-seismic landsliding are extensively studied. Earthquakes such
as the Chi-Chi or Wenchuan events in Asia, trigger widespread and simultaneous
sediment pulses that can be tracked over time using remote sensing techniques (e.g.
Parker et al., 2011), gauging stations (e.g. Dadson et al., 2004), or geochronological
dating techniques (e.g. Wang et al., 2017). These observational datasets are valuable
to disentangle scales and patterns of sediment connectivity, and calibrate long-term
landscape evolution models. However, the inherent stochastic nature of sediment
production and transport prohibits linear upscaling of small-to-medium scale
geomorphic process assessments, as well as extraction of a particular erosion
mechanism from the entire sediment cascade using long-term/large-scale methods
(Bennett et al., 2014; Bracken et al., 2015).

Few studies have attempted to unravel spatio-temporal patterns of the sediment
cascade in landslide-affected catchments. Mackey et al. (2009) compared decadal
measurements of surface displacement velocities of an earthflow derived from
historical airphotos with millennial transport rates for the transport zone, derived from
meteoric °Be inventories. Their study highlighted that the displacement rate of the
Eel earthflow (northern California) was highly episodic in time, as the earthflow acted
as a source of sediments over the last 150 years with an erosion rate that was more
than 20 times faster than the millennial sediment transport rate. In a similar study by
Delong et al. (2012), surface displacement rates derived from light detection and
ranging (LIDAR) data were compared with °Be-derived denudation rates of two
adjacent catchments. In this study of the Mill Gulch earthflow, the denudation rates

computed between 2003 and 2007 were similar to long-term denudation rates. While
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field-based mono-temporal studies remain important to elucidate sediment transport
mechanisms and rates, a spatio-temporal approach is needed to assess the sediment
dynamics and the mechanisms of sediment connectivity in landslide-prone
environments. This requires one to go beyond the time integrative approach used by
Mackey et al. (2009) and DeLong et al. (2012), by quantifying the geomorphic
processes rates over a confined spatial extent at different time scales. Spatial
consistency requires that the spatial extent and scale of the datasets is similar, so that

the geomorphic process rates can be quantified for a given area at different time scales.

The aim of this study is to quantify the spatio-temporal dynamics of sediment transfer
systems, and elucidate the processes controlling hillslope-channel coupling over
10°-10° years. Integrating sediment dynamics in landslide-prone environments over
different time scales enables us to capture the stochastic character of geomorphic
processes, e.g. landslides, and assess the propagation of sediment pulses from the
hillslopes to the channels. Our analysis is based on a multi-temporal assessment of
sediment dynamics in a small mountainous catchment. The Schimbrig catchment,
located in the foothills of the Central Swiss Alps, was selected for this study. First, we
quantified millennial-scale sediment fluxes from the Schimbrig catchment. Then, we
discuss the spatial variability in millennial denudation rates for the Entlebuch region,
by integrating our new °Be-derived denudation rates with previously published data
on the Entle catchment by VVan den Berg et al. (2012). Finally, we analyze the temporal
variability in sediment fluxes, by comparing the millenial scale sediment fluxes with
decadal (Schwab et al., 2008) and annual sediment flux data (Chapter III).

2. CONCEPTUAL FRAMEWORK

It is now widely acknowledged that soil and regolith transport on hillslopes and
transfer of this material to and in river channels are stochastic processes (Chapter I).
To include the stochastic character of the geomorphic processes in sediment routing
systems, we need quantitative data on the occurrence and frequency of the processes,
and on their impact on the sediment dynamics of mountainous catchments. Here, we

propose a conceptual framework of hillslope connectivity that enables us to capture
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the occurrence and periodicity of geomorphic events, and to assess the propagation of
sediment pulses from hillslopes to river channels by integrating different time scales
(Figure 4.1).

"Active" watershed with "Inactive" watershed with

high geomorphic activity steady geomorphic activity
Decadal topographic monitoring
of first-order watershed

Very high spatial and temporal ,"
resolution monitoring S
of hillslope topography

D" /
/ N ’
J Lo * p
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Long-term basin-averaged sediment flux
assessment (up to regional scale)

Figure 4.1: Conceptual framework of the sediment dynamics in alpine landslide-
affected first-order catchments. (1) Long-term sediment flux from first-order
catchments. (2) Sediment production and mobilisation on hillslopes, i.e.
stochastic sediment pulses driven by landslide processes. (3) Temporal sediment
storage on hillslopes, i.e. landslide colluvial fans. (4) Hillslope-channel
connectivity-driven sediment flux. (5) Zone of geomorphic coupling between
adjacent hillslopes and channels, through e.g. slope failures induced by river
undercutting.

In the proposed model, we focus on the sediment routing system at the hillslope and
catchment scales for landslide-prone catchments, and make abstraction of mass losses
by e.g. deep weathering or wind erosion. Sediment connectivity controls the
geomorphic coupling between the slopes and river channels over different temporal
scales. On the hillslopes, landslides act as sediment factories and initiate the
mobilisation of regolith, leading subsequently to stochastic sediment pulses. After

landslide initiation, an important fraction of the landslide-derived material is not
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directly transferred to the river network, and accumulates on the slopes as landslide
colluvial fans when hillslopes are not coupled to the channel network. The local
accumulation of landslide deposits often goes along with an intense sediment
reorganisation on the slopes to reach a new state of equilibrium (Chapter III).
Subsequently, superimposed debris flows, surface creep or gully channels control the
transfer of sediment from colluvial deposits to the river network, during short periods
of geomorphic coupling between hillslopes and channels (Schwab et al., 2008). These
episodes of geomorphic coupling are often triggered by extreme precipitation or
seismic events. In upstream mountainous catchments, the fluvial network is often
sediment supply-limited and the sediment is then effectively transported by the river

to downstream reaches (Van den Berg et al., 2012).

Besides the spatial connectivity between hillslopes and channels described above, the
following temporal aspects condition the propagation of a landslide-driven sediment
pulse along the sediment cascade. When using direct observations, typically collected
over several decades, only few high-magnitude low-frequency landslide occurrences
can be observed in a given geomorphic setting. When active, the landslides mobilise
a large amount of regolith on the hillslopes and can have a significant impact on the
sediment dynamics. When inactive, other geomorphic processes like e.g. water
erosion and soil creep are contributing sediment to the river system, resulting in a
lower than average sediment supply to the river network. The pattern and rate of
episodic landsliding can be quantified at annual and decadal time scale using direct
measurements, and their frequency will control the long-term sediment mobilisation
in the hillslope domain. Because sediment transport acts as a nonlinear filter that
destroys environmental signals (Jerolmack and Paola, 2010), the signal of the
landslide-driven sediment pulse is dampened along the sediment cascade. Hence, the
high geomorphic process rates that we can observe in the landslide-affected hillslope
domain are not necessarily transmitted to the river system. Figure 4.1 illustrates this
concept of stochastic sediment pulses being dampened at larger spatial and temporal

scale.
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Attempting to capture sediment pulse propagation along the sediment cascade
inherently implies integrating different spatio-temporal scales: from the annual and
decadal to millennial time scale, and from the hillslope domain where landslides occur
to the colluvial and fluvial domains where sediments are transported downstream. The
time scale dependency of geomorphic processes is known as the Sadler effect. Initially
suggested to highlight the completeness of stratigraphic records, it outlines that an
inverse linear relationship exists between one-dimensional sedimentation rates and
the time span of measurements, because of the unsteady and discontinuous character
of sedimentation (Sadler, 1981). This time scale dependency has also been associated
with periods of stasis or inactivity which occur episodically over long time scales and
decrease measured rates (Paola et al., 2018). When assessing sediment dynamics at
the hillslope-channel domains, the time scale dependence which might compromises
one-dimensional rates becomes less evident to assess (Sadler and Jerolmack, 2015).
At the landscape scale, the catchment-wide rates of denudation or deposition can
capture a range of geomorphic processes that all contribute in different proportions to
the measured denudation rates and integrate periods of activity and inactivity.
Moreover, Sadler and Jerolmack (2015) showed that there is no compelling
dependence between upland denudation rates and averaging time, except at time
scales shorter than a month.

The framework outlined in Figure 4.1. allows us to evaluate the spatio-temporal
dynamics of the sediment routing system. To do so, a dataset of denudation rates and
sediment fluxes was established. At the annual scale, the geomorphic processes in the
hillslope domain (10°-10' km2) were monitored using very high-resolution
topographic reconstructions. At the decadal scale, the sediment dynamics of first-
order catchments were quantified from time-series of digital elevation models using
classic photogrammetry. Finally, catchment-averaged cosmogenically radionuclide
(CRN)-derived processes rates integrated geomorphic process rates over the
millennial time scale. The framework was applied to the Entle River catchment where
the Schimbrig earthflow is located. We analysed the sediment cascade in terms of

spatio-temporal patterns in denudation rates (L T-1), and sediment fluxes (L3 T). The
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catchment-scale denudation rate quantifies the surface lowering per unit of time
(L T and is scale-invariant. The sediment flux (L3 T-) is the volume of sediment
material exported or evacuated from a given area per unit of time, and quantifies the
rate of sediment transfer between landscape units, i.e. between hillslopes and
channels. In addition, it enables us to track the internal sediment dynamics within a

given catchment.

3. MATERIAL AND METHODS
3.1. THE ENTLE AND THE SCHIMBRIG CATCHMENTS

The Entle catchment is a 64 km? river catchment located in the northern foothills of
the Central Swiss Alps, between Bern and Lucerne. Its elevation is ranging between
680 m at the outlet located near the Entlebuch village and 1,815 m a.s.l. on top of the
Schimbrig summit. The study area lies on the intersection between the Swiss Plateau,
i.e. the Molasse Basin, and the frontal thrusts of the Alpine orogeny (Schlunegger et
al., 2016a). The Molasse layer, covering the lower reaches of the catchment is
composed of Oligocene to Miocene conglomerate bedrock knobs, forming erosion-
resistant low ridges. The intermediate part of the catchment is covered by subalpine
Flysch, while the higher SW-NE-oriented ridge is composed of carbonate rocks
(Figure 4.2). The Entle catchment is dissected by a 7 km-long central inner gorge with
two tributaries, i.e. the Grosse and the Kleine Entle, that are deeply incised into a more
than 100 m thick unconsolidated glacial till. The inner gorge contains knickzones in
its longitudinal profile, and several cut terraces are visible. A °Be-based sediment
budget highlighted that erosion rates in the inner gorge are more than 4 times higher
than in the non-incised reaches over the last 2,000 years (Van den Berg et al., 2012).
Therefore, the river system is supply-limited, and eroded sediments are efficiently
transported to downstream reaches. Lateral and terminal moraines deposited by the
Entle glacier during the Last Glacial Maximum (LGM) are present on both sides of
the inner gorge, and in the headwaters of the Grosse and Kleine Entle rivers (Figure
4.2). The glacial till was deposited during repetitive and extensive glaciations during

the Pleistocene. Sidewalls of river valleys are subject to widespread rotational and
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translational landslides. Flysch-covered areas are mainly affected by landslide

processes categorized as earthflows.
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Figure 4.2: Simplified geological and geomorphological settings of the Entle river
catchment (after Van den Berg et al., 2012; Schlunegger et al., 2016b). Inset:
Location of the study area in Switzerland.

Within the Entle river catchment, the Schimbrig earthflow is particularly active over
the last 150 years (Chapter I11; Lopez-Saez et al., 2017; Savi et al., 2013; Schwab et
al., 2008). It is located in the first-order Schimbrig catchment, the latter draining
successively into the Rossloch River and the Kleine Entle, before entering the trunk
river, i.e. the Grosse Entle. The earthflow occurs on the hillslopes of the Schimbrig
ridge and is not physically connected to the Schimbrig stream, except during short
episodes when superimposed debris flows occur. The Schimbrig earthflow consists of
a fine-grained matrix of silt and mud, with centimetric to decimetric large clasts. The
internal structure of the earthflow is complex with nested rotational units. Field
observations revealed that a major earth slide with an up-to-12-m surface lowering

occurred in the summer of 1994 after a succession of heavy precipitation events,
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followed by debris flows until March 1995 (Schwab et al., 2008). The intensity and
spatial pattern of sediment redistribution, as well as the internal structure of the

earthflow rapidly evolve at the annual and decadal scale (Chapter II1).
3.2. ANNUAL SEDIMENT FLUXES

The annual sediment fluxes of the active part of the Schimbrig earthflow were derived
from time series of very high-resolution topographic datasets from Chapter Ill. The
3D topographic reconstructions were computed using the structure-from-motion
algorithm (SfM) based on aerial photographs acquired by an unmanned aerial vehicle
(UAV). Point clouds were subsequently interpolated into digital surface models
(DSM) at a spatial resolution of 0.04 m, defined based on the density of the point
clouds. The accuracy of the time series is ranging between 0.20 m and 0.24 m.
Acquisition dates are October 2013, June 2014 and October 2015. As part of this
sediment flux assessment, only the dataset of the 2014-2015 time interval was used
because it spatially covers the entire Schimbrig earthflow. The sediment budget was
quantified by a digital elevation model of differences (DoD) between DSMs, using
the Geomorphic Change Detection software (Wheaton et al., 2010). It spatially
assesses surface lowering, i.e. decrease in ground elevation, and bulging, i.e. increase
in ground elevation, within the earthflow. Subsequently, the net difference between
the volume of landslide deposits, i.e. bulging and eroded material, i.e. lowering, gives
a first estimate of the net flux of landslide-derived material that is evacuated between
June 2014 and October 2015. In this chapter, values are eventually reported on an
annual basis instead of over the entire period of interest (as in Chapter I11). Detailed
methodology and extended results are available in the Chapter Il1. Errors reported at
the annual scale were computed based on a uniform limit-of-detection applied on each
topographic surface. Therefore, the associated error to the annual sediment fluxes
should be seen as a maximum value. It is likely that spatializing the error on very
high-resolution topographic measurements would lead to an increase of the signal-to-

noise ratio.
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3.3. DECADAL SEDIMENT FLUXES

The sediment fluxes at decadal scale were derived from Schwab et al. (2008), who
assessed sediment yields of the Schimbrig earthflow and associated slopes, i.e. the
Schimbrig catchment, and linked it with sediment loads in the trunk stream, i.e. the
Waldemme River. They based their analysis on a time series of DEMs derived from
classic photogrammetry of aerial photographs acquired in 1962, 1986, 1993 and 1998.
The associated volumetric errors of the photogrammetric workflow ranged between
2% for the 1986-1993 time interval and 29% for the 1962-1986 time interval. For this
study, we converted the average sediment fluxes that were published in tons per year
into cubic metre per year, using a material density of 2.70 g cm following a study by
Gong (2005) on similar flysch units in Switzerland. Detailed methodology and results

are available in the original paper of Schwab et al. (2008).
3.4. MILLENIAL SEDIMENT FLUXES

The geomorphic process rates at millennial scale were assessed from catchment-
averaged denudation rates derived from in-situ produced cosmogenic radionuclides in
river-borne sediments. In order to get a comprehensive dataset on spatial variation in
denudation rate in the Entle catchment, we collected river sand on eight locations in
and around the Schimbrig catchment (Figure 4.3) and combined them with earlier
work by Van den Berg et al. (2010). The new samples were processed in a similar
way as the sample preparation and processing described in Vanacker et al. (2007) and
are similar to Van den Berg et al. (2010). After washing and sieving to the
0.25-1.00 mm fraction size, grains were separated using a Frantz lsodynamic
Magnetic Separator. The remaining non-magnetic fraction was leached several times
with 10% hydrochloric acid to remove organic, calcium and carbonate components.
Then, samples were treated up to four times with 5% hydrofluoric acid in order to
dissolve anything but quartz and also remove any meteoric °Be left. After the
leaching step, 157.8 ug of °Be carrier was added to the clean quartz samples
containing ca. 25 g of material. The purified quartz was subsequently dissolved in
concentrated HF, from which beryllium is stepwise extracted using anion/cation

exchange column chemistry. Remaining precipitates were oxidized and pressed into
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copper targets. Finally, 1°Be/°Be ratios were quantified using the 500 kV Tandy
facility at ETH Zarich (Christl et al., 2013). These values were normalized with the
in-house standard SN2007N and corrected with a blank °Be/°Be ratio of
4.06 = 0.23 x 1015, Catchment-wide denudation rates were then computed from the
in-situ produced °Be concentrations, i.e. from this study and from earlier data
published by Van den Berg et al. (2010), using the catchment-averaged denudation
rates from cosmogenic nuclide (CAIRN) method (Mudd et al., 2016). This open
source calculator uses the topography to weight the 1°Be production rate and shielding.
A 1-metre digital terrain model (DTM) resampled to 30 m resolution was used to
compute topographic shielding. Snow shielding was averaged for each catchment
individually. Snow cover is estimated using an elevation-dependent mean annual
snow cover database for Switzerland (Auer, 2003). Following Jonas et al. (2009), an
empirical relationship is used to derive the snow water equivalent thickness
(SWE, g cm?).We kept the default parameters from Mudd et al. (2016) to run the
CAIRN model, including the sea-level high-latitude production rate of 4.30 at g* yr*
(based on Braucher et al., 2011). Long-term denudation rates obtained by the CAIRN
calculator were converted into sediment fluxes (m2 yrt), by multiplying them with the

catchment area.

4. RESULTS

4.1. SCHIMBRIG EARTHFLOW SEDIMENT DYNAMICS AT THE
ANNUAL SCALE

When focusing on the unstable part of Schimbrig earthflow, we obtained a net mass
flux of 1,350 + 4,314 m3 yr! for the 2014-2015 period (Table 4.1; Chapter II1).
Although this value is slightly positive, the mass flux is not significantly different
from zero. The sediment budget for the 2013-2014 time interval supports this finding.
In the eroding sites, the average denudation was 0.773 + 0.210 m yr?, and smaller
than the accumulation of 0.787 + 0.210 m yr* that was observed in the bulging areas
(Table 4.1). For the Schimbrig earthflow, we reported a mean horizontal displacement
of ca. 6.30 m yr? in the downslope direction (Table 3.5 in Chapter I11). The UAV-
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SfM derived data suggest that the earthflow was in dynamic equilibrium over the
2014-2015 period, with landslide-derived material being temporarily stored on the
slopes during the period of interest.

Table 4.1: Sediment fluxes for the 2014-2015 time interval from the Schimbrig

earthflow (Modified from Table 3.4 in Chapter 111, to provide sediment fluxes
reported on an annual basis).

Estimate | Error (+)

Total area of surface bulging (m2 yr?) 10763

Total area of surface lowering (m2 yr?) 9730

Average depth of surface bulging (m yr?) 0.787 0.210
Average depth of surface lowering (myr) | 0.773 0.210
Average net depth of difference (m yr?) 0.046 0.149
Sediment flux (m3 yr?) 1350 4314

Notwithstanding the state of dynamic equilibrium, our data suggest large internal
movements with a complex pattern of sediment redistribution along slope (Figure 3.9
in Chapter I11). A succession of areas with terrain lowering and bulging characterised
the earthflow along its longitudinal axis. The earthflow was re-adjusting to a new state
of equilibrium after a massive failure that occurred in 1994. The sediment
redistribution on the slopes was not associated with an increased sediment export
downstream. Between 2013 and 2015, the hillslope domain was disconnected from
the fluvial domain.

4.2. SEDIMENT BUDGET OF THE SCHIMBRIG CATCHMENT AT
DECADAL SCALE

Sediment fluxes were computed from 1962 to 1998 over the first-order catchment
affected by the earthflow, down to the confluence with the Rossloch River (Table 4.2;
Schwab et al., 2008). The average sediment flux per year, evacuated from the
catchment, is varying over time, from 4,000 + 4,000 m3 yr-* for the 1962-1986 period,
t0 850 + 20 m3 yr! for 1986-1993 to 24,000 + 4,000 m3 yr-* for the 1993-1998 time
interval. The data from Schwab et al. (2008) indicate that there is no clear link between
the sediment fluxes exported from the Schimbrig catchment and the landslide

dynamics on the hillslopes. This is evident from the fact that the proportion of the
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mass evacuated from the study area to the total displaced mass varies largely between
6% and 89% (Table 4.2).

Table 4.2: Sediment fluxes between 1962 and 1998 (after Schwab et al., 2008).

. . Percentage of mass evacuated
Lo Average sediment flux  Error Sediment -
Time interval " _1 compared to the displaced mass
evacuated (m3yr™) flux (m3yr?) (%)
1962-1986 14,000 4,000 89
1986-1993 850 20 6
1993-1998 24,000 4,000 34
1962-1998 13,000 2,000 78

During the 1962-1986 period, about 89% of the displaced mass was evacuated from
the catchment, suggesting that sediment storage during this period was not significant.
In contrast, during the following periods (1989-1993, 1993-1998) when the major

earthflow event occurred in 1994, only 34% of the landslide material was evacuated.

43. LONG-TERM DENUDATION RATES OF THE ENTLE
CATCHMENT

Overall, the CRN-derived denudation rates (Table 4.3; Van den Berg et al., 2010)
ranged from 160 + 30 mm kyr?! in the upper part of the Entle catchment, i.e. the
Rothbach River (E-9), and 5000 + 1000 mm kyr*in the upper part of the Schimbrig
earthflow (CH-ENT-3). Importantly, measurements from Van den Berg et al. (2010)
and from this study are spatially and quantitatively consistent with each other (Figure
4.3). As the 1°Be concentrations of the landslide-affected area were low, relatively
high errors were reported for the °Be concentrations of landslide-derived sediment
material (Table 4.3). The errors subsequently propagated on the denudation rates,
particularly for the samples from the Schimbrig stream draining the earthflow, i.e.
CH-ENT-1, CH-ENT-5 and CH-ENT-8.

Our data show two opposite patterns of denudation rates and sediment fluxes in
relation to drainage area and downstream distance, which are driven by the landslide

occurrence (Table 4.3; Figure 4.4; Figure 4.5).
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Ignoring samples from landslide-affected catchments, long-term denudation rates
correlate positively with downstream distance, with values
160 + 30 mm kyr? (E-9) to 340 + 70 mm kyr? (Ent3-1). Characterised by a low

variability, these values are similar to other denudation rates found in the similar

ranging from

alpine tectonic settings (e.g. Norton et al., 2008).

(a) (b)
E-7a E-12

CRN: 2.46 £ 0.13
t / DR: 310 + 60
.

SF: 20,000 + 4,000

CRN:3.53+0.25
DR: 220 + 50
SF: 2,500 + 500

CH-ENT-7
CRN: 2.57 £0.27
DR: 300 + 70 n
SF: 1,400 + 300

i
CH-ENT-6

CH-ENT-2
CRN:2.94 +0.28
DR: 260 £ 60
SF: 500 + 100

CH-ENT-8
CRN:1.34 027
DR: 600 £ 200

SF: 290 + 80

CH-ENT-5

CRN: 2.32 £ 0.58
DR: 300 + 100
SF: 120+ 40

CH-ENT-1
CRN: 0.62 £ 0.45

SF: 300 + 400

DR: 1,000 £ 2,000

CRN:4.12:0.28 ® CRN sample
DR: 180 + 40 — River
ENT- H-ENT-
SF:6002100 L) Ressloch cachment CRN: 3534026 CRN: 0154053
) : [ schimbrig earthflow DR: 210 £ 50 DR: 5,000 + 1,000
b ) = Elevation (m) SF: 230 + 50 SF: 900 + 200
A y - High : 1781.45
0 1 2 3 4 Low:962.9 0 02 05 075 1
)
Kilometres Kilometres

Figure 4.3: Location of CRN samples in the Entle catchment. CRN
concentrations (CRN; x103 at g?), denudation rates (DR; mm kyr?) and
sediment fluxes (SF; m3 yrt) values displayed are discussed in the text. Other
values are available in (Table 4.3). (a) Entle River and (b) Rossloch River
catchments.

This increase in denudation rates with downstream distance is triggered by the
ongoing relief rejuvenation and incision of the inner gorge after the LGM (Van den
Berg et al., 2012). The data also indicate that the river network effectively evacuates
sediments that are supplied to the river channel. Accounting for the drainage area at
each sample location, long-term sediment fluxes (Table 4.3; Figure 4.5) show the
same positive correlation with downstream distance as denudation rates. The sediment

fluxes range from 600 + 100 m3 yrt in upper first-order catchments (CH-ENT-6 and
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E-10) to 20,000 + 4,000 mm kyr! at the outlet of the Grosse Entle River (E-7a). This
two-order-of-magnitude increase in sediment fluxes downstream corroborates the
efficiency of sediment evacuation by the fluvial system.
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Figure 4.4: Denudation rates in the Entle catchment against (a) downstream
distance and (b) drainage area. Downstream distance is computed from river
source to outlet of the Entle catchment. Marker star represents CRN-derived
denudation rate from the landslide-affected Schimbrig catchment. Grey line

presents the downstream sequence of denudation rates along the Schimbrig,
Rossloch, Kleine Entle and Grosse Entle rivers.
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The landslide-affected catchments show a different pattern that deviates from the
overall trend of increasing denudation rates with distance downstream and catchment
area. In the first-order Schimbrig catchment, long-term denudation rates correlate
negatively with downstream distance (Table 4.3; Figure 4.4).
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Figure 4.5: Sediment fluxes along the river network of the Entle catchment.
Downstream distance is computed from river source to outlet of the Entle
catchment. Marker star represents sediment flux from the landslide-affected
Schimbrig catchment. Grey line presents the downstream sequence of
denudation rates along the Schimbrig, Rossloch, Kleine Entle and Grosse Entle
rivers.
The denudation rates of the landslide-affected first-order catchment are up-to one
order of magnitude higher than the rest of the Entle catchment, with values ranging
between 300 + 100 mm kyr! in the intermediate part (CH-ENT-5) and
5,000 + 1,000 mm kyr* (CH-ENT-3) in the upper part of the Schimbrig catchment.
The variability in denudation rates along the river is very high, with a one-order of
magnitude difference between minimum and maximum values, and spatially highly

variable. For example, the denudation rate in CH-ENT-5 is lower than the sites directly
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up- and down-stream of this sampling location, reflecting the stochastic character of
the sediment delivery from the earthflow. The decrease in denudation rates with
catchment area suggests that material initially displaced by the earthflow is not
directly evacuated to the river network but remains on the slopes, hence accumulating

10Be atoms in sediments.

Given that the catchment area of the first-order landslide-affected catchments is small,
the absolute sediment fluxes are low with values ranging between 120 + 40 m3 yr!
and 900 = 200 m2 yrt. These long-term sediment fluxes computed for the Rossloch
catchment, i.e. including the Schimbrig area, are one to two orders of magnitude lower

than values computed in other parts of the Entle catchment (Figure 4.5).

The impact of landsliding on the long-term sediment dynamics can be evaluated by
comparing the denudation rates of the two intersecting catchments at the confluence
with the Rossloch river. At the outlet of the Schimbrig catchment, the denudation rate,
i.e. 600 = 200 mm kyr! (CH-ENT-8), is at least two times higher than in the
neighbouring catchment, i.e. 210 + 50 mm kyr? (CH-ENT-9). When accounting for
their catchment area, the sediment fluxes are very similar with values of respectively
290 + 80 m3 yr! (CH-ENT-8) and 230 + 50 m3 yr! (CH-ENT-9).

5. DISCUSSION

The sediment transfer between the hillslope and fluvial domain controls the
propagation of episodic sediment pulses from stochastic hillslope processes to the
river channels. Mechanisms and scales of hillslope-channel connectivity are still
poorly assessed (e.g. Bracken et al., 2015; Fryirs, 2013; Heckmann and Schwanghart,
2013; Korup et al., 2010). Our conceptual framework (see Section 2; Figure 4.1)
depicts the patterns of geomorphic connectivity between distinct units of the
landscape and their characteristics, i.e. hillslopes and channels, as well as sediment
pulse propagation through space and time. We applied this framework on the Entle
catchment located in the foothills of the Central Swiss Alps, by quantifying sediment

fluxes over 10°-10° years. Characterised by a relatively gentle alpine topography, the
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millennial geomorphic activity of the study area is moderate in intensity. In
comparison, the mean CRN-derived denudation rate is 270 + 140 mm kyr? in similar
surrounding areas, i.e. in the Alpine foreland but increases to 900 + 300 mm kyr? in
the high crystalline Alps (Wittmann et al., 2007). The Entle River catchment was
affected by an active earthflow over the last 150 years. Given the extent of its active
part, i.e. ca. 0.5 kmz, the Schimbrig earthflow is a larger than average landslide (Stark
and Hovius, 2001). Therefore, according to the magnitude-frequency distribution of
landslides (e.g. Hovius et al., 1997), this type of occurrence is generally relatively
infrequent, i.e. between 102 km2 yr* and 10 km2 yr. The mean annual horizontal
displacements that we measured within the earthflow, i.e. ca. 6.30 m yr* for the period
2014-2015, are high in comparison with the decimetric displacements reported in the
Western Slovakian Carpathians (Prokesova et al., 2014), < 2 m yr? for the Eel
earthflow in California (Mackey et al., 2009), and metric to decametric displacements

for the Super-Sauze landslide in Southern French Alps (Niethammer et al., 2012).

At the annual scale, the Schimbrig earthflow experienced intense sediment
redistribution, with a mean horizontal surface displacement of more than 6 m yr. The
sediment budget of the Schimbrig earthflow is roughly in equilibrium, with very
limited sediment evacuation from the hillslope domain to the fluvial domain.
Consequently, it implies that the Schimbrig earthflow was not coupled to the channel
network for the period 2013-2015. Back to the conceptual framework, this result
supports the idea that landslide processes act as stochastic sediment pulses, producing
sediments on hillslopes in the landscape. Their impact is attenuated as follows over
short time scales: (1) After the principal slope failure, only a small fraction of the
mobilised sediment volume is exported to the river network. (2) Subsequently, the
internal sediment reorganisation on the hillslopes results in very dynamic topography

with very limited sediment evacuation to the channels.

Hence, at the decadal scale, sediment fluxes computed over the entire Schimbrig
catchment support the episodic pattern of connection/disconnection between
hillslopes and channels. Sediment transfer of landslide colluvial fans to the river

network only occurs by superimposed stochastic debris flows, the latter being the
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main mechanisms of hillslope-channel coupling. Schwab et al. (2008) suggested that
this pattern occurs at the decadal scale. They showed that intense geomorphic activity
within the Schimbrig catchment is not associated with phases of increased sediment
export to the channel network, and resulted in storage of landslide-derived debris on
the hillslopes even during extended or intense rainfall episodes. For instance, the large
slope failure of 1994, which lowered the ground surface up to 12 m, produced fresh
sediments that was temporarily stored as colluvial material on the hillslopes instead
of being directly transported to the river network. In contrast, phases of lower hillslope
geomorphic activity were coinciding with higher sediment export to the river channel
and evacuation of landslide-debris from the hillslope to the fluvial domain. During
these periods, mobilised sediments by previous landslides are gradually and/or

episodically transported downstream.

At the millennial scale, catchment-wide denudation rates show a positive relationship
with downstream distance and drainage area, if landslide-affected catchments are
ignored. The latter are characterised by a negative relationship with downstream
distance, along with a high variability. Interestingly, the large difference in denudation
rates between the Schimbrig (CH-ENT-8) and upper Rossloch (CH-ENT-9)
catchments indicates that the sediment dynamics of both catchments were very
different over the last thousands of years. The high variability of denudation rates in
headwaters (Figure 4.4a) emphasizes the episodic character of landslides. When
accounting for the surface area of the catchments, the difference between the two
adjacent streams disappears. As such, the landslide-affected Schimbrig catchment

only has a small impact on the overall sediment budget of the Entle River catchment.

In addition to the hillslope-channel connectivity, our database of sediment fluxes also
highlights the non-steady character of geomorphic processes. The average decadal
sediment flux of the Schimbrig catchment, i.e. 13,000 + 2,000 m? yr* between 1962
and 1998 (Table 4.2), is in fact two orders of magnitude higher than sediment fluxes
computed at the millennial time scale over the same spatial extent,
i.e. 290 + 80 m2 yr'! (CH-ENT-8). In other words, the decadal sediment flux is not
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representative for the long-term, millennial sediment flux of the first-order river
catchments (Figure 4.6).

Time scale of sediment flux

----- Millennial

M [ pecadal

_ [] Annual (averaged over 2.5 yr)

Sediment flux (m? yr)
]

-~ — ~ g | S —
(a) (b) (a)

Figure 4.6: Conceptual representation of the sediment fluxes over different time
scales at the outlet of a first-order river catchment. (a) Periods of high hillslope
activity due to a landslide sediment pulse, resulting in intermittent hillslope-
channel connections and in sediment export to the river network at the annual
scale. (b) Periods of low hillslope activity both at the annual and decadal scales,
due to poor sediment availability on slopes.

Taking benefit of our multi-temporal database, the mismatch between annual, decadal
and millennial sediment fluxes is probably caused by the episodic character of
sediment fluxes over long time scales. Since the oldest photogrammetric dataset, i.e.
1962, the  Schimbrig  catchment  experienced  active  landsliding.
Dendrogeomorphological data confirmed that slope movements were taking place
over the last > 150 years (Lopez-Saez et al., 2017; Savi et al., 2013). However, all
other parameters remaining equal, our data suggest that this situation is temporary,
and was preceded by a long phase of inactivity. The transient character of the
important geomorphic activity in the Schimbrig catchment, i.e. a first-order river, is
eventually supported by following observation: its decadal sediment flux,
i.e. 13,000 = 2,000 m3 yr! (Table 4.2), is of the same order of magnitude than the
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background sediment flux going out of the entire Entle River catchment,
i.e. 20,000 + 4,000 m3 yr! (E-7a; Table 4.3). In other words, it means that over the
last 50 years, the Schimbrig catchment, which represent ca. 1% of the entire study
area, provides 65 % of the sediments that the entire Entle catchment will supply by
over the millennial scale. Subsequently, sediment transport will attenuate the huge
sediment pulse from the Schimbrig to the outlet of the Entle catchment. Consequently,
the impact of the Schimbrig earthflow is currently important with respect to the rest
of the Entle catchment, after an initial major slope failure more than 150 years ago.
The higher-order river network, i.e. the Kleine and Grosse Entle rivers, attenuates
decadal sediment pulses by sediment transport, during which subsequent erosion and
deposition occur over longer time scales. In the future, the slopes of the Schimbrig
will find a new equilibrium after the on-going landslide perturbation, leading to a
lower geomorphic activity. The final state of equilibrium will be reached when the
entire volume of sediments mobilised by the initial failure and its reactivations will
be depleted from the hillslope. Somehow, due to the stochastic character of landslides,
a new sediment pulse will affect another sub-catchment of the Entle area, inducing a
new cycle. Back to our conceptual framework, landslides affecting hillslopes over
short time scales are in fact considered as noise over long time scales. They trigger
localised sediment pulses, which are subsequently shredded by sediment transport
when reaching the channel network. This noise is eventually averaged out when
considering longer time scales and larger spatial scales. Consequently, one single
landslide has not necessarily an impact on the long-term sediment budget of first-order
catchments. Rather, it is the cumulated effect of multiple landslides which are
intermittently connected to the channel network at the decadal scale, along with
sediment transport, that may regulate sediment fluxes at the regional scale over the

millennial time scale.

6. CONCLUSION

To better understand mechanisms and scales of geomorphic connectivity in

mountainous environments, we characterised the sediment cascade of the Entle River
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catchment located in the foothills of the Central Swiss Alps. We quantified (or took
benefit from previous studies of) sediment fluxes over annual, decadal and millennial
time scales using respectively UAV-SfM-based 3D topographic reconstructions,

classic photogrammetry and in-situ °Be cosmogenic radionuclides.

Our database of sediment fluxes supported three hypotheses about the dynamics of
the sediment cascade in first-order catchments and the dynamic feedback between
hillslopes and channels: (1) In the landscape, landslides act as local sediment pulses,
making them available for further mobilisation and transport when hillslopes and
channels are connected. (2) Connection/disconnection cycles occur at the decadal
scale. (3) High decadal geomorphic activity at the catchment scale is episodic over
the millennial temporal scale. At the annual scale (2013-2015), the mass balance of
the Schimbrig earthflow is in equilibrium despite the intense sediment redistribution
on hillslopes, which indicates that the latter is disconnected from the channel network.
Hillslope-channel connection occurs at the decadal scale (1962-1998) during
stochastic rainfall-triggered superimposed debris flows, causing sediment supply to
the river network. At the millennial scale, higher-than-average long-term denudation
rates characterise the intense geomorphic activity of the Schimbrig catchment.
However, the high-magnitude low-frequency character of the Schimbrig earthflow
implies that it does not affect the long-term sediment flux pattern. In addition,
nothwithstanding the intense sediment activity of the Schimbrig earthflow at the

decadal scale, it only affects a small first-order river catchment.

Our data highlight the episodic character of sediment fluxes from first-order river
catchments in alpine environments and the attenuation of sediment pulses by sediment
transport throughout landscapes. Landslides act as stochastic but discrete sediment
sources in the landscape and randomly affect these catchments. During short periods
occurring at the decadal scale, when hillslopes geomorphically connect to channels,
the sediment flux of the Schimbrig catchment is of the same order of magnitude than
the total sediment flux of the Entle catchment. This implies that during these short

phases of connection, more than 65 % of the sediment is coming from 1 % of the total
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catchment area. However, during 90 % of time, hillslope-channel system of the first-

order catchment is uncoupled from the lower reaches at the regional scale.

When the sediment source will be depleted, another first-order river catchment will
be affected by landslides and will provide enough sediments to match the long-term
regional sediment flux. Consequently, one single landslide has not necessarily an
impact on the long-term sediment budget of mountainous river catchments at the
regional scale. It is the integrated effect of multiple sediment pulses providing
sediments to the river network at the decadal scale, which are subsequently attenuated

by sediment transport that may regulate sediment fluxes at the regional scale.
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MODEL-BASED ASSESSMENT OF THE
STOCHASTIC EFFECT OF LANDSLIDES
ON COSMOGENICALLY-DERIVED
CATCHMENT-AVERAGED DENUDATION
RATES

ABSTRACT

In-situ cosmogenic radionuclides (CRN) have become a widely used tool in the
geomorphic community to constrain geomorphic process rates. In many applications,
catchment-wide denudation rates have been derived from °Be concentrations in
samples of river sand. These applications assume that sediment production and
delivery rates within the catchment are reasonably steady and that river sediment is
well mixed and all parts of the catchment are represented in proportion to their
denudation rates. These assumptions are not necessarily met in active mountain
ranges where deep-seated landslides or gully systems are contributing with deeply
shielded material to the river network. In this study, we analyse how the impact of
these geomorphic events on the CRN-derived denudation rates depends on their
magnitude and frequency. We modified the CRN dynamics model of Yanites et al.
(2009) to represent landslides as a proper spatial Poisson process and then adapted
the code for an open-source programming language, i.e. R. Then, we performed
100 iterations of 24 scenarios exploring landslide-induced variability on CRN-
derived denudation rates. Scenarios are depicting landscape and landslide

configurations, according to the following variables: drainage area, background
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erosion rate, landslide area distribution coefficient and landslide return period. Our
results show that the variability of CRN-derived denudation rates, after a time span
of 200,000 yr, is strongly driven by the landslide area distribution coefficient and the
landslide return period. Background erosion rate, i.e. rate of gradual diffusion-like
hillslope processes, also plays a role to reduce the landslide effect on CRN surface
and river sediment concentrations. In addition, and more importantly, these
parameters also influence the overestimation of CRN-derived erosion compared to
actual volumetrically-derived erosion rates. Consequently, we suggest that CRN-
derived erosion rates may not be properly representative of the actual erosion in
landscapes where landslides act as a dominant erosion process, especially under
conditions where the background erosion is significantly lower than landslide

erosion.
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1. INTRODUCTION

An accurate assessment of Earth’s surface changes in active landscapes is crucial to
properly understand how geomorphic processes are driving long-term landscape
evolution (e.g. Bishop, 2007). Over the last two decades, catchment-averaged
denudation rates are increasingly quantified using in-situ cosmogenic radionuclides
(CRN), such as °Be in quartz minerals (e.g. Bierman and Nichols, 2004; von
Blanckenburg, 2005; Portenga and Bierman, 2011). These denudation rates average
over time scales of 10° to 10° years (Dunai, 2010). To apply this technique at the
catchment scale, two basic assumptions are used (Brown et al., 1995; Dunai, 2010;
Granger and Riebe, 2003). (1) A secular equilibrium exists between the production of
CRN and the loss by erosion and decay. (2) The river sediment samples are
sufficiently well mixed and all parts of the catchment are represented in proportion to
their denudation rates. If these assumptions are met, the 1°Be isotope concentration
measured in river sediments at the outlet of a catchment is inversely proportional to

its denudation rate.

Any variation in sediment mixing capacity or delivery from deeply shielded sediment
to the river channel, may dilute or increase the concentration in 1°Be in river sediments
and lead to over- or under-estimation of the catchment-averaged denudation rates. The
sediment mixing capacity of the river network can be very efficient and take place
over short distances (Binnie et al., 2006). Episodic sediment input from e.g. landslides
can disturb proper sediment mixing and °Be concentrations in river sediments (Kober
et al., 2012; Vassallo et al., 2011). Empirical data show that the spatial and temporal
variability of CRN concentrations are controlled by catchment area and magnitude-
frequency of landslides (Savi et al., 2014; West et al., 2014). Moreover, landslides
potentially dilute °Be concentrations if they are deep enough to bring shielded
sediments from below the mixed layer, i.e. material characterised by a low °Be

concentration, to the surface (Granger and Riebe, 2003; West et al., 2014).

Theoretical numerical models confirm that the river capacity to attenuate sediment

pulses in both space and time varies according to the catchment area and the
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geomorphic setting (Niemi et al., 2005; Yanites et al., 2009). More recently, Dingle
et al. (2018) explored the sensitivity of °Be concentrations in river sediments to a
range of erosion scenarios that may drive variability. They used a simple numerical
model to explore the impact of a single landslide on the '°Be concentrations in river
sediment. Interestingly, by comparing their numerical findings to empirical data from
the Himalaya, they showed that various erosion scenarios can lead to comparable
mean 1°Be concentrations in river sediments. This shows that equifinality can be an
issue when interpreting denudation rates, in landscapes where landslides affect the
CRN signal (e.g. Savi et al., 2014). Besides, the stochastic character of landslides also
drives the variability in 1°Be concentrations in river sediments. By chance, landslides
may provide (1) more or (2) less sediments than the average delivery over a given
time period, determined by their typical magnitude-frequency distribution. This
variability in turn influences the cosmogenically-derived denudation rates. However,
the stochastic effect of mass-wasting processes on 1°Be concentrations is still poorly
constrained, and needs further attention to properly guide CRN field campaigns and

increase knowledge.

Previous modelling studies focused on temporal evolution of 1°Be concentrations
across landscapes (Niemi et al., 2005; Yanites et al., 2009) and explored the relation
between CRN-derived denudation rates and landscape characteristics such as the total
erosion rate, landslide erosion rate, landslide area distribution exponent, landslide
return period, catchment order or area. Both modelling studies performed one
simulation per landscape configuration, given a magnitude-frequency distribution
characterising landslides. However, landslides are stochastic events with respect to
their magnitude and spatial occurrence. The magnitude-frequency distribution is
typically following an inverse gamma function (e.g. Hurst et al., 2013; Malamud et
al., 2004) while their spatial occurrence is assumed to follow a Poisson probability
distribution (Corominas and Moya, 2008; Guzzetti et al., 2005). Consequently, we
expect that for some landscape/landslide configurations, iterating the numerical model
for a statistically relevant number of times, will induce variability in the final CRN-

derived denudation rates. The aim of our study is therefore to identify the parameters
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of landslide occurrence and landscape configuration that could induce (1) a stochastic
effect on CRN-derived denudation rates and (2) an overestimation of CRN-derived
denudation rates compared to actual volumetrically-derived erosion rates. First, we
further developed the model of Yanites et al. (2009) in order to (1) generate landslides
as a random Poisson process point pattern over the entire modelled catchment at each
time step, (2) optimised the computation efficiency of the model, and (3) adapted the
code for free software environment, i.e. R. Then, we iterated the model one hundred
times for various landscape/landslide configurations to assess the stochastic effect of

landslides on computed values of CRN-derived denudation rates.

2. PREVIOUS WORK

Despite the recognized importance of the research question, only two independent
theoretical studies exist about CRN dynamics in landslide-prone catchments, using
spatially-explicit modelling. Niemi et al. (2005) modelled the CRN dynamics of
46 sub-catchments of the San Antonio Creek catchment, located in the eastern
San Gabriel Mountains in southern California. They implemented nine different
scenarios, varying the bedrock weathering rate, i.e. background erosion rate, and the
total erosion rate, to reach a prescribed landslide erosion rate. VVolumetrically- and
cosmogenically-derived erosion rates were quantified for each sub-catchment order
and compared to the total erosion rate. The main advantages of their approach are that
(1) the CRN surface production rates are scaled for the sea-level high-latitude
production rate and spatially distributed using a digital elevation model (DEM) of the
area, and (2) the study area is divided into the actual extent of sub-catchments.
However, even though the model time step used, i.e. 100 years, intrinsically allows a
certain mixing regime, sediment storage and mixing capacity of catchments are not
explicitly considered. Consequently, all eroded material is evacuated from the system
after each time step. Following the same approach and governing equations than
Niemi et al. (2005), Yanites et al. (2009) modelled the CRN dynamics for a synthetic
catchment. They explored a wide range of model parameter combinations and

implemented more than 800 different scenarios in total, varying drainage area,
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landslide characteristics and background erosion rate. Importantly, with a time step of
one year, their model includes the sediment mixing and storage capacity of the fluvial
network. However, sediment storage is only considered within the fluvial network and
not on hillslopes. Consequently, sediment routing for landslides that do not directly
enter the fluvial network is ignored. Moreover, inherently to the implementation of an
idealized landscape, the CRN surface production rate is constant and the delineation

of actual catchments is not possible.

3. MODELLING OF CRN DYNAMICS

Our implementation of a model quantifying the CRN dynamics in landslide-prone
landscape is based on the work of Yanites et al. (2009). We used the model code, i.e.
Cosmoland, available on the GitHub repository of the Community Surface Dynamics
Modeling System (CSDMS) project (CSDMS, 2011), as our starting point. The
original version has been improved to meet both our technical and theoretical needs.
Technically, the original script, written in the proprietary programming language
MATLAB, was adapted to the free and open-source software environment R. In
addition, improved input and output management, automation for model iteration and
parallel processing were implemented to reduce the model computation time and
hence the efficiency of analysing multiple model runs. To address our theoretical
objectives, landslides were generated at each time step following a homogeneous
Poisson process over the entire catchment area (Corominas and Moya, 2008; Guzzetti
et al., 2005).

To explore the stochastic effect of landslides on CRN dynamics, we iterated the model
100 times for 24 different scenarios. Each scenario represent one landscape and
landslide configuration, characterised by four parameters: drainage area, background
erosion rate, landslide area distribution coefficient and landslide return period. We
discussed the model output in terms of the variability of the following model outputs:
(1) cosmogenically-derived erosion rate and (2) the volumetrically-derived erosion
rate. For the sake of brevity further in the text of this chapter, the term scenario is

used to describe landscape/landslide configurations. Moreover, we refer to CRN-
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derived denudation rates as CRN-derived erosion rates. They include mass losses

by physical erosion and chemical weathering.
3.1. MODEL IMPLEMENTATION

The CRN dynamics is numerically modelled for a hypothetical catchment of a given
area, composed of a grid of cells. For each cell and at each time step, the model
simulates (1) the production and the radioactive decay of °Be cosmogenic nuclides
at the surface, (2) the removal of material by background erosion and (3) the removal
of material by landslide processes. Background erosion corresponds to diffusive-like
erosion processes, which are considered steady and spatially uniform at the catchment

scale, in opposition to stochastic and discrete landslide processes.
First, model initialisation brings the landscape to a CRN erosional equilibrium.
Equation (1) sets an initial CRN concentration, i.e. N, , to each cell of the landscape,

resulting from the accumulation of 1°Be atoms at the surface for an arbitrary long
period, i.e. t = 5,000,000 yr, and an arbitrary erosion rate, i.e. E, =0.05cm yr™,

ignoring inheritance (Lal, 1991):

A+—2
z

where e isthe CRN surface production rate (at gt yr?), 4 is the 1°Be decay constant,

ie. 462x107yr", and Z =A/p for which A is the neutron attenuation length
(gcm?)and L isthe material density (g cm). Then, the CRN surface concentration

for each cell is updated at each time step, successively for production and radioactive

decay, background erosion and possibly landslide erosion. Equation (2) updates the

inherited concentration N ;’1 from the previous time step for production and decay:

Ng =(N§*+P-st)e @)
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where Ot is the time step. Subsequently, a layer of material of thickness D, i.e. the
background erosion rate E, multiplied by the time step St, is removed. Before

updating the surface concentration of each cell, both the °Be concentration and
amount of atoms contained within the entire depth of erosion, i.e. respectively

Depth
Surface !

N2 and atoms

Surface are computed and stored for further analyses. The CRN

concentration is therefore integrated at each depth x from the surface ( Z = 0) to the

depth of erosion D using equation (3):

“x o
D — . -0
NSI?J?‘?':IEe:L NR.eZ dx = NR'Z Jl-ez 3)

The amount of atoms within the eroded layer is obtained by multiplying the

concentration by the volume of the removed material given by equation (4):

atomsgr, = N, - P A:ell ) Dstep (4)

Surface Surface

where A, is the area of the cell (cm?) and D,,, is the depth increment related to the

step

integral unit, i.e. 1 cm. Then, the CRN surface concentration of each cell of the

landscape is updated according to background erosion rate E, using equation (5):

=Y

N =Ny ©)

S

At each time step, according to a spatial Poisson process, the occurrence of landslides
over the entire area is modelled using the landslide frequency derived from the return
period (yr). If one or more landslides occur, the area A, ¢ of each event is defined based
on the power law magnitude-frequency distribution function (Guzzetti et al., 2002;

Hovius et al., 1997), scaled for minimum and maximum landslide areas, i.e.

respectively A, and A, using equation (6):
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l-« _a
P(As) = {ﬁ} As ©)
Anax - Anin
For each occurrence, the °Be concentration and amount of atoms removed by
landslide erosion need to be computed, similarly to background erosion, using

equations (3) and (4), where D, is the actual depth of the landslide, and computed

using a simple geometric scaling (Hovius et al., 1997):

Dis =&\ As (7)

where & is an empirical scaling factor. Finally, the CRN concentration of the

landslide-affected cells is updated using equation (8), according to the landslide depth:

_Dys

Ny=N,-e 7 (8)
During the temporal evolution of the CRN surface concentration, several values are
stored for further analyses: the total number of atoms and the volume of material
removed from the catchment by background erosion and by landslides, the landslide
characteristics (area, depth, spatial extent, and time of occurrence). Based on the
eroded atoms and volumes, the sediment mixing module is applied, in order to take
the buffering capacity of the catchment into account. As this algorithm was not

modified within the model, we refer to section 3.2 of Yanites et al. (2009).

At the end of the entire model process, volumetrically- and cosmogenically-derived
erosion rates are computed to assess both the time-integrated erosion rates spanning
the overall simulation time, i.e. total erosion rates, and the final state of the system, at

the end of the model simulation, i.e. final values. Volumetrically-derived erosion
rates, i.e. By _rora @nd Eyo _pnac - are respectively taking into account (1) the total
volume of eroded sediments over the entire period and (2) the eroded volume during
the last time step only. Mathematically, E o 1ora. (EQ. (9)) is the total mass of

sediments eroded by background erosion and by landslides over the entire time span
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of modelling, divided by the material density, i.e. © , the catchment area, i.e.
A:atchment and the time span, i.e. n.

n
> _eroded mass,

EVOL—TOTAL == 9)
P A%atchment ‘n

EvoL_rna (EQ. (10)) is the mass of eroded sediments during the last time step of

modelling, divided by the material density and the catchment area.

eroded mass,

10
/0 : A:atchment ‘n ( )

EVOL—FINAL =

In the same way, total and final cosmogenically-derived erosion rates, i.e. Eqqy rora

and Egy_rinaL » @re computed according to Lal et al. (1991), using the concentration

of CRN atoms respectively within the total amount of eroded sediments (Eq. (11)) and

within the amount of eroded sediment material during the last step of modelling (Eg.

(12)).

> atoms eroded,
P/ —-A| @)

n
D" mass eroded,
i=1

. atoms eroded
E 7| P -2
CRN-FINAL [ / mass eroded J (12)

*
ECRN _totaL = £ -

3.2. SCENARIOS

In total, 24 scenarios were defined to assess the influence of four different parameters
on the CRN dynamics, i.e. the catchment area, the background erosion rate, the

landslide return period and the landslide area distribution exponent (Table 5.1).
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Table 5.1: Values of the parameters to implement the 24 scenarios of the CRN
dynamics modelling. See Table 1 from Yanites et al. (2009) for parameters of the
sediment mixing model.

Parameter Symbol Unit Value(s)
Landslide return period ISreturn yr 50 - 500 - 5000
Landslide area distribution exponent | a 1 21-27
Minimum landslide area Anin m?2 100
Maximum landslide area Anmax m?2 1,000,000
Landslide depth scaling coefficient | ¢ 1 0.05
Background erosion rate Ep mm yrt 0.1-0.001
Catchment area Acatchment  KM? 1-10
CRN surface production rate P atgtyrt 6
Attenuation length A gcm? 160
Material density p gcm?® 2

Due to very long computational time, scenarios with catchment areas larger than
10 km2 were not implemented in the current study. Each scenario was iterated
100 times to explore the variability caused by the stochastic character of landslides.
The time span for each simulation is 200,000 years, and the time increment is one

year. The grid cell size is 10 m2, and is independent of the catchment area.

The influence of landscape/landslide configurations on simulated erosion rates was
assessed using two metrics: (1) the basic summary statistics, i.e. mean, standard
deviation and range, and (2) the coefficient of variation, which is defined as the ratio
between standard deviation and mean. As a relative metric, the latter allows
comparing the variability of scenarios between each other, and is therefore more
robust than the range of the distribution. Furthermore, we compared the CRN-derived
erosion rates with volumetrically-derived erosion rates that includes physical
transport of soil particles and sediment by geomorphic processes. The latter do not
include chemical weathering, which is typically below 10% of the total mass losses

in landslide-affected terrain (Tenorio et al., 2018).
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4. RESULTS

The erosion rate distribution of the 100 simulations were computed for each scenario
(Figure 5.1). Cosmogenically-derived erosion rates systematically overestimate
volumetrically-derived values, due to landslide occurrence which dilutes °Be
concentrations in river sediments. The simulated differences between erosion rates
can be up to one-order of magnitude for scenarios with a landslide return period of
50 yr. In addition, total erosion rates, i.e. erosion cumulated over the entire simulation
period, are systematically higher than final erosion rates, i.e. erosion computed for the
last time step only. Total erosion rates were computed over the entire simulation time
span and therefore encapsulate the entire sediment dynamics history. They are less
sensible to single landslide processes occurring (or not) at the end of the modelling
period. Consequently, further analyses are done on cosmogenically- and

volumetrically-derived total erosion rates.

Overall, the background erosion rate, which represents diffusive-like erosion process
rates occurring over the entire catchment area, drives the baseline of simulated erosion
rates. Mean total erosion rates diverge from background erosion, i.e. from 0.001 and
0.1 mm yr?, when the landslide return period decreases, i.e. landslide frequency
increases. All other parameters being equal, the mismatch is greater for a smaller
landslide area distribution exponent, i.e. «, because larger landslides are more likely
to occur (Figure 5.2), and landslide erosion is consequently higher. This result holds
for both volumetrically- and cosmogenically-derived erosion rates. Catchment area
has however a low influence in mean erosion rates, and this is the case for all
parameters combinations. While landslide/landscape parameters logically influence
the absolute values of simulated erosion rates, the latter are also characterised by range
and variability, i.e. the coefficient of variation, when performing 100 iterations of the

model using the same set of parameters.



RESULTS 113
N ——— N
Set 1 T— . .= o 0 =re- -
1 =
N o
Set7 e = r . C
e u
o
=]
ad 1 i . N =
Set13 AT seve o2 75w . -
-
o
N
Set 19 P . Ry
n
N o
Set4 | | ey T : B . i
—
N
Set 10 o= y
o
N ;—"
Set 16 T e e T s . -
NI
Set 22 L o
Set2 h:mcl - o» . . e - E
—
N o
Set 8 el : :
N o
o
Set 14 = e . . N =
S -
=
o
N
Set 20 " 3 -
N =S
Set5 e o= * =
-
N
Set 11 LI 3 o
N ;—"
Set 17 - . o -
o
(9 N
Set 23 | J
N
Set3 AR N
—
N
Set9 N . I
S8
SR [T . S
(=
—
Set 21 \d Sl
o :
& q g
N o
Set 6 s . o
! Ll
Set 12 J N
€1 -
* ] o
N Ll
[T H
Set 18 » Bl
Set 24 ¢ N ©
€| ) u
pv)
0.0 01 0.2 03 04 g )
Erosion rate (mm yr™) o > 2 5
S5S3
o ® 23
RN Final =] CRN Total £ VOL Final £ VOL Tatal g g
o o
a

Figure 5.1: Distributions of volumetrically- and cosmogenically-derived erosion
rates for the 100 simulations of each set of parameters (note that the y-axis has
been slightly truncated because of large outlier simulations, which generate

erosion rates up to ca. 5 mm yr?).
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Interestingly, the range of simulated erosion rates is highly variable between
scenarios. However, notwithstanding the stochastic effect of landslides on CRN
dynamics, our results show that the behaviour of this metric is clearly predictable
(Figure 5.3).

(a)

40000

30000

20000

10000

CRN concentration (at g™")

Figure 5.2: Spatialized CRN concentration (at g*) within a 10km? catchment
after 200,000 years under a 0.1 mm yr?* background erosion and landsliding with
a return period of 50 years. The landslide area distribution coefficient is (a) 2.1
and (b) 2.7.

The range of simulated erosion rates is negatively correlated individually with the
4 varying parameters. This result also holds for the coefficient of variation (Figure
5.4), which is a relative metric. All other parameters being equal, the increase of one
parameter will induce a decrease of the variability, i.e. the coefficient of variation, in
erosion rates of about one-order of magnitude on average. Consequently, the
variability of CRN-derived erosion rates is lower for large catchments, affected by
few small landslides and intensive diffusion-like erosion processes. Moreover, an
increase in landslide return period of one-order of magnitude typically leads to a one-
order of magnitude decrease of the coefficient of variation. A smaller number of
landslides will decrease the perturbation in CRN surface concentrations and
subsequent dilution of CRN concentration in river sediments. However, this relation
does not hold for scenarios characterised by low background erosion rates, i.e.

0.001 mm yr?, and small landslide area distribution coefficient, i.e. 2.1.
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Figure 5.3: Range (mm yr) of cosmogenically-derived total erosion rate values
of 100 simulations for each scenario.
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values of 100 simulations for each scenario.
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For these configurations (i.e. scenario ID 1, 2, 3, 13, 14, 15), the variability increases
along with landslide return period. This parameter combination is particularly
sensitive to outliers because it may generate relatively large landslides while the
impact of these events on CRN concentrations is poorly reduced by the background

erosion effect.

5. DISCUSSION

The main requirement for a proper use of catchment-averaged cosmogenically-
derived denudation rates is that sediment material is supplied at a rate which is
proportional to the actual erosion rate in the catchment, during the integration time of
cosmogenic nuclides. The occurrence of stochastic erosion processes, such as
landslides, and fluvial sedimentation will therefore perturb the millennial scale
dynamics of cosmogenic nuclide concentrations in sediment material at Earth surface
and in eroded sediments transported in the fluvial system. Consequently, two
catchments sharing the exact same characteristics may have a different landslide
history on the long term, only due to the stochastic character of this process. It is
possible that a succession of larger-than-average landslides occurs over the integration
time of cosmogenic radionuclides. These occurrences will strongly dilute the °Be
concentrations in river sediments. Additionally, it will also decrease °Be surface
concentration at the landslide location and affect the subsequent CRN dynamics.
Conversely, it is also possible that a succession of smaller-than-average landslides
occurs during the last millennia and this will result in the inverse effect on CRN
dynamics and °Be concentrations. These disturbances may therefore result
respectively into an over- or underestimation of long-term denudation rates and may

lead to biased landscape evolution assessments.

The effect of sediment mixing and landslides on *°Be concentrations has been assessed
both empirically (Savi et al., 2014; West et al., 2014) and numerically (Dingle et al.,
2018; Niemi et al., 2005; Yanites et al., 2009). Both numerical attempts achieved a
2D model representing the landscape CRN dynamics over time. They mainly focussed

on the parameters, which drive cosmogenically-derived erosion rates. Very recently,
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Dingle et al. (2018) assessed °Be concentration sensitivity to different parameters:
background erosion, buffering capacity of the landscape and landslide depth.
However, their numerical analysis is limited to the impact of a single landslide event
without stochastic behaviour. Their main finding is that °Be concentrations are
sensible to background and landslide erosion, but also that a variety of erosion
scenarios can lead to similar *°Be concentrations in river sediments. Nonetheless,
these insights do not consider the stochastic effect of landslides on the CRN dynamics.
Based on our simulation results, we argue that modelling the CRN dynamics including
the stochastic process of landslides may in fact lead to an important variability in °Be
concentrations and hence in cosmogenically-derived erosion rates. In this study, we
further developed the 2D landscape model of Yanites et al. (2009) and iterated it
100 times for 24 exploratory scenarios depicting diverse but arbitrary landslide and
landscape configurations. Even though these scenarios do not cover the wide range of
landscape configurations which can be found in the nature, performing 100 iterations
of these 24 simple scenarios already provided some important insights. Our data show
that CRN-derived erosion rates are particularly sensitive to the stochastic effect of
landslides in specific landslide/landscape configurations: small catchments affected
by deep-seated landslides and low rates of background erosion. In addition to the
landslide return period, the landslide area distribution coefficient strongly drives the
variability in simulated cosmogenically-derived erosion rates. Because the
« coefficient represents the slope of the inverse gamma magnitude frequency
distribution of landslides, a small value increases the probability of large landslides.
As the depth of landslides is proportional to the area, large occurrences of landslides
will bring fresh sediment material to the surface and therefore dilute even more the

10Be concentration of river sediments.

Beside the variability in simulated cosmogenically-derived erosion rates, landslide
occurrence is also responsible for the overestimation of cosmogenically-derived
erosion rates in comparison with volumetrically-derived erosion rates. Over long time
periods, i.e. 10%-106 years, the latter are only inferred using geochronological methods,

e.g. cosmogenic nuclides or thermochronology. The bias is assessed by calculating
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the difference between total cosmogenically- and volumetrically-derived erosion
rates. Even though total and final erosion rates show similar trends in our results, the
total erosion rate metric integrates the CRN dynamics over the entire time span of
modelling. Therefore, individual landslide occurrences do not influence total erosion
rates as is the case for final values. Globally, all other parameters being equal, the
overestimation of cosmogenically-derived erosion rates is negatively correlated to the
landslide return period (Figure 5.5). Consequently, the accuracy of CRN-derived
erosion rates increases for landscapes where landslides are not a dominant erosion
process. In addition, overestimation is larger when background erosion is low because
it poorly reduces the landslide effect on the 1°Be surface concentrations. Besides, the
variability of the overestimation is logically and negatively correlated with the
variability of cosmogenically-derived erosion rates.

(a) (b)

0.15 0.15

o
o
o

0.10

e
o
@

0.05

Overestimation CRN-VOL (mm yr™)

0.00
5000 50

o
o
S

50 5000

500 500
Landslide return period (yr) Landslide return period (yr)

Background erosion rate (mm yr ') 50,001 E30.1

Figure 5.5: Overestimation of cosmogenically-derived erosion rates compared to
volumetrically-derived erosion rates. Drainage area is 10 km2. The landslide area
distribution coefficient is (a) 2.1 and (b) 2.7.

To disentangle the stochastic impact of landslide occurrence on CRN dynamics and
the subsequent variability in simulated erosion rates, numerical models are
particularly valuable because they allow exploring a wide range of
landscape/landslide scenarios. In this study, by modelling the CRN dynamics for a

range of 24 scenarios depicting various landscape and landslide configurations, we
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opened perspectives for further research on the topic. It will require a proper
implementation of scenarios, which may better represent real conditions in order to
link empirical field data with numerical modelling results. However, our results
provide a first quantitative insight on landscape characteristics which could lead to a
bias in CRN-derived erosion estimates and therefore lead to misinterpretation of
landscape development. Even though it is out of the scope of the current research, it
is worth mentioning that current numerical implementations of CRN modelling (this
chapter; Niemi et al., 2005; Yanites et al., 2009) leave perspectives for further
improvements to overcome current limitations. (1) The landscape topography does
not actually evolve through time due to erosion processes. (2) Landslides are
randomly distributed, ignoring controlling factors, e.g. lithology or slope.
(3) Sediment routing from Yanites et al. (2009) is catchment-averaged and does not
account for the topography. Taking into account sediment transport by including a
river network in the model would be the first improvement because CRN dilution by
landslides is highly sensitive to the rate of landslide surface displacements and to the
degree of connectivity between the landslide and river network. In addition to
methodological considerations, future research is needed to thoroughly assess the
variability of simulated CRN-derived denudation rates, explore the equifinality
problem along with the effect of initial surface conditions (Dingle et al., 2018;

Hancock et al., 2016), and compare modelling results with field data.

In addition, the scenarios need to represent realistic erosion rates and patterns, derived
from field data that are readily and comprehensively available in published literature.
Importantly, the theoretical results need to be compared with field data from various
landscape and landslide settings (e.g. Codilean et al., 2018). Moreover, based on a
selection of the most plausible erosion scenarios, a sensitivity analyses needs to be
performed to identify the model parameters that have the largest impact on the CRN

variability.
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6. CONCLUSION

Building on the work of Niemi et al. (2005) and Yanites et al. (2009), our study
explored the stochastic effect of landslides on cosmogenically-derived erosion rates
using a numerical model of CRN dynamics. By performing 100 iterations of
24 different scenarios, we assessed the variability in CRN-derived erosion rates and
the mismatch between the latter and volumetrically-derived erosion rates. Scenarios
here represent a range of landscape/landslide configurations characterised by the
following parameters: the catchment area, the background erosion rate, the landslide

return period and the landslide area distribution exponent

Our simulations highlight two main conclusions: (1) the stochastic character of
landslides induces large variability in cosmogenically-derived erosion rates and
(2) cosmogenically-derived erosion rates may largely overestimate actual erosion in
landslide-prone landscapes. First, we show that the variability in cosmogenically-
derived denudation rates can be high according to landscape configurations. This
variability is mainly driven by landslide return period and landslide area distribution
coefficient. As a stochastic process, landslides may thus result in higher-than-average
erosion estimates because of the occurrence of some large landslides bringing deeply
shielded sediment material to the surface. This will dilute °Be concentrations in river
sediments and increase cosmogenically-derived erosion rates. Conversely, the
opposite stochastic behaviour will lead to a decrease in erosion rates. In both cases, it
will affect surface concentrations for subsequent landscape evolution. Moreover, the
overestimation of cosmogenically-derived erosion rates compared to actual erosion,
i.e. volumetrically-derived erosion rates, decreases when landslide return period and
background erosion increase. Consequently, when landslides act as a dominant
sediment source in the landscape, conclusions drawn from cosmogenic radionuclide

erosion rates should be considered with caution.
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CONCLUSIONS

The movement of sediment from mountainous uplands to continental margins
modifies the terrestrial surface and drives the rate of topographic evolution. The
pathways of sediment transport from their sources to sinks are nowadays known under
the term of sediment cascade. Quantifying the patterns and rates of individual
processes within the sediment cascade is challenging because geomorphic processes
are unsteady across time and space. This behaviour is caused by the inherent stochastic
nature of the geomorphic processes involved: sediment production on hillslopes,
sediment supply to rivers, transport to and evacuation by the fluvial network,
intermediate storage on hillslopes and in channels, and eventually deposition in lower
reaches. While the scientific community acknowledges the importance of the
sediment cascade to constrain long-term topographic evolution and biogeochemical
cycles, the geomorphic response to sediment production and supply forcing is
commonly assessed over one given time scale. Only few studies attempted to integrate
different spatial and temporal scales to better constrain the timing of the sediment

cascade.

In an effort to improve our quantitative understanding of the sediment cascade in
landslide-prone mountainous environments, this doctoral dissertation aimed at
providing a new insight on the spatio-temporal dynamics of sediment transfer rates
between hillslopes and channels over 10°-10° years. We first assessed, in Chapter II,
the precision of three-dimensional (3D) topographic reconstructions derived using the
computer vision structure-from-motion (SfM) algorithm based on aerial photographs
acquired with an unmanned aerial vehicle (UAV). This step is mandatory to set the

limit of detection of the UAV-SfM methodology for temporal monitoring of
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geomorphic processes. In Chapter I, we used the UAV-SfM framework from
Chapter I1 to quantify the annual sediment dynamics of a landslide-affected catchment
located in the foothills of the Central Swiss Alps. These data on annual sediment
fluxes were used as an input for Chapter IV, which constitutes the central piece of this
thesis. In this chapter, we characterised the processes controlling hillslope-channel
coupling based on a spatial database of sediment fluxes at annual, decadal and
millennial time scales. As erosion processes in mountainous terrain are subject to
episodic, but large landslides, we explored, in Chapter V, the variability of
cosmogenic radionuclides (CRN) based denudation rates in landslide-prone

landscapes for various erosion scenarios using numerical modelling.

1. MAIN FINDINGS AND CONTRIBUTIONS

The first milestone was to achieve landslide monitoring in mountainous environments
using a low-cost and lightweight platform: the unmanned aerial vehicle or drone. At
the time of the beginning of this PhD project, the use of the UAV-SfM framework to
reconstruct 3D topographic surfaces was still in its early stages. Studies that were
published by 2015 used this methodology to acquire topographic data of natural
environments. They often assessed the accuracy of their measurements by comparison
with independent topographic datasets, such as aerial or terrestrial laser scanning, but
never quantified the precision. However, the asset of the UAV-SfM framework is its
portability to be deployed on demand and used repeatedly over poorly accessible
dynamic environments. As part of temporal analysis of earth surface changes, it is
mandatory to account for errors that are inherent to the UAV-SfM framework by
assessing its precision or reproducibility. Importantly, this precision sets the limit of
detection for topographic changes when monitoring dynamic environments. To fill
this gap in the literature, we repeatedly surveyed a study site, which has not
experienced topographic changes and compared topographic reconstructions by
computing the digital elevation models (DEM) of the differences (DoD). The main
finding of Chapter Il is that the SfM algorithm provides highly reproducible

topographic data with high-quality wide-angle camera lenses. The mean absolute
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differences between identical replications, i.e. the internal precision, is only 0.06 m
using a 28 mm lens. The external precision, i.e. the error associated to the location of
the ground control points (GCP), is 0.24 m with a low dispersion of values.
Importantly, the quality of the global positioning system (GPS) receiver used to
perform GCP georeferencing drives the external accuracy. Besides, both the amount
and the pattern of GCP regulate the reproducibility of the SfM reconstructions. Based
on these results, our recommendation is to scatter GCPs as regularly as possible, even

in the case of a limited number of control points.

Building on our experience from Chapter I, we were confident about the expected
precision of our new low-cost and lightweight topographic tool, i.e. the UAV-SfM
framework. Therefore, the aim of Chapter 111 was to perform a proper monitoring of
a dynamic, landslide-affected environment in order to assess its sediment dynamics at
very-high spatial and temporal resolution. We surveyed the Schimbrig earthflow,
located in the Entle River catchment in the foothills of the Central Swiss Alps, in
October 2013, June 2014 and October 2015. Based on a temporal database of 3D
topographic point clouds, we quantified (1) the volumetric sediment budget by DEM
of differences, (2) the horizontal surface displacements using the COSI-Corr image
correlation algorithm, and (3) the 3D changes using the multiscale model to model
cloud comparison algorithm. The main findings of Chapter Il are twofold. First, in
terms of sediment dynamics, we highlight an intense sediment redistribution within
the earthflow, with a mean annual horizontal displacement of ca. 6 m between 2014
and 2015, and a frontal lobe advance of ca. 55 m. However, the mass balance of the
earthflow is in equilibrium, meaning that the evacuated sediment is not significant and
within error limits. In fact, the earthflow is only readjusting its shape to a new state of
equilibrium after a major slope failure, which occurred in 1994. Second, by combining
the volumetric sediment budget, the horizontal surface displacements and the 3D
changes, we were able to capture the internal mechanisms of the earthflow based on
high-resolution aerial imagery. Interestingly, the earthflow structure evolves at the
annual scale, from a succession of three to two rotational units, with the entire mass

of material slowly moving downslope.
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The central piece of the thesis is the Chapter IV that aimed to assess the spatio-
temporal dynamics of the processes controlling hillslope-channel coupling over
10°-103 years, based on a database of sediment fluxes for the Entle River catchment.
At the annual scale, we computed sediment fluxes based on the very high-resolution
monitoring of the Schimbrig earthflow. At the decadal scale, we used
photogrammetrically-derived sediment fluxes from Schwab et al. (2008) over the
entire Schimbrig catchment. At the millennial scale, we quantified cosmogenic
nuclide-derived catchment averaged denudation rates in the rivers draining the
Schimbrig earthflow and used measurements in the entire Entle River catchment from
Van den Berg et al. (2010). Our results show that the decadal sediment flux is at least
two orders of magnitude higher than the annual and long-term sediment fluxes. These
observations point to the stochasticity of sediment production and geomorphic
coupling between hillslopes and channels. While the earthflow can be highly dynamic
at annual or decadal time scale, a large portion of the landslide-derived material is
stored on the hillslopes. Only during occasional events when hillslopes and river
channels are fully coupled, the landslide-derived debris is evacuated by superimposed
debris flows to the river network. Unlike the hillslopes that are highly dynamic at
annual and decadal time scale, the river channels respond to stochastic sediment
supply over longer time periods, i.e. thousands of years. Consequently, the spatio-
temporal pattern of the sediment cascade is not so much driven by individual landslide
events captured at annual or decadal time scale, but rather by the magnitude and
frequency of geomorphic coupling between hillslopes and channel in mountainous

catchments.

Denudation rates at millennial time scale are increasingly derived from cosmogenic
nuclide concentrations in river sediments. Consequently, Chapter V explored the
potential variability of millennial denudation rates caused by the stochasticity of
landslide events. To this end, we modified the numerical CRN landscape model of
Yanites et al. (2009) to properly generate landslide events as a Poisson process. We
also enhanced the computation time of simulations, and adapted it to a free and open-

source software environment, i.e. R. The main contribution of Chapter V is the
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introduction of stochasticity in the model simulations, as landscape/landslide
scenarios were iterated 100 times to assess variability in the cosmogenically- and
volumetrically-derived erosion rates. Our results show that the variability in
cosmogenically-derived erosion rates is inversely proportional to the landslide return
period and landslide area distribution coefficient. Second, potential overestimation of
cosmogenically-derived erosion rates compared to volumetric erosion rates is high for
shorter return periods and lower landslide area distribution coefficients. The model
simulations allow assessing the expected variability and bias in cosmogenically-

derived erosion rates in landslide-affected environments.

2. PERSPECTIVES

Constraining the timing of the sediment cascade in mountainous environments is a
difficult task because of the stochastic nature of the geomorphic processes involved.
As mentioned in Chapter I, integrating patterns and rates of individual processes over
different spatial and temporal scales could help to unravel the geomorphic response
of the landscape to sediment production and supply forcing (Burt and Allison, 2010;
Fryirs, 2013; Korup et al., 2010). The multiscale approach used in this thesis shows
the benefit of analysing sediment fluxes at various spatio-temporal scales. Our results
from Chapter IV suggest that annual and/or decadal sediment fluxes are not
necessarily reflecting the millennial sediment fluxes. Geomorphic processes such as
landslides have an inherent periodicity that depends on the geomorphic system. This
episodicity in sediment supply, transfer and export to the river network will control
the erosion rate at the catchment scale. Considering that our multi-temporal approach
provides results on the stochasticity of the geomorphic processes, and the coupling
between hillslopes and river channels, this PhD research opens new perspectives
regarding sediment connectivity and geomorphic response to stochastic geomorphic

forcing.

We join the conclusion of Bracken et al. (2015) who state that expanding field-based
data over a range of processes, environmental conditions and time scales allows to

better constrain erosion rates and our understanding of how sediment connectivity
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plays a role on landscape evolution. Field-based studies are required to validate the
results of model-based studies on sediment connectivity and dynamics (Gran and
Czuba, 2017; Heckmann and Schwanghart, 2013; Sklar et al., 2017), and to confront

results from both approaches.

To join this effort, the construction of spatio-temporal databases of sediment fluxes
for other or larger landslide-prone areas would allow widening of our knowledge on
the variety of sediment connectivity patterns and rates. The applicability of our
conceptual framework presented in Chapter 1V (Figure 4.1) can be verified and
applied in a range of landscape configurations. Whereas the Entle river catchment is
a supply-limited system, i.e. sediment are efficiently transported downstream,
exploring the propagation of sediment pulses in transport-limited channel systems
would enable to enlarge the knowledge about sediment connectivity. The latter are
typical for co-seismic landslide-affected regions where earthquakes trigger
widespread and simultaneous sediment pulses. Whereas multiple studies assessed the
geomorphic recovery from seismic events over a single time scale, a spatially-
consistent integration of landslide displacement rates from remote sensing (e.g. Parker
et al., 2011), sediment loads (e.g. Dadson et al., 2004; Wang et al., 2015), and long-
term sediment dynamics derived from cosmogenic radionuclides (e.g. Wang et al.,

2017) would, for instance, be insightful.

A second perspective regarding sediment cascade assessments is the need to enlarge
the spatial extent of short-term analyses of sediment dynamics. In this thesis, the
assessment of annual sediment fluxes is achieved at very high spatial and temporal
resolution, exploiting the low-cost and flexible character of UAVs. However, this
methodology is limited in spatial extent to a few km2. Even though the flight autonomy
of UAV platforms never ceases to increase, i.e. up to 45 min as of 2018, it would be
difficult to apply this very high-resolution method at the regional scale, e.g. over
several hundreds of km2. A worthwhile trade-off between resolution and spatial extent
could be done by exploiting national aerial laser scanning surveys, which are
increasingly available in the recent years. For instance, Switzerland updates its

0.50 m resolution digital terrain model every 6 years. This time series of topographic
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representations could be used to explore earth surface changes at high-resolution for
the most active areas of the Swiss Alps. Data processing could be done using one or
a combination of methodologies from Chapter 11, i.e. DEM of differences, image
correlation or point cloud comparison. Using this type of data, surface changes smaller
than ca. 0.70 m would probably be below the limit of detection inherent to large-scale
LiDAR digital terrain models. However, the short-term assessment would be possible
over large spatial scale to include all current landslides and associated sediment
pulses. Moreover, digital terrain models derived from LiDAR topographic data do not
capture vegetation and other man-made features. For further landslide monitoring, it
will be mandatory to evaluate regolith bulk density and consider it when computing
sediment budget in order to provide final values properly comparable with published
literature. In this thesis and especially in Chapter 111, we assumed that bulk density
was constant throughout the earthflow based on visual surface assessment. However,

we acknowledge this bias needs to be addressed in future research.

From a methodological point of view, the PhD thesis provides results on (1) the
reproducibility of UAV-SfM-based topographic reconstructions and (2) on the
influence of the stochastic character of landslides on the variability of CRN-derived
denudation rates. First, new technological advances in topography acquisition
platforms are allowing us to monitor geomorphic processes at spatial resolutions that
were previously impossible to obtain for large areas. Among other solutions, the
UAV-SfM framework has high potential for 4D monitoring of the terrestrial
environments in settings that are difficult to access. Our results from Chapter Il show
that this method provides centimetric accuracy and precision using GCP
georeferencing. In the context of post-catastrophic natural events, such as
earthquakes, volcanic eruptions, landslides, floods or inundations, the location of
GCPs might be difficult due to accessibility of the terrain. However, we showed that
this parameter might affect precision of the 3D reconstructions and lower the signal-
to-noise ratio to critical values. To overcome this limitation, the use of real time
kinematics (RTK) GPS embedded directly on the UAV platform offers new

perspectives, and can enhance the accuracy of point cloud reconstructions (Forlani et
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al., 2018; Stocker et al., 2017a). As for GCP georeferencing some years ago, the
development of this improved UAV-SfM framework is currently in its early stages.
Consequently, both accuracy and precision of should be properly assessed to set the
limit of detection of the acquisition method in various environments and topographic
settings. The embedded RTK GPS is likely to provide centimetric accuracy, allowing
to increase the precision of natural environment monitoring. The sediment budget
assessment of the Schimbrig earthflow in Chapter 111 would eventually benefit from

these technological advances in a near future.

Second, we explored the potential variability of millennial denudation rates derived
from CRN in river sediments caused by the stochastic behaviour of landslide
processes using a numerical model. While Niemi et al. (2005) and Yanites et al. (2009)
modelled one single iteration of CRN temporal dynamics for many
landscape/landslide configurations, Dingle et al. (2018) showed the equifinality of
CRN-derived denudation rates from different erosion scenarios. In Chapter V, we
introduced the stochasticity of geomorphic processes in a CRN model, and iterated
100 times a modified version of the Yanites et al. (2009) model. This allowed us to
quantify the variability of CRN concentrations according to various erosion scenarios.
The preliminary results of this chapter show the relevance of CRN modelling for
erosion studies, and open multiple perspectives for future research: (1) to thoroughly
assess the variability of simulated CRN-derived denudation rates, (2) to explore the
equifinality problem along with the effect of initial surface conditions (Dingle et al.,
2018; Hancock et al., 2016), (3) to compare modelling results with field data, and (4)
to tune the model parameters to better match geomorphic process rates in mountainous
terrain. To achieve these goals, a more comprehensive range of erosion scenarios
should be modelled. An attention must be drawn to define erosion scenarios that
depict realistic geomorphic settings, for which field data are readily and
comprehensively available in published literature. Importantly, these theoretical
results need to be compared with a compilation of field data from various
landscape/landslide settings (e.g. Codilean et al., 2018). Moreover, based on a

selection of plausible erosion scenarios, the parameters that are most influential on the
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CRN variability need to be highlighted by performing a sensitivity analysis.
Eventually, the outcome of this research can guide sediment sampling for °Be
quantification in environments characterised by a complex landslide history. Finally,
the model can be refined to depict more properly the sediment dynamics and routing
on hillslopes and in the fluvial network. This could be done by improving the existing
model or including the CRN dynamics component in an existing landscape evolution
model (e.g. Barnhart et al., 2018; Tucker and Hancock, 2010).
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