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Résumé

Modélisation numérique du contréle climatique sur 1’érosion des versants.
Développement d’un nouveau modéle et application au dernier cycle glaciaire-
interglaciaire dans le Nord-Ouest de I’Europe.

L’évolution des versants est le résultat de l'action combinée des processus d’altération et
de transport sédimentaire. Méme si il est généralement admis que l'efficacité de ces processus
varie en fonction du climat, la quantification de 'influence climatique sur I’érosion des versants
reste encore peu développée aujourd’hui. S’inscrivant dans cette problématique, notre étude
est consacrée au développement d’'un nouveau modéle numérique d’érosion des versants, ay-
ant pour objectif de mieux représenter, a différentes échelles de temps, les multiples aspects
du contréle climatique sur les processus de transport de sol. Ce modéle numérique permet de
simuler 1’évolution de I’épaisseur de sol et du relief a ’échelle d’un versant; il repose sur une
paramétrisation simple de la production de sol couplée a une paramétrisation multi-processus
du transport de sol, qui comprend plusieurs variables en étroite relation avec le climat (débit
de ruissellement, épaisseur de couche active). Le calcul de ces variables est réalisé sur base de
séries temporelles de précipitation et de température avec ’aide d’'un modéle de transfert de
chaleur et d’'un modéle de bilan hydrologique. Le comportement du modéle a été étudié au tra-
vers de quelques exemples génériques et d’analyses de sensibilité. Les résultats obtenus montrent
des différences significatives dans la fagon dont se comporte chaque processus de transport sous
conditions climatiques variables, et également dans la maniére dont chaque processus affecte
I’érosion globale des versants. Ces résultats mettent ainsi en lumiére I'importance de la para-
meétrisation multi-processus du transport de sol dans la modélisation de la réponse des versants
aux changements climatiques. Nous avons également développé une méthode associant le modéle
d’érosion de versant a un algorithme d’inversion (Neighbourhood Algorithm). Cette méthode a
permis de caractériser de maniére quantitative 1’évolution des versants ardennais (NE Belgique)
lors du dernier cycle glaciaire-interglaciaire, sur base d’un scénario climatique simple et de nom-
breuses données topographiques et d’épaisseurs de sol. Les résultats de I'inversion produisent
des prédictions en accord avec certaines observations sur la morphologie des versants ardennais
ainsi qu’avec des taux d’érosion estimés indépendamment sur base de concentrations en isotopes
cosmogéniques, méme si on montre que la distribution actuelle des épaisseurs de sol ne renferme
pas assez d’information pour déterminer entiérement les taux de production et de transport de
sol lors des périodes froides et tempérées du dernier cycle climatique. Les résultats de 'inversion
suggérent des taux de transport de sol bien plus élevés lors de la période froide que lors de la
période tempérée, produisant une succession de systémes limités par la production de sol d’une
part (période froide), et par le transport de sol d’autre part (période tempérée). Un pic de trans-
port de sol est prédit lors des transitions entre ces périodes. Les résultats laissent également
suggérer qu'un équilibre dynamique en terme d’épaisseur de sol a été récemment atteint dans
les parties convexes des versants, alors que des sols peu épais observés dans les parties concaves
pourraient correspondre & des traces de la distribution des épaisseurs de sol qui prévalait lors de

la derniére glaciation.
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Abstract

Hillslope evolution results from the combined action of weathering and sediment transport
processes, which are thought to be both influenced by climate. Yet, the strength and nature of
the connection between climate and hillslope erosion remain poorly understood at a quantitative
level. In this study, we present a new numerical model of soil production and transport, which
aims to better represent, at different time scales, the climate control on soil transport. The
numerical model operates at the scale of a single hill and predicts the rates of soil thickness
and elevation change, by using a simple parametrization of soil production and a multi-process
parametrization of soil transport which includes climate-dependent variables (overland flow dis-
charge and active-layer depth). Simple ground heat transfer and water balance models are used
for calculating these variables from time-series of precipitation and temperature. The behaviour
of the model has been studied through a few simulation examples and sensitivity analysis. The
results highlight the importance of considering multi-process parameterization of soil transport
when modelling the response of the hillslope system to climate variations, as these results display
significant differences on how each transport process behaves under various climatic conditions
and on how each process affect the evolution of the system. Our numerical model has also
been combined with an inversion scheme (Neighbourhood Algorithm) to extract quantitative in-
formation on the evolution of hillslopes in the Ardenne (Belgium, NW Europe) during the Last
Glacial-Interglacial Cycle, using a simple climatic scenario and a unique set of topographic and
soil thickness data. Model predictions based on inversion results are consistent with independent
observations on hillslope morphology and cosmogenic nuclide-derived erosion rates, although the
inversion results show that soil production and transport rates under both the cold and warm
phases of the last climatic cycle cannot be fully constrained by the present-day soil thickness
distribution. The inversion results suggest that soil transport is by far more efficient during
the cold climatic phase than during the warm phase, resulting in the succession of weathering-
limited (cold phase) and transport-limited (warm phase) systems. Maximum soil transport rates
are predicted during the transitions between the cold-warm phases. The results also suggest
that a soil thickness dynamic equilibrium has been recently reached on convex regions of the
hillslopes, while shallow soils found in convergent areas may be the relics of the soil thickness

distribution that formed during the cold phase.
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Introduction

In hilly and mountainous regions, long-term downslope movement of soil on hillslopes can
play a crucial role governing the rate at which landscape evolves through time. Indeed, hillslopes
represent the most important part (over 90 %) of landscapes that are not currently glaciated,
the remainder part of these landscapes consisting of river channels and their floodplains (Kirkby,
2008). Although river incision is often considered to mainly drive landscape response to tectonic
or climatic change (Whipple and Tucker, 1999; Ouimet et al., 2009), hillslope erosion processes
produce and deliver sediments to channels, which are known to influence river incision rates either
as tools for erosion or as a cover protecting the underlying bedrock from erosion (Gilbert, 1877;
Turowski and Rickenmann, 2009). Considering weathering and hillslope transport processes is

therefore vital to understand how landscape evolves in response to climatic variations.

Indeed, it is well accepted that climate does directly influence the rate and style of hillslope
evolution (Bull, 2001), but in light of contrasting evidence for both strong linkages (e.g., Kirkby
and Cox, 1995; Tucker and Slingerland, 1997; Miller et al., 2001; Hales and Roering, 2005) and
poor correlations (e.g., Riebe et al., 2001) between weathering, soil transport, and climate prop-
erties, the strength and nature of the connection between climate and hillslope erosion remain
poorly understood at a quantitative level (Tucker et al., 2011). Climate control on hillslope
erosion has often been partially and indirectly studied—at different temporal scales—through
sediment delivery at larger spatial scales, including catchments (e.g., Hovius, 1998; Bogaart
et al., 2003b; Trauth and Bookhagen, 2003; Restrepo et al., 2006), sedimentary basins (e.g.,
Leeder et al., 1998; Van der Zwan, 2002; Castelltort and Van Den Driessche, 2003), mountain
belts (e.g. Willett, 2010) and even the continental or global scale (e.g., Donnelly, 1982; Zhang
et al., 2001; Molnar, 2004; Willenbring and von Blanckenburg, 2010). However, little attention
has been paid to the quantitative effects of climate variations on long-term hillslope dynamics.
Yet, the mechanisms of hillslope erosion have been intensively studied so far, based either on field
measurements or theoretical modelling approaches, even though most researchers have focused
their work on specific environments characterized by the predominance of well-known processes,
e.g., cold regions and periglacial processes (e.g., Matsuoka, 2001; Anderson, 2002), temperate
regions and biogenic activity (e.g., Dietrich et al., 1995; Heimsath et al., 1997) or semiarid to
arid regions (e.g. Yair, 1990; Abrahams et al., 1994; Poesen et al., 1998)

A major difficulty in quantifying the climatic influence on long-term erosion rates is that these

rates are not directly measurable. Recently, methods have been developed to infer long-term
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Introduction

erosion rates using concentrations of cosmogenic radionuclides (see reviews in, e.g., Lal, 1991,
Nishiizumi et al., 1993; Cerling and Craig, 1994). In active mountain belts, long-term denudation
rates can also be inferred from low-temperature thermochronology data (e.g., Braun, 2002; Braun
et al., 2006; Valla et al., 2010a). Both methods have been widely applied and provide, with
topography, useful information to constrain surface processes models (SPMs). By performing a
spatial and temporal integration of the data, these models permit, in turn, to test in a quantitative
manner the plausibility of hypotheses suggested by the data. A great number of numerical SPMs
have been developed during the last two decades (see reviews in, e.g., Willgoose, 2005; Codilean
et al., 2006; Tucker and Hancock, 2010), in which both hillslope and channel processes are
involved. However, these SPMs are designed for relatively large spatial scales, from catchments
to orogens, and thus mainly put emphasis on channel processes, the link between these processes
and climate being currently well-represented (e.g., Tucker and Slingerland, 1997; Tucker et al.,
2001b; Bogaart et al., 2003a; Lague et al., 2005). By contrast, the representation of hillslope
erosion in SPMs is still relatively simple; it generally consists of a diffusion equation, which is
based on the old principle that sediment transport is a linear function of local slope (Davis, 1892;
Gilbert, 1909). Many alternative, more advanced parameterizations of soil transport on hillslopes
have been recently proposed (e.g., Roering et al., 1999; Prosser and Rustomji, 2000; Braun et al.,
2001), but only a few of these parameterizations involve explicit link between transport processes
and climate (e.g., Kirkby, 1994; Kirkby and Cox, 1995; Tucker and Bras, 2000; Anderson, 2002).

Research goals

Within the framework of surface processes modelling, the aim of this study is to enhance our
representation of hillslope erosion, through the development of a new surface processes numer-
ical model, which operates at the hillslope scale and in which both soil production and transport
processes are involved. Moreover, emphasis is put on the climate control on hillslope sediment
transport by the use of a specific, multi-process parameterization of soil transport, which includes
variables—e.g., overland flow discharge and active-layer depth—that can be derived from climatic
properties such as temperature and precipitation. Our motivation in developing such a new nu-
merical model is to provide a modelling framework which allows climate-independent calibration
of soil transport processes. Indeed, the parameters of simple hillslope erosion models—Ilike the
diffusion equation—are often assumed constant, although they must certainly vary with climatic
variables and other material or environmental properties (Carson and Kirkby, 1972). Applica-
tion of these simple models is thus limited either to environments where climate variations has
only affected landscape evolution to second or higher order (e.g., Heimsath et al., 2000), or to
studies that focus on average landscape evolution on time scales much longer than time scales
of geomorphologically effective climate variations (e.g., the glacial-interglacial cycles) (Tucker,
2009a). The new numerical model proposed in this work should, at least partially, address this

particular issue.

In addition to model development and testing, we therefore propose using the numerical
model to study hillslope evolution in the Ardenne Massif (Belgium, NW Europe), which under-

went drastic environmental changes during the last glacial-interglacial cycle of the Quaternary
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Introduction

(Vandenberghe et al., 2004). As, in the model, climate is—with hillslope topography—one of
the main driving variables controlling hillslope erosion, we expect that cold and temperate envir-
onments that alternated or succeeded one another during the past 120 kyr in the Ardenne may
help to constrain the parameterization of soil transport defined in the model. In turn, forward
modelling may bring new insights on how hillslopes have responded—in terms of soil thickness
distribution, hillslope morphology, denudation rates and sediment supply to channels—to the
succession of cold and temperate climatic phases, and on the time needed by hillslope processes
to fully respond—i.e., evolve towards a new equilibrium—to the transitions between these cli-

matic phases.

Although fluvial processes are not included in the model, predictions of sediment supply
can provide good basis to achieve better hillslope-channel coupling. Indeed, this last decade
as seen the emergence of sediment-flux dependent river incision models (Whipple and Tucker,
2002; Sklar and Dietrich, 2006). However, in these models, sediment supply is often treated
as simple external forcing (e.g., Hancock and Anderson, 2002), and a detailed hillslope-channel
coupling is missing. Our model of hillslope erosion, if coupled with one of these sediment-flux
dependent river incision models, would provide a framework to investigate the response of the

whole landscape to climate variations.

Outline of the thesis content

This thesis is subdivided into three chapters. In chapter 1, we present our new numerical
model of hillslope erosion. After a brief review of the landscape evolution modelling context
in which the model has emerged, each development step of the model are described in detail.
Through some examples, we then show the basic control of climate on modelled soil transport
processes, before discussing the potential applications and the limitations of the model. In
chapter 2, we explore, under different climatic scenarios, the complex and variable behaviours of
the model in relation to the parameters of soil transport (with emphasis on the response time of
the hillslope system). In chapter 3, we propose to use current soil thickness and elevation data
to constrain both soil production and transport rates in the Ardenne Massif for the last glacial-
interglacial cycle. To achieve this goal, our model is coupled with an inversion algorithm, and
a simple climatic scenario is defined for the past 120 kyr in the Ardenne. A detailed discussion
on the evolution of the hillslope system within both cold and temperate phases of the climatic
cycle follows the presentation of the inversion results. Finally, we give an overview of what has
been gained within this thesis, and discuss some additional topics, which may form the basis for

future work.






Chapter 1

The CLImate Control on Hillslope Erosion
(CLICHE) model: Description and basic
applications



Chapter 1. CLICHE: Model description and basic applications

1.1 Introduction

In this chapter, we present the CLImate Control on Hillslope Erosion (CLICHE) model, a
new geomorphic model, which aims to overcome some of the limitations of previous geomorphic
models, notably about their relatively simplistic representation of hillslope erosion processes
and the quasi-absence of explicit link between the efficiency of these processes and climate.
The CLICHE model deals with most of the latest advances made in numerical modelling of
surface processes (e.g., parameterization of regolith generation, multi-process parameterization of
sediment transport mechanisms, irregular spatial discretization, stochastic treatment of rainfall
and runoff, single or multiple flow directions for overland flow), summarized by Tucker and
Hancock (2010). Another feature that makes CLICHE a new original model is the dependence
of sediment transport on ground temperatures (more precisely, its frozen/unfrozen state). By
developing a new numerical model of hillslope evolution, our purpose is to remove the ‘climatic
component’ from the calibration of the geomorphic transport laws that are included in the model
such that the control of climate on hillslope erosion is fully achieved by climatic inputs (e.g., times
series of temperature and precipitation). Thus, CLICHE provides an extensible computational
framework for developing insights on hillslope response to climate variations, by testing climate

scenarios of arbitrary level of complexity (from constant climate to real climatic scenarios).

This chapter is organized as follows: we begin by briefly reviewing previous work in landscape
evolution modelling; we then give a detailed description of each step of the CLICHE model
development (model parameterization, numerical scheme, hydrological and heat transfer models)
before showing some examples of the basic behaviour of the model; we finally discuss on the

possible applications of CLICHE and its limitations.

1.2 Background

The development of the CLICHE model is made in the context of the growing number of
landscape evolution models (or surface processes models - SPMs) that have been proposed during
the last decades. Many geomorphological applications have demonstrated the usefulness of these
models, whose predictions help researchers test simple to complex hypotheses on the nature of
landscape evolution. SPMs also provide connection between small-scale, measurable processes
and their long-term geomorphic implications (Tucker et al., 2001b). Below, we give a brief

overview of SPMs, their history and their conceptual basis.

1.2.1 Surface processes models

The roots of landscape evolution theory can be found in the pioneering work of Gilbert (1877),
who proposed a set of hypotheses to relate various landforms to the mechanisms of weathering,
erosion and sediment transport. The first quantitative models appeared later in the 1960s (e.g.,
Culling, 1960; Scheidegger, 1961; Ahnert, 1970; Kirkby, 1971). These models formalize the
concepts of Gilbert (1877) to the development of hillslope profiles. A few years later, these

models were extended to two dimensions, although still focused on hillslope morphology (e.g.
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Chapter 1. CLICHE: Model description and basic applications

Ahnert, 1976; Kirkby, 1986). During the last two decades, as computers continued to get faster,
a number of sophisticated numerical SPMs have been developed, mainly focusing on watershed
or mountain belt evolution (e.g., Willgoose et al., 1991; Howard, 1994; Tucker and Slingerland,
1997; Braun and Sambridge, 1997; Densmore et al., 1998; Tucker et al., 2001b; Crave and Davy,
2001; Coulthard et al., 2002). Both hillslope and fluvial processes are involved in these models,
which differ from each other by the parameterization of these processes and their numerical
resolution. For a complete overview of surface processes modelling and the recent SPMs, the
reader is referred to the numerous reviews on that topic (Beaumont et al., 1999; Coulthard,
2001; Martin and Church, 2004; Willgoose, 2005; Codilean et al., 2006; Bishop, 2007; Tucker and
Hancock, 2010).

Most of the recent SPMs are still based on the principle that landforms result from a unique
suite of surface processes (Roering et al., 2004). For example, channel gradients tend to decrease

with increasing drainage area in bedrock rivers because incision is proportional to stream power.

Hillslope erosion: the diffusion equation

Formulations for hillslope erosion are mainly derived considering hillslope form (e.g., convex,
convex-concave, planar). In many SPMs, sediment transport rate on hillslopes is assumed to be
equal to a linear function of topographic gradient (equation 1.2). Such an expression has its origin
in the pioneering studies of convex hillslopes by Davis (1892) and Gilbert (1909). Combined with
the application of mass conservation (equation 1.1), this leads to the diffusion equation 1.3 that

describes the rate of elevation change 0z/0t:

0z

E—_v'qs (1 1)
qs = —KVz (1.2)
0z 9

where z is elevation, V- is the spatial divergence operator, Vz is the topographic gradient (i.e.,

the local slope), qs is the soil flux in the positive direction of Vz, and K is the hillslope diffusivity.

1.2.2 Soil production functions

A few modelling studies considered the evolution of soil mantle in addition to the evolution
of topographic surface (e.g., Ahnert, 1976; Dietrich et al., 1995; Heimsath et al., 1999; Braun
et al., 2001). Soil production, or rock weathering, is the result of a variety of chemical and
mechanical processes. It is, however, difficult for geomorphologists to consider each of these
processes separately while studying the form of the landscape. Bedrock weathering rates are thus
usually estimated using empirical soil production functions, i.e., relationships between weathering
rates and soil depth. A substantial review of the history of soil production functions has been

made by Humphreys and Wilkinson (2007). Here again, the roots of soil production functions
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Chapter 1. CLICHE: Model description and basic applications

can be found in Gilbert (1877). This author suggested that a minimum soil cover is needed for
bedrock weathering, as soil acts as a reservoir of water essential to weathering processes such
as freeze-thaw or solutional processes. At depths beyond which soil production is maximised,
soil production is self limiting as thicker soil progressively buffers the underlying bedrock from
weathering. This behaviour can be represented by a ‘humped’ function (Cox, 1980) (Figure
1.1, curve ii). This relationship has been assumed for 100 years, but has not been quantitatively
tested until recently. Heimsath et al. (1997, 1999) have first applied field methods and cosmogenic
dating to hillslopes in northern California to determine soil production rates as a function of soil
depth. These observations suggest an exponential decrease in soil production with increasing
soil depth (Figure 1.1, curve i), as proposed earlier by (Dietrich et al., 1995). Both humped and
exponential soil production functions are supported at other study sites (e.g., Small et al., 1999;
Heimsath et al., 2000; Wilkinson et al., 2005), although unequivocal field evidence for either of
these functions is still absent (Wilkinson and Humphreys, 2005).

Soil Production Rate (P)

(070) hPsmax Soil Thickness (h)

Figure 1.1: Schematic representation of (i) the exponential soil production function proposed by Dietrich
et al. (1995) and Heimsath et al. (1997, 1999), and (ii) the humped soil production function initially pro-
posed by Gilbert (1877), where hpmax corresponds to the optimal depth of soil production. Redrawn from
(Humphreys and Wilkinson, 2007).

1.2.3 Modelling soil transport and hillslope erosion

Although the linear dependence of soil transport on local slope has been widely assumed
(e.g., Ahnert, 1967; Nash, 1980; Dietrich et al., 1995; Fernandes and Dietrich, 1997; Heimsath
et al., 1999; Martin, 2000), only a few observations support this relationship (McKean et al.,
1993; Small et al., 1999). Morevover, it is well admitted that sediment transport on hillslopes
result from a variety of processes (Figure 1.2), such as landsliding, rain-splash, depth-dependent
creep, or overland flow (Nemcok et al., 1972; Carson and Kirkby, 1972; Selby, 1993; Hovius et al.,
1997; Prosser and Rustomji, 2000). Other transport laws have therefore been proposed. These
laws, still based on the process/form principle, state that transport rates depend non-linearly on
local slope (e.g., Anderson, 1994; Howard, 1994; Roering et al., 1999), on depth of soil movement
(e.g., Selby, 1993; Heimsath et al., 2005; Roering, 2008) and/or on drainage area or overland
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flow discharge (e.g., Prosser and Rustomji, 2000). A review of many geomorphic transport laws
has been made by Dietrich et al. (2003). Recently, some authors have proposed new SPMs using
parameterization of soil transport which involves several processes, i.e., in which soil transport
on slopes results from the combination of multiple geomorphic transport laws (Schoorl et al.,
2000; Braun et al., 2001; Schoorl et al., 2002; Herman and Braun, 2006).

Flow

Rockslide

Heave

slow fast
Figure 1.2: Classification of mass movement processes, after Carson and Kirkby (1972).

In surface processes modelling, a key issue to address is the calibration of the parameters
of the transport laws. Most of these laws have only a limited physical basis, and their para-
meters are calibrated by comparing model predictions and observations (Furbish et al., 2009).
These parameters are often assumed constant, although they must certainly vary with material
properties, environmental or climatic variables such as rainfall and temperature, and biological
activity (Carson and Kirkby, 1972). Calibrated values of these parameters are therefore related
to specific environments. For example, Fernandes and Dietrich (1997) and Martin (2000) have
synthesized many field-estimates of the diffusion-like coefficient K in equation 1.2, each related
to a specific soil material and climate. The aim of our work is closely related to this calibration
issue. By developing the parameterization of soil transport, our purpose is to remove the climatic
dependence from the calibration of the parameters of soil transport laws. Calibrated values could
therefore be valid in a larger range of environments, and also in environments that underwent

drastic climatic changes.

Note that, beside the surface processes modelling framework discussed so far, a number of
alternative hillslope erosion models coexist. Recent studies have proposed a representation of
hillslope processes using a stochastic approach (e.g., Tucker and Bradley, 2010), a particle-based
approach (e.g., Heimsath et al., 2002; Furbish et al., 2009) or a non-local theory of soil transport
(Foufoula-Georgiou et al., 2010; Furbish and Haff, 2010). A number of soil erosion models also
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emerged in the field of environmental and soil research (Merritt et al., 2003), either empirically-
based (e.g., USLE or RUSLE, Renard et al., 1994), or conceptual or physically-based (e.g.,
WEPP, Laflen et al., 1991). These models have, however, been rarely used by geomorphologists
for several reasons (e.g., assumption of constant or static topography, too detailed description of
erosion mechanisms to be applied at large spatial and temporal scales); they provide frameworks

that are considered out of the scope of the work we propose here.

1.3 CLICHE model overview and main assumptions

The CLICHE model simulates the evolution of a topographic surface and its subjacent soil
mantle under a set of driving soil production and transport processes, at the scale of a single
hill. Although it imposes no limitation on spatial scales used to investigate geomorphic systems,
the model is not designed for river catchments because we have not included fluvial processes.
The model conceptual framework, illustrated in Figure 1.3, is similar to the framework used in
previous modelling studies (Carson and Kirkby, 1972; Dietrich et al., 1995; Heimsath et al., 1999;
Braun et al., 2001). Conservation of mass is applied for a uniform column of soil. The term
‘soil” used here refers to all the weathered material above intact bedrock, i.e., the regolith, which
corresponds to a larger definition than the uppermost, highly altered portions of the regolith
commonly used by pedologists (Phillips, 2010). Mobilization is possible for all the weathered
material; a non-mobile saprolite layer is not considered here. The boundary between soil mantle
and the underlying bedrock is thus assumed to be abrupt. This boundary is defined by the
mechanical disruptions of the bedrock rather than by a chemical-weathering front associated
with infiltrating water (Heimsath et al., 1999).

The rate of soil production is modelled by a unique, climate-independent soil production func-
tion. This weathering rate is, however, indirectly influenced by soil transport (Gilbert, 1877),
which is modelled using a parameterization that combines multiple processes. This paramet-
erization includes climate-dependent variables which are indirectly derived from time series of
temperature and precipitations. In addition to the modelled transport processes, a threshold for
downbhill soil movement is based on the frozen /unfrozen state of the soil (no transport is allowed
for frozen soil). The simple assumption underlying this threshold is that frozen soils usually have
higher strength to deformation than unfrozen soils, due to the cohesion of the ice matrix that
is added to the frictional resistance of the soil particles (Czurda and Hohmann, 1997), although
the strength of frozen soils is generally time-dependent (i.e., the ‘long-term’ strength is much
smaller than the ‘short-term’ strength, similarly to pure ice) and is largely influenced by the ice
and unfrozen water contents, the grain size distribution, the mineral content and the soil density

(Smith, 1996; Bell, 2000).

CLICHE is a two-dimensional numerical model that uses an irregular spatial discretization
scheme (Braun and Sambridge, 1997; Tucker et al., 2001a). All soil properties (e.g., composition
of the solid fraction, particle size, bulk density or thermal properties) are assumed temporally and
spatially uniform. This assumption is reasonable considering the scale of a single hill, and allows
the use of spatially-averaged models to calculate heat transfer from the ground surface to the soil

base and to simulate water transfer at the soil/air interface, as needed to calculate soil transport
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zZ
ground surface
1 "1. > Mobiliza
ey B G b TSR By N AT

T

Figure 1.3: Coordinate system, conservation of mass and rates which control the evolution of soil thickness
and surface elevation. Soil thickness h and depth below the ground surface h* are both measured vertically.
z is the elevation of the ground surface surface above any fixed reference level. Ps is rate of conversion of
rock into soil. ¢s is the downhill mass transport resulting from the action of multiple processes. U is the
apparent rate of uniform mass uplift (tectonic or isostatic uplift or river incision). Modified from Dietrich
et al. (1995).

rates. These models, as well as the parameterization of soil production and transport and its
numerical resolution, will be described in detail below, with emphasis on the set of hypotheses

we made at each step of the CLICHE model development.

1.3.1 Continuity of mass: soil thickness and elevation change

Considering no aeolian input nor significant loss by dissolution, the local rate of soil thickness
change, Oh /Ot (m-yr~!), is determined by the balance between soil production and soil transport
(Figure 1.3):

oh oh
psgzprPs—pSV'qs & a:nPs—V-qs (1.4)
where soil thickness h (m) is measured vertically, p, is rock density, ps is soil bulk density (s is
the ratio of rock density to soil density), Ps is the rate of bedrock weathering or soil production
(m-yr—1), gs is the total downhill soil flux, and V- is the spatial divergence operator.
Soil bulk (dry) density of most soils varies within the range of 1.1-1.6 g-cm~3, while the density

3

of soil particles (i.e., the bedrock weathered material) has a short range of 2.6-2.7 g-cm ™ in most

mineral soils (Hillel, 1980). A value of k ~ 2 is therefore acceptable.
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The local rate of surface elevation change, 92/t (m-yr~!), is related the rate of soil thickness

change:

0z 0Oh

— = — kP +U 1.5

5 = ot s + (1.5)
where U (m-yr—1) is a source term that can either represent the rate of incision of channel streams

at the hillslope boundaries or uniform uplift.

1.4 Parameterization of soil production and transport

To describe the rates of soil production and soil transport, we mainly follow the paramet-
erization used in Braun et al. (2001). It consists of an empirical soil production law and three
empirical or process-based transport laws, to which we add a specific transport law for modelling
slow mass wasting in cold environments. Note that landslides and other rapid processes are not

considered here.

1.4.1 Soil production function

Bedrock weathering is modelled using the exponential soil production function used by Heim-
sath et al. (1997, 1999) (Figure 1.1). The rate of weathering Ps (m-yr—1!) is given by:

P, = Py exp(—) (1.6)
0

where Py is expressed in (m-yr—!) and hg (m) is a characteristic soil depth (soil production
‘damping’ depth) at which Py = (1/e)P,.
This soil production law has been calibrated at different sites (in northern California and south-
ern Australia) using both soil thickness and cosmogenic radionucleides (CRN) measurements
(Heimsath et al., 1999, 2000). For these sites, the authors reported values of Py between 5-107°
and 8-:107° m-yr~! and a value of hg ~ 0.5 m.

1.4.2 Soil transport laws

The local rate of downhill soil transport involves four possible processes in our model (though
additional processes can easily be implemented): transport by overland flow, simple creep, depth-
dependent creep and periglacial solifluction. The total downhill soil flux, qs, results from the

combination of these processes:

Qs = dr +dd + ddd + dg (1.7)

where qs is the the depth-integrated, bulk volumetric soil flux per unit contour width (m?.yr—1).
Expressions for transport by overland flow, simple creep and depth-dependent creep are already

well described in the literature. However, only a few models for solifluction have been proposed
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to date (Kirkby, 1995; Anderson, 2002). We will therefore argue in more detail the expression

we have chosen for the latter process.

Transport by overland flow

The soil transport rate per unit width by flowing water, q, is modelled as a power function

of topographic gradient Vz and surface water discharge per unit width g, (m?-yr=1):

ar = — K (qu)"(V2)" (1.8)

Note that (Vz)" is short-hand for ||[Vz|[*"1Vz, as soil flux is oriented in the direction of the
topographic gradient (like for the other transport laws).

This expression corresponds to a simplified form of the usual expression of sediment transport by
water flow (Howard, 1980), in which the transport rate is assumed to be equal to the local carrying
capacity, which is itself a function of boundary shear stress or stream power per unit width
(Tucker and Hancock, 2010). We consider additionally no threshold for particle entrainment.
The exponents m and n have values between 1 and 2 (Willgoose et al., 1991; Howard et al.,
1994; Tucker and Bras, 1998; Prosser and Rustomji, 2000; Bogaart et al., 2003a). Whereas
many surface processes models assume steady, ‘geomorphologically effective’ water discharges,
in CLICHE, discharges are derived from daily precipitation time series (their calculation will be

detailed in section 1.9).

Simple creep

The parameterization of soil transport used here includes the widely-used transport law
which states that transport rate depends linearly on topographic gradient (see section 1.2.1). As
pointed out by (Fernandes and Dietrich, 1997), this law—here termed as ‘simple creep’—has in
fact been used to represent a variety of transport processes such as creep (e.g. Culling, 1963,;
Armstrong, 1987), biogenic activity (e.g., Dietrich et al., 1987; Heimsath et al., 1999, 2002) or
rain splash (e.g., De Ploey and Savat, 1968; Dunne et al., 2010). Downslope simple creep is
commonly regarded as operating in a shallow superficial layer (Braun et al., 2001). Similarly to

equation 1.2, we write:

qa = —KqVz (1.9)

Note that because of the multi-process parameterization of soil transport, the coefficient K is
not necessary equivalent to the coefficient of diffusion-based models (equation 1.2). Its value
is also clearly scale-dependent (Dietrich et al., 1995), like the ‘K’ scale parameters of the other

transport laws included in our model.
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Depth-dependent creep

Beside linear creep, a few field observations but numerous laboratory and modelling studies
have supported depth-dependent, viscous-like flow of soil (e.g. Ahnert, 1967; Selby, 1993; Braun
et al., 2001; Furbish and Fagherazzi, 2001; Heimsath et al., 2005; Roering, 2008). The general

expression for depth-dependent creep is given by:

qdad = —Kaq h? (Vz)! (1.10)

Different authors have provided different values for the soil thickness and topographic gradient
exponents. For example, Heimsath et al. (2005) used p = [ = 1, although, generally, the
velocity of soil displacement declines exponentially with depth (Roering, 2004). Due to a lack
of constraints, Braun et al. (2001) have adopted values from Manning’s equation for liquid flow
(p = 1.67 and [ = 0.5), which is consistent with constrained values obtained by Herman and
Braun (2006) (p ranges from 1.5 to 2.0 and [ ranges from 0.5 to 1.0).

Solifluction

Solifluction corresponds to one of the processes implied in depth-dependent creep, specific to
cold environments. According to the modern broad terminology, solifluction may be defined as
the slow mass wasting associated with freeze-thaw action (Ballantyne and Harris, 1994; French,
1996). In fact, solifluction is the result of the combined action of various processes that are
difficult to distinguish. These processes include frost-creep, i.e., the downslope movement of
soil particles originating from diurnal or seasonal frost heaving normal to the slope—due to ice-
lens growth—followed by nearly vertical thaw consolidation; and gelifluction, i.e., the saturated
soil movement associated with seasonal ground thawing (Washburn, 1979). While solifluction
processes have been studied intensively in the field (Matsuoka, 2001, 2006) and in the laboratory
(e.g., Harris et al., 2003, 2008), only a few parameterizations of solifluction rates have been
proposed to date. Anderson (2002) has modelled frost-creep as a linear diffusive process where
the diffusivity depends on the frequency of the frost events and the ‘characteristic’ depth of the
frost penetration. Kirkby (1995) has proposed a model of gelifluction where the saturated soil
layer is assumed to undergo uniform shear at a rate proportional to the surface gradient, although
Harris et al. (2003) later suggested that gelifluction may rather be viewed as an elasto-plastic
soil deformation than a viscous flow. Here, we adopt a simple parametrization of solifluction,
which presents similarities to the models of Kirkby (1995) and Anderson (2002). Only seasonal
freeze-thaw action is considered. To simplify the model formulation, we also assume that soil is
completely saturated at the time when solifluction operates. Except for very dry climates, this
assumption is reasonable since the addition of rain or meltwater during seasonal thawing also
raises the moisture content of a thawing slope (Smith, 1988). Moreover, the model of Kirkby
(1995) predicts only a weak control of soil deficit below saturation on gelifluction rates. We

formulate the solifluction flux as follows:

qg = — K (ha) (V2)9 (1.11)
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Where h, is the annual active layer depth (m), i.e., the depth of the seasonally thawed soil layer
underlain by a frozen soil layer (a more detailed definition is given in section 1.8).

Soil velocity profiles resulting from the action of solifluction can have variable forms depend-
ing on the predominance of frost creep or gelifluction (Matsuoka, 2001, Fig. 1 p. 109). Data
collected in both high-mountain and high-latitude cold environments have been synthesized by
Matsuoka (2001) and suggest that solifluction rate varies roughly linearly with the annual freeze-
thaw depth (except in non-permafrost sites characterized by deep seasonal frost penetration),
while the gelifluction model of Kirkby (1995) is defined by a square dependence of the gelifluction
rate on the active layer depth. The active layer exponent, e, is therefore assumed to have values
between 1 and 2. The dependence of qg on the local topographic gradient is less clear. Whereas
increasing solifluction rates with slope have been reported from several high-latitude sites (e.g.,
Washburn, 1967; Hirakawa, 1989; Akerman, 1996), the data summarized by Matsuoka (2001)
suggest a weak trend with qg decreasing with slope. The author has proposed the downslope ac-
cumulation of frost-susceptible fine debris and/or the downslope increase of moisture availability
as possible explanations for increasing solifluction rates with decreasing slope. In fact, the direct
influence of slope on solifluction rates may be masked by the spatial variation in other factors,
which themselves depend on slope (Harris, 1981). Despite the possible—but non-unique—inverse
relationship between solifluction rate and local slope, solifluction is in essence a gravity-induced
downslope movement of soil and we therefore adopt positive, though small (< 1), values for the

slope exponent g.

1.5 Spatial framework

Equations 1.4 and 1.5 respectively describe the evolution of soil thickness and surface elevation
on hillslopes. However, solving these partial differential equations (PDEs) is non-trivial and
numerical methods are needed to perform their integration in space and time (for a given set
of initial and boundary conditions). This step requires the discretization of the terrain surface,
z(x,y), and soil thickness, h(z,y), into a finite number of ‘hillslope elements’, i.e., a lattice of
connected points (x;,y;) and their associated cells (i.e., the part of the hillslope they represent)
at which the solution of the PDEs is calculated. Here, we describe how the hillslope terrain is
discretized in CLICHE and how the continuity of mass implied by equation 1.4 is applied within

each hillslope element.

1.5.1 Irregular mesh: Delaunay triangulation and Voronoi diagram

While most of the surface processes numerical models were based on a regular spatial discretiz-
ation, Braun and Sambridge (1997) first proposed to use irregular meshes, with their CASCADE
model. They were rapidly joined by Tucker et al. (2001a,b) with the CHILD model. Here, we
choose to use an irregular spatial discretization scheme similar to the CASCADE and CHILD
models to numerically solve the geomorphic equations. The advantages of using irregular grids
will be further detailed in section 1.11. The computational mesh, illustrated in Figure 1.4, is

created in three stages: (1) The 2D planimetric space is first discretized as a set of points in any
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arbitrary configuration, (2) these points are then connected using the Delaunay triangulation
(Voronoi, 1908; Delaunay, 1934) to form the nodes of a Triangulated Irregular Network (TIN),
and (3) the Voronoi diagram, which corresponds to the dual graph of the Delaunay’s TIN, is
constructed. Initial values of surface elevation and soil thickness are then assigned to each node.

These values will be updated every time step of a CLICHE simulation (see section 1.6).

The Delaunay triangulation and the Voronoi tessellation are well established in the field of
computational geometry (e.g., Fortune, 1992; Sambridge et al., 1995; Du, 1996). The Delaunay
triangulation of a set of irregularly spaced points may be defined as the unique triangulation for
which the circles passing through the three vertices of each triangle do not contain any other
node. Unlike other triangulation methods, this triangulation has the useful property of minimiz-
ing the maximum internal angles, thus providing the most ‘equable’ triangulation of the original
set of points. In the Delaunay’s TIN, each node is connected to a set of neighbours called the
‘natural neighbours’. Its dual Voronoi diagram may be defined as the set of contiguous polygons
(cells) formed by intersecting the perpendicular bisectors of the Delaunay triangles. The Voronoi
cell about a node is the region of the plane that is closest to the node; it may be regarded as
the ‘neighbourhood’ of the node. To build the mesh in CLICHE, we use the CASCADE imple-
mentation code of the Delaunay-Voronoi meshing algorithms. For a more detailed description of
methods and theory of Delaunay triangulation and its implementation, the reader is referred to
Sambridge et al. (1995) and Braun and Sambridge (1995, 1997).

\ Delaunay triangulation

| Voronoi diagram

Figure 1.4: A mesh sample illustrating the discretization of the hillslope landscape in CLICHE. A. Pla-
nimetric view showing the mesh nodes (points), the edges of the Delaunay triangles (dashed gray lines)
connecting the nodes, and the edges of the corresponding Voronoi cells (plain lines). The thick arrows illus-
trate the soil fluxes—more precisely, their normal component—across the Voronoi polygon edges shared by
the node i and its ‘natural neighbours’. As examples, €2; is the area of the Voronoi cell of the node i; \;; is
the planimetric distance between i and its 1st neighbour; and w;s is the width of the Voronoi edge between
the node ¢ and its 5th neighbour (the order of the neighbours doesn’t have any importance here). B. 3D
representation of a subset of the Voronoi diagram showing the average elevation (height of the ‘columns’)
and the average soil thickness (depth of the dark-gray volumes) associated to each Voronoi cell.
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1.5.2 Application of the finite-volume approach

As pointed out by Tucker et al. (2001b), the dual Delaunay-Voronoi framework lends itself
to a numerical solution of the continuity equation 1.4 using the Finite-Volume (FV) approach
(Eymard et al., 2000). Applying this approach in our two-dimensional problem consists of integ-
rating the equation 1.4 over small areas (‘finite-volume’ cells) surrounding the nodes of the mesh,
which here correspond to the Voronoi cells associated to each node. Hereafter, we illustrate the
application of the FV method to the node ¢ and its associated Voronoi cell of surface area €);
(Figure 1.4A). Using the divergence theorem®, the integral over €; of the divergence of the soil
flux, V - qs, can be expressed as the integral of the soil fluxes at the boundary of the Voronoi

cell:

nb;
//V -qs dQ); = %ﬁ Qs dw; = Zwij qs,ij (1.12)
Q; Wi J=1

where w; is the total length of the boundary of the Voronoi cell, 11 is the unit vector normal to
the boundary and pointing outward, nb; is the number of natural neighbours connected to the
node 7, w;; is the width of the edge shared by adjacent Voronoi cells associated to the node i and
its neighbour j, and ¢,;; is the total bulk volumetric soil flux across this edge per unit width
(Figure 1.4 A).

The flux g, ;; is calculated using equation 1.7. By substituting equations 1.8 to 1.11 into equation
1.7, we note that this flux depends on the local topographic gradient across—and normal to—the
shared Voronoi edge between the nodes ¢ and j. This gradient is approximated as the topographic

gradient between the nodes themselves:

zj—zi

1(V2)i]| = Si; = (1.13)
where z; and z; are the surface elevation associated to the nodes ¢ and j, respectively, and \;; is
the planimetric distance between these nodes.

Considering the downslope movement of soil, the substitution of equation 1.13 into equations
1.8 to 1.11 indicates that g, ;; is positive if the net soil flux is from 7 to j, and negative if the
net flux is from j to 7. Note also that F'V methods are conservative, i.e., that the flux entering
(or leaving) a given cell equals the flux leaving (or entering) the adjacent cell (gsi;j = —gs ji)-

Finally, integrating both sides of equation 1.4 over €); gives:

b:
dh; 1 Z” ;
dtz = K’-Ps,i — sz Pt wlj qs,ij (114)

Intuitively, equation 1.14 simply states that a non-zero net soil flux out of the Voronoi cell
surrounding the node i would result in a general decrease of soil thickness within this cell if the

net flux is not balanced by the rate of soil production (inversely, a non-zero net flux entering the

lalso called the Gauss’ or Gauss-Ostrogradski’s theorem
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cell will always result in accumulation of soil within the cell). Note that in F'V applications, the
cells—and not the nodes of the mesh—are the primitive elements of the spatial discretization.
Because the soil fluxes acting inside the cells are not considered, by using the divergence theorem
it is only possible to describe the average rate of soil removal or accumulation, dh/dt, within
each cell. This should be taken into account when setting the locations of the irregularly spaced
nodes. When mentioning values of soil thickness, h;, and surface elevation, z;, assigned to the

node i, we thus refer to the averages over the corresponding Voronoi cell (Figure 1.4 B).

1.6 Temporal framework

In CLICHE, the time evolution of soil thickness and surface elevation is treated explicitly,
i.e., the values at the beginning of the next time step are fully determined by the values at the
beginning of the ‘current’ time step. The time integration of equations 1.4 and 1.5 gives:

dh;
LAt 1.1
o (1.15)

dh;
dt

hi(t + At) = hi(t) +

Zi<t + At) = Zz(t) + < - KZPS’@‘ + U> At (1.16)

where At is the duration of the time steps, and where the values of P; ;, U and all time-dependent
variables used to calculate dh;/dt (i.e., the variables involved in the expressions of the soil fluxes,

equations 1.8 to 1.11) are those at the beginning of the current time step.

Using an explicit time integration scheme, the length of the time steps must be less than
a certain time to ensure numerical stability (i.e., to avoid any exponential magnification of
approximation errors or numerical artefacts as the simulation proceeds). As we focus on the
control of climate on hillslope erosion, the time discretization must also deal with the time
scales of the climate phenomena that are known to play a significant role on short to long-
term hillslope evolution, such as the frequency and the magnitude of precipitation events (e.g.,
Kirkby, 1994; Kirkby and Cox, 1995; Tucker and Bras, 2000), as well as the periodic variation of
air temperature and its propagation into near-surface soils (Anderson, 2002). These two aspects
of the intrinsic climate variability are partially handled by CLICHE: precipitation events are
approximated on a daily basis and only the seasonal variability of air and soil temperatures is
considered (Figure 1.5) (more details will be given in sections 1.8 and 1.9). The fixed length
of each time step therefore corresponds to a day. However, for simulations involving hillslope
erosion over hundreds of thousands of years, it becomes computationally intractable to simulate
individual days. This problem is overcome by virtually elongating the duration of the seasonal—
or annual—cycles and, consequently, the length of the ‘daily’ time steps (a similar solution has
been proposed by Tucker and Bras, 2000). The simulation time ¢ and the time step duration At

are given by:
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J— Tc
365

t =T (ne+te) ne € (0,1,2...) t66<0

At

T, >1 (1.17)

1 2 364
s (1.18)
365’ 365 " 365

where T is the annual cycle elongation factor (years), n. increments of one unit each time the
simulation enters into a new elongated annual cycle, and ¢, is the relative time within the annual
cycle (unitless).

Basically, the cycle elongation factor may correspond to the number of years during which the
same annual sequences of daily precipitations rates and temperatures are repeated, each day
of each of these years being then aggregated into one ‘elongated day’. The impact of T, on

simulated hillslope evolution will be further discussed.

1.7 Adjustment of the soil transport fluxes

A straightforward application of the equations 1.15 and 1.16 would lead to incorrect or
undesirable results for two reasons. The first obvious reason is that, during a time step, the
amount of soil leaving a cell cannot exceed the amount of mobilizable soil available within the
cell. This amount of soil is function of the average soil thickness within the cell, but can also be
limited by the depth—from the surface—of the non-frozen soil layer, as we assumed that frozen
soils cannot be mobilized. The second reason is that even with small, though reasonable, time
steps, numerical instability may be locally initiated by too-rapid removal or accumulation of soil
(which dramatically increases the slope between a node and one or several of its neighbours,
which in turn will cause an increase of the soil flux and at the next time step, etc...) To
ensure that this undesirable effect will never occur during a simulation, we assume that the
amount of soil leaving a cell cannot either produce a lowering of surface elevation greater than
the difference—multiplied by a factor o (< 1)—of elevation between the cell and its highest
downslope adjacent cell. Contrary to the former restriction, this arbitrary limitation has no
physical basis. Nevertheless, most of the soil transport processes modelled in CLICHE are very
slow, thus never producing a sudden, rapid evolution of soil thickness or terrain surface at the
scale of a time step. Because these diffusive processes tend to smooth out the roughness of
the terrain surface, they are not favourable to the initiation of numerical instability. In fact,
the addition of a maximum threshold of elevation lowering is only imposed by the action of
transport by overland flow that is simulated at the ‘daily’ time scale. The stochastic generation
of daily precipitation rates may produce extreme—but rare—events of large water discharge on
convergent areas of the hillslopes, which may result in very high soil fluxes and create conditions
that can potentially lead to numerical instability. The elevation lowering threshold is therefore
necessary to deliver acceptable numerical solutions even for the most extreme generated rainfall

rates.
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Figure 1.5: Schematic illustration of model operations during one seasonal cycle, in the cases of (A) a
negative Mean Annual Air Temperature (MAAT) with high seasonal precipitation variability and (B) a
positive MAAT with low seasonal precipitation variability (B). A1-Bl: Stochastically generated daily mean
precipitation rates and fixed daily time steps (see section 1.9.1). A2-B2: Seasonal evolution of the frozen/non-
frozen state of soil (see section 1.8), active layer depth for two values of ¢., and periods of action of modelled
transport processes. See text for the definitions of the illustrated variables.
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The restrictions described here above can be expressed as the following set of inequalities:

At
O szj als < h (1.19)
(2 .
J
< Nayi (1.20)
< a(zi — zm) (1.21)
where q;’% (> 0) is the flux of soil leaving the Voronoi cell of the node ¢ and entering to the

adjacent cell of its neighbour j, h,; is the depth of the non-frozen soil layer assigned to the node
i (see section 1.8), and z,, is the surface elevation associated to the highest downslope neighbour
of 1.

To meet these restrictions for any amount of available soil and/or soil fluxes of any magnitude, a

solution consists of adequately reducing the potential soil fluxes if needed. The inequalities 1.19,

out
Ry

1.20 and 1.21 are always satisfied if each flux ¢9%: is multiplied by a factor given by:

sfi =

in min(h;, heq, oz — 2m))
(1.22)

At Q;l Zj Wij qOUt

5,J

, 1) if 325924 >0

0 iy g2 =0

871]

where sf; is comprised between 0 and 1 (unitless).

A value of 1 means that the amount of soil is sufficient to satisfy the fluxes of soil leaving the cell
of the node i, whereas values close to 0 imply effective soil fluxes that are much lower than the
and < 0)

), the former fluxes also have to be adjusted

potential fluxes. Because the fluxes of soil coming from the adjacent cells (noted qi’éj,
out

are equivalent to the fluxes leaving those cells (q& i

adequately. Including the factors sf in equation 1.14 yields :

dh; 1 ;
dtl — /{PSJ - @ Z Sfj Wij quj + sf; Z Wij qg}g (123)
J J

1.8 Soil temperature profiles and ‘active layer’ depth

An important criterion for the mobilization of soils, specific to our model, is the state of
the soil—frozen or non-frozen—, which is also involved in the calculation of the solifluction
fluxes. The estimation of soil temperature is thus required at each time step. In most instances,
conduction is the principal mode of energy transport in soils (de Vries, 1975; Schaetzl and An-
derson, 2005), although energy may also be transferred by radiation in very shallow layers or
by convection in water or air-filled pores (Kane et al., 2001). Assuming that soil behaves as
an homogeneous, solid material, one can therefore apply Fourier’s law (Fourier, 1955) (equation
1.24) and the conservation of energy (equation 1.25) to describe the conductive heat flow and

the evolution of soil temperature along a vertical section of the soil layer:

oT

Ao (1.24)

qrT =
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oT  dqr or o°T

PCT 5 = e psCrgy = —A1 (0N )2

(1.25)

where T' is soil temperature, qr is the heat flux in the positive hx-direction (here measured
vertically), Ap is the thermal conductivity of soil, and C7p is the soil specific heat capacity.
Some important assumptions are made at this stage. Firstly, soil temperatures are estimated
using a one-dimensional heat transfer model. The same vertical profile of soil temperature is
predicted everywhere on the hillslope (lateral heat fluxes are assumed negligible compared to the
vertical fluxes). Secondly, thermal conductivity and specific heat of the soil are assumed constant
in space and time, whereas these parameters are known to vary with water content, composition
of the solid fraction (mineral type and particle size) and bulk density (e.g. de Vries, 1963; Abu-
Hamdeh and Reeder, 2000; Ochsner et al., 2001; Abu-Hamdeh, 2003; Schaetzl and Anderson,
2005). The control of these soil properties is, however, weaker on thermal diffusivity, i.e., the
ratio of thermal conductivity on specific heat (Ar/(ps Cr)) (Ochsner et al., 2001). Finally, the
model ignores heat flows carried by precipitation or meltwater and latent heat effects induced
by water phase change. Note for example that Overduin et al. (2006) have observed significant
changes in the apparent thermal conductivity and the apparent heat capacity of soil during a
seasonal freeze-thaw cycle. A detailed description of potential, non-conductive, heat transfer
processes in permafrost affected grounds or seasonally frozen soils can be found in Kane et al.
(2001).

Despite all the simplifications implied by its application to natural soils, the heat equation
1.25 has the advantage of providing an analytical solution for a set of specific boundary conditions.

Given (1) a seasonal sinusoidal temperature variation at the soil surface (h* = 0),

T(0,t.) = MAAT — T, cos (27 t,) (1.26)

and (2) that the surface temperature fluctuations completely die out at an infinite depth below

the surface (assuming no heat flux at this ‘boundary’),

T(c0,t.) = MAAT (1.27)

we can write the solution of equation 1.25 as follows (de Vries, 1963; Turcotte and Schubert,
2002) :

T(h*,t.) = MAAT — T, cos (27rtc - Z*) exp (—h*> (1.28)
T

where MAAT is the mean annual air temperature (°C) (used in place of ground surface temper-
ature), T, is half the annual air temperature variability, and hp is a characteristic soil depth (the

soil temperature seasonal damping depth) given by:

T A
hp = 4| —— 2T 1.29
r 71073 ps Cr (1.29)
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where 7 is the period of the seasonal cycle (1 year), Ar is here expressed in (J-yr—t-m~1.K—1),
Cr in (JJKg LK) and ps in (grem™3).

h is generally of the order of 0.5-1.0 m for soils (Kirkby, 1995). This parameter is kept constant
despite the influence of soil states on thermal conductivity and heat capacity. Due to the model
simplifications described above and the approximative boundary conditions, this solution (equa-
tion 1.28) provides only a crude estimation of soil temperatures, but reasonable when comparing
the model results to the observed seasonal variation of soil temperatures (e.g., Wu and Nofziger,
1999; Elias et al., 2004). Calculating soil temperatures using this approach offers a good trade-off

between accuracy, model complexity and computational time.

Predicted soil temperature profiles for several values of ¢. are drawn in figure 1.6. These
profiles clearly show the attenuation of the seasonal surface temperature fluctuations with in-
creasing depth, and also the time lag due to the propagation of the heat wave from the surface.
The coolest surface temperature occurs at the beginning of the seasonal cycle, which is here fixed
at January 1. The limit between frozen and non-frozen soils corresponds to the 0°C isotherm
of T'(h#,t.) (Figure 1.5 A2-B2). From the temperature profiles, we can derive the depth of the
‘active layer’ at any time in the cycle. The active layer usually refers to the layer of ground which
is subject to annual thawing and freezing in areas underlain by permafrost (French, 1996), but
here we restrict its definition to soils while broadening the notion of depth of active layer to the

depth above which the soil temperature is positive up to the surface:

hroot — T(hrootytc) =0 if T(h*,tc) > O, h* € [O, hroot[
ha(te) = 40 if T(0,t;) <0 (1.30)

+00 if T(h*,t:;) > 0; hx € [0;400[
where hoot 18 calculated numerically using a simple bisection algorithm applied to equation 1.28.
Examples of the variable h, for different values of t. are illustrated in Figures 1.5 A2-B2 and 1.6.

The active layer may be defined here as the layer within which the soil can freely move downslope.

Its depth is therefore locally limited by the soil thickness:

hai(t) = min(ha(te), hi(t)) (1.31)

The usual definition in the context of periglacial environments is, however, more appropriate to
calculate the solifluction fluxes. These fluxes are set to zero if hq(t.) = +oo (Figure 1.5 B2),

otherwise hg ;(t) is substituted into equation 1.11.
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. I T, MAIAT 0 IOC T
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Figure 1.6: Soil temperature as a function of depth below the surface, predicted by the 1D-analytical
model (equation 1.28) at regularly spaced times of the seasonal cycle (grey lines) and for specific values of
te (black lines). MAAT is the mean annual air temperature (negative in this case) and 7, is half the annual
air temperature variability. hr is the depth at which the seasonal amplitude of temperature equals 1/e
times the amplitude at the ground surface. Black and grey dots indicate the depth of the ‘active layer’; h,
(see definition in text and equation 1.20), for the correspondent temperature profiles (the active layer depth
equals zero for the other profiles drawn in this figure).

1.9 Modelling hillslope hydrology

A simple precipitation-runoff model, averaged over the entire modelled hill and coupled to
a stochastic precipitation generator, is used to simulate runoff on a daily basis. Bogaart et al.
(2003c) applied the same model as a catchment-scale hydrological model, but its application to a
single hill is conceptually straightforward because of the lumped character of the model (lateral
water flow and its scale-dependence are not included). At the scale of a small hill, the time-
response to daily hydrological events is assumed to be negligible (transfer functions or delayed
runoff are not considered here). A steady-state hydrological system is assumed at each time step.
CLICHE implements several algorithms to route the generated runoff across the terrain surface
in order to calculate steady water discharges across the edges of the Voronoi diagram, as needed

for calculating fluxes of soil transported by overland flow.

1.9.1 Stochastic generation of precipitation

Time series of daily precipitation rates are generated in two stages. Firstly, wet ‘W’ and
dry ‘D’ days are distinguished by applying a first order stationary Markov chain model (Salas,
1993). This is a simple model that defines the state (W or D) on a day as a stochastic function
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of the state on the previous day. The unconditional probability of a wet day Pr(W), related to
its dry-day equivalent Pr(D), is given by:
1 - Pr(D|D)

Pr(W)=1-"Pr(D) = 3= Pr(DID) — Pr(WIW) (1.32)

where Pr(W|W) is the conditional probability that a wet days is followed by another wet day
and Pr(D|D) is the dry-day equivalent (see Bogaart, 2003, pp. 121-122, for full definition of the
Markov process and its mathematical development).

Time series of W/D days are then obtained by comparing the calculated value of Pr(W) to a

sequence of pseudo-random generated numbers between 0 and 1.

Secondly, the amount of precipitation on each wet day, P (mm), is drawn stochastically from

an exponential distribution:

d(P) = ;) exp (-i) (1.33)
where P (mm) is the mean precipitation rate on wet days.

Exponential (or Gamma) distributions are commonly used to describe precipitation rates at the
scale of a day or a single storm (e.g., Hann, 1977; Eagleson, 1978; Richardson, 1981; Tucker and
Bras, 2000; Bogaart et al., 2003c), based on the principle that heavy precipitation events occur
less frequently than light ones (Gamma distributions imply that very light precipitation events

are also less frequent, but it introduces an extra parameter which is not considered here).

The values for the parameters Pr(D|D), Pr(W|W) and P can be given on annual or monthly
basis, which allows to study the impact on soil transport of diurnal, seasonal and inter-annual
variability of precipitation. These parameters can be determined from the analysis of real pre-
cipitation data or from daily GCM outputs, using a small threshold of daily mean precipitation

(e.g., < 0.01 mm) to differentiate between wet and dry days.

1.9.2 Runoff generation (using a lumped hydrological ‘bucket’ model)

To generate daily runoff on hillslopes, we apply a simplified version of PALEOFLOW (Bogaart
et al., 2003c), which is itself a modified, lumped version of the spatially distributed RHINEFLOW
model (Kwadijk and van Deursen, 1993, 1995). PALEOFLOW uses a one-layer water balance
approach similar to the widely-applied concept of Thornthwaite & Mather (Thornthwaite and
Mather, 1955). This method was originally based on monthly time steps, but can be theoretically
applied at daily time steps (Thornthwaite and Mather, 1957). Two main storages are defined:
storage as a snow cover, Sgnow, and storage in the soil or unsaturated zone as shallow groundwater,
Ssoil- Both Sgnow and Sgoi are updated at each time step. These variables and all other quantities
in the water balance model are expressed as water heights (mm) instead of rates. Multiplication

by the (fixed) daily time steps converts these heights into traditional rates.

Rainfall & snowfall. The amount of precipitation on each wet day falls either as snowfall

Pyow or rainfall P.,, depending on air temperature 7°(0,%.) given by equation 1.26 and a
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threshold temperature Ty, ow:

P if T(0,t.) > T; P ifT(0,t.) < T,
Prain _ ( C) SNOwW Psnow _ ( C) SNOwW (1’34)
0 otherwise 0 otherwise

Snow storage and melt. Snow melt occurs when T'(0,¢.) > Tynow. The amount of snow melt
Pyt is calculated using a temperature-index approach (Ferguson, 1999), and is limited by the

amount of available snow:

Prnelt - min(cs (T(07 tc) - Tsnow)v Ssnow) (135)

where c; is the degree-day coefficient (mm-°C~1).

The mass balance of the snow storage, ASgnow, i given by:

ASsnow = Lsnow — Pmelt (136>

Soil water storage. Water enters the soil storage Sy, as rainfall and/or snow melt Praint+melt

and leaves by evapotranspiration F, and/or (sub)surface runoff Rista1:

ASsoil = Prain+melt - Ea - Rtotal (137)

Evapotranspiration. Actual evapotranspiration E, is a function of potential evapotranspir-
ation E), and soil water storage. [, is estimated using the Priestley-Taylor method (Priestley
and Taylor, 1972). When the total amount of water entering the soil storage exceeds E,, ac-
tual evapotranspiration is assumed to be equal to E,. Otherwise, water available in soil (Ssi1)
also contributes to E, (equation 1.38). This contribution tends to decrease as soil moisture
withdrawal increase (Rohli and Vega, 2011). This is modelled trough the accumulated potential
water loss ¥, introduced by Thornthwaite and Mather (1955), which corresponds to the poten-
tial deficiency of soil moisture associated with moisture contents below the soil storage capacity

Ssmax (equation 1.39).

Ep if Prainerelt > Ep
Eq, = . (1.38)
Prain+melt + <Ssoil — Ssmax exp |:_ 5 :|> otherwise
smax
0 if Prainerelt > Ep
v = (1.39)

Ssmax
Ssmax 1IN [ ma ] — (Praint+melt — Ep) otherwise

soil

Equations 1.38 and 1.39 can be combined to show that actual evapotranspiration declines linearly

with decreasing soil water availability, as assumed by Thornthwaite and Mather (1955):
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Ep if Prain-i—melt > Ep

Pos; —F
Prainerelt + (Ssoil - Ssoil exp |:ra1n+meltp:|> otherwise

Ssmax

E, = (1.40)

Runoff. Runoff R4 only occurs if the total amount of water entering the soil storage exceeds

both E, and the amount of water needed to fill the soil storage to its full capacity:

Prainerelt + Ssoil - Ep - Ssmax if Prain+melt > Ep and Prain+melt + Ssoil > Ssmax

Rtotal -
otherwise
(1.41)
Surface runoff Ry face is only a fraction of the total runoff:
Rgurtace = 7 Riotal (142)

where r is the fractionation parameter.
The rest of runoff is assumed to contribute to subsurface water flow or groundwater storage, of
which the influence on surface water discharges at the hillslope scale is not considered. Rqurface

is finally converted into a spatially uniform runoff rate on the hillslopes:

365
R= 1703 Rsurface (143>

where R is expressed in (m-y~!) (since each time step of a CLICHE simulation virtually represents

a day, the generated daily runoff heights are not multiplied by the cycle elongation factor).

Apart from the well-known parameters of the Priestley-Taylor equation used to calculate £,
the only parameters of the hydrological model are ¢y, Tinow, Ssmax and r. In a first approximation,
Tinow 1s fixed to 0°C, though data-fitted snowfall probability curves—summarized for example in
Kienzle (2008)—indicate a large range of probable transition temperatures from -2 to +6°C. The
degree-day coeflicient ¢, implicitly represents all terms of the energy budget that account for the
mass balance of a snow pack. It is therefore variable over time (Melloh, 1999), although time-
dependent ¢, has not always been applied with much success (Lindstrom et al., 1997). Here, this
parameter is kept constant for simplicity. Values reported by many authors vary considerably
from 0.6 to 14 mm-°C~! (e.g., Kwadijk and van Deursen, 1993; Haxeltine and Prentice, 1996;
Singh et al., 2000). The parameters Ssmax and 7 depend on soil properties and vegetation, which
are both likely to change along with climate variations. In CLICHE, two different values can be
fixed for both of these parameters, respectively for cold (MAAT < 0°C) and temperate (MAAT
> 0°C) climates, though more detailed functional relationships are still to be defined. Each
CLICHE simulation starts with soil water storage at its full capacity (i.e., Ssoil = Ssmax) and no
snow cover. These simplified initial conditions are acceptable in semi-humid to humid climates,

but can be very approximative in arid climates where several seasonal cycles are required to obtain
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correctly calibrated hydrological simulations (Rohli and Vega, 2011). However, considering long-
term simulation of hillslope erosion with relatively small values of T, (i.e., a high number of
elongated seasonal cycles), initial values of Sgpow and Sy should not have a great impact on the

simulated long-term hillslope erosion.

Using the water balance model described here above, we assume that surface runoff is only
due to excess soil storage capacity. Other runoff production mechanisms such as infiltration-
excess (Hortonian) or saturation-excess are also known to have a significant impact on terrain
morphology (e.g., Kirkby, 1987; Ijjasz-Vasquez et al., 1992; Tucker and Bras, 1998; Tucker et al.,
2001Db), although the influence of these mechanisms has been commonly discussed at the catch-
ment scale. The vertical water balance approach proposed here has the advantage to have been
widely applied in land surface schemes of Regional Climate Models or Global Circulation Models
(GCMs) (Blyth, 2001), which will facilitate the use of GCM outputs as inputs of CLICHE.

1.9.3 Flow routing and overland flow discharge

The routing of water flow across the terrain surface is an important aspect of our modelling
of hillslope hydrology because it determines the spatial distribution of overland flow discharges
across the modelled hill. Algorithms for flow routing on regular meshes are well established. The
algorithm used in nearly all grid-based surface processes models is the D8 method where the
direction of steepest descent towards one of the eight neighbouring grid cells is used to represent
the flow field (O’Callaghan and Mark, 1984; Jenson and Domingue, 1988). Other algorithms such
as the D-oo (Tarboton, 1997) and the DEMON (Costa-Cabral and Burges, 1994) algorithms have
been proposed to provide a solution to the only eight possible flow-path directions allowed by
the D8 algorithm. Contrary to these algorithms which are all based on the principle that water
leaves a cell in a single direction (SD), several multiple flow direction (MD) algorithms allow
divergent flow by partitioning the outflow from a cell between all of its downslope neighbours
(MDS8) (Freeman, 1991; Quinn et al., 1991). The most sophisticated algorithms to date include
the MD-oo proposed by Seibert and McGlynn (2007). The application of SD algorithms gives
acceptable results in areas of convergent flows, but fails in convex terrain regions where MD
algorithms may be more appropriate to represent divergent water flow (Garbrecht and Martz,
1999; Pelletier, 2008).

Besides grid-based algorithms, a number of TIN-based flow routing algorithms have been
developed for hydrological modelling (e.g., Palacios-Velez and Cuevas-Renaud, 1986; Jones et al.,
1990; Nelson et al., 1994; Banninger, 2007). However, most of these schemes are ‘triangle-
based’ in the sense that they define flow pathways both across and between triangles, which is
incompatible with our spatial discretization of soil transport and water flow defined across the
edges of the Voronoi cells. We therefore use a ‘Voronoi-based’” approach similar to the one defined
in the CASCADE and CHILD models (Braun and Sambridge, 1997; Tucker et al., 2001a), which
consists of simply transposing the grid-based methods to the natural neighbourhood framework
provided by the Voronoi tesselation. As hillslopes may present both convergent and divergent
areas, CLICHE implements single flow and multiple flow methods (Figure 1.7). Each of these

flow routing algorithms can be defined by the fraction d;; of total flow leaving a cell that enters
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into one of its downslope adjacent cells. In the SD case, d;; is given by:

1 if Sz = Sz owes
dij = g = Pulowest (1.44)

0 otherwise

where S; jowest is the slope between the node 7 and its lowest downslope neighbour.
In the MD case, d;; is proportional to the slope between the nodes ¢ and j and the width of their

shared Voronoi edge:

(Sij)7 (wi)° .y
dij = Zj (SZ ‘)B (wij)(s ! SZJ <0 (1.45)

0 otherwise

Where § has a fixed value (we choose a value of 1 without any information found in the literature)
and (3 can either take a fixed value or ‘terrain-adaptive’ values that are function of the maximum
downslope gradient (Qin et al., 2007):

B = - min(|S; steepest|, 1) + 1.1 (1.46)

where a v value of 8.9 is suggested by the authors. For constant 3, Freeman (1991) suggested a
value of 1.1 whereas Holmgren (1994) proposed values of 4-6 to reduce flow dispersion, though
these authors used regular meshes.

Unfortunately, MD and SD flow routing cannot be applied at the same time, respectively in the
convex and concave regions of the modelled hill. Yet, the terrain-adaptive MD method proposed
by Qin et al. (2007) produce highly divergent flow on gentle slopes and concentrated SD flow on
very steep slopes. Computational cost is, however, higher using this method than using SD or

uniform MD methods.

Upslope contributing area A is calculated from the area of each Voronoi cell 2, using one of
the implemented flow routing algorithms. Water discharge at the Voronoi edge shared by the

nodes 7 and j is then given by:

Qw,ij = dij RAZ (147)
Qw i

i = ; 1.48

Qw,ij wij ( )

where qy,;; is the water discharge per unit width (m?.yr~1), substituted into equation 1.8.

Following the flow routing algorithm used, the calculated discharges characterize either channel-
ized (using the SD method) or sheet (using the MD method) overland flow. Note however that,
in the case of channelized flow, the width of the channels is not explicitly taken into account and

is assumed to be equal to the width of the Voronoi edges.

Furthermore, SD and MD algorithms cannot route water outside of ‘pits’ (closed depres-

sions). These pits may form in dynamic landscape models, either as the result of arbitrary
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initial conditions or in response to simulated surface deformation (e.g., Howard, 1994; Tucker
and Slingerland, 1996; Braun and Sambridge, 1997). Various methods have been developed to
address the problem of water flowing across the pits. These mainly consist of removing the
pits prior to route water flow (e.g. O’Callaghan and Mark, 1984; Jenson and Domingue, 1988),
or identifying flooded regions and resolving outlets from those regions without altering the to-
pography (Tucker et al., 2001a). In our case however, pits should never occur if the initial
topography is defined appropriately, because of the introduced factor sf for effective soil fluxes

(see section 1.7). Therefore, no pits-related specific procedure is implemented in CLICHE.

Figure 1.7: Illustration of the single flow (A) and multiple flow (B) routing algorithms implemented in
CLICHE. Grey-filled Voronoi faces are proportional to drainage area. Black lines with white arrows indicates
the direction of the water flow through the Voronoi edges (only the flow pathways between the represented
cells are drawn). Dark-grey filled tops of Voronoi ‘columns’ illustrate the spatially uniform surface runoff.

1.10 Implementing and testing the numerical model

More than a model that is defined by a set of assumptions about how hillslope erosion works,
CLICHE is a collection of software tools that provide a simulation environment for exploring
the consequences of different hypotheses, parameters, boundary conditions and climate scenarios
on hillslope soil dynamics and morphology evolution. The numerical model is implemented
using the C programming language, excepted for the Delaunay-Voronoi meshing routines of
the CASCADE model that are mainly written in FORTRAN. The code is then compiled as
a Python extension. The Python language is used to implement all pre- and post-processing
routines. The C/Python framework is computationally efficient while offering great flexibility
and many possibilities, thanks to the numerous scientific and plotting libraries provided for
Python. We have developed many tools dedicated to each aspect of a simulation environment
(e.g., mesh creation tools, organization of many model runs and sensitivity analysis through the
use of databases and parallel computing, characterization of terrain morphometry using irregular
meshes, data visualization, file management and interface with existing inversion algorithms—see
chapter 3). Most of the input/output data are stored in the sophisticated HDF5 (Hierarchical
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Data Format) format (HDFGroup, 2011).

Figure 1.8 summarizes the main components of CLICHE described in the sections above. The
generation of climatic time series and hydrological modelling are both performed separately of
the simulation of soil production and transport. It allows to perform multiple model runs using
the exactly the same climatic scenario, but in turn no feedback of soil dynamics on hillslope
hydrology, soil thermal properties or climate is possible. Both flow routing algorithms and the
calculation of the sf factor require processing of the mesh nodes ordered from the highest to the
lowest elevations. Nodes ordering is achieved at every time step, using the quicksort algorithm
(Press et al., 1992).

‘Weather’ generator

e Params.: MAAT, T,, Pr(D|D),
Pr(W|W), P
e Out.: daily P and T time series

Hydrological model Mesh creation
e Params.: E, params., Tinow, Cs, e Params.: irregularly spaced
Smax, T points, initial z and h, boundary
e Out.: daily Ej,, Ea, Ssnow, Ssoils conditions
R time series e Out.: TIN, Voronoi diagram

v
e N\
Soil production and
transport model

e Params.: qs and P, params (K,
Ka, Kqa, Kg, m, n, p, 1, e, g, Po,
ho), hr, T., flow routing params (3,
8, 7).

e Out.: regularly saved h and z,
time series of soil rates at the mesh
boundary

Outputs analysis

e Recalculation of soil fluxes and
water discharges, terrain mor-
phometry, plotting tools...

Figure 1.8: Summary of CLICHE components, main parameters and outputs (see text for definitions of
parameters and variables). The weather generator makes reference to the stochastic generation of daily
precipitation rates and the sinusoidal variation of the air (or ground surface) temperature.

The model implementation is made in a very flexible fashion, enhancing the researcher’s
ability to address a range of problems from very simple questions to complex study cases. For
example, it is possible to make inactive one or several of the modelled soil transport processes.

The model user can also easily define climatic scenarios at any level of complexity, by using real
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data or GCM outputs or by arbitrarily fixing the values of the ‘weather’ generator parameters
(Figure 1.8) (we provide tools for that purpose). Below we describe some basic examples of
the behaviour of the modelled soil transport processes in relation to simple climate inputs. The
numerical model is first tested against its analytical solution for a standard case (simple creep).
The sensitivity of the simulated solifluction rates to air and soil temperatures is then analysed.
Finally, we study the influence of the cycle elongation factor T, with simulations of soil transport

by overland flow.

1.10.1 A simple diffusion problem

The accuracy of the numerical approximation to the continuity equations 1.4 and 1.5 is
difficult to evaluate due to the complexity of both the soil flux parameterization and the modelled
surface topography. It is, however, possible to compare the numerical solution with an analytical
solution for a simple case study. Considering only the action of linear creep (equation 1.9 is used
and all other fluxes are set to zero), no uplift and an initial soil mantle thick enough to satisfy the
creep flux, the equation 1.5 reduces to the diffusion equation 1.3 where the diffusion coefficient
is equivalent to K. Analytical solutions of homogeneous diffusion—K is constant in space and
time—can be derived for a specific set of initial and boundary conditions. If the initial hillslope

topography is represented by the following Gaussian function,

Z — @ =2+ (y—y)?

tg) = —— 1.49

(o.0:10) = e e ( i (1.49)

and both elevation and its gradient are zero at |z| = |y| = oo, then the topography at the time
(to + At) may be given by:

Z —[@ -2+ -y)]
t At) = 1.50
Z(.%', ytot ) 4 Ky (to + At) P ( 4 Ky (t(] + At) ( )

where ty is the initial time (> 0), 2’ and 3’ are the coordinates of the hill top, Z is a scaling
constant, and At can have any value (the full demonstration for the one-dimensional case can
be found in, e.g., Kelly, 2006, pp.140-141).

Figure 1.9 shows the results of several simulations of soil transport by linear creep, using
an initial synthetic hill covered by a very thick soil mantle and shaped by applying equation
1.49 on a mesh of quasi-regularly spaced nodes (Figure 1.9 A). To show the control of the
frozen /non-frozen soil criterion on the numerical solution, we vary MAAT from one simulation
to another. The dimensions of the hill, the parameter K, and the total simulation duration
(100 kyr) were chosen to reduce the effects of the mesh boundaries on the simulated evolution of
the hill topography, though non-negligible soil fluxes occur through these boundaries (Figure 1.9
C). Despite the finite extent and resolution of the mesh, the numerical solution agrees well with
the analytical solution, but only for values of MAAT greater than the semi-annual amplitude
of air temperature (7,) (Figure 1.9 B). In the other cases, the numerical solution diverges from

the analytical solution as MAAT progressively decreases below T,. This particular behaviour
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is due to the periodic occurrence—at least near the ground surface—of frozen soils, for which
the downslope movement is not allowed by the model (as illustrated in Figure 1.9 C). For a
fixed value of Ty, the period of possible soil transport decreases with MAAT (Figure 1.10 A),
thus reducing the seasonal cycle averaged local soil fluxes and the apparent hillslope diffusivity,
even though a unique value of K was fixed for all the simulations. For negative MAATS, the
reduction of the soil fluxes and the apparent diffusivity along with MAAT is magnified due to
the declining active layer depth (Figure 1.10 C). The extreme case of a non-evolving topography
occurs when the soil is always frozen (i.e., MAAT < —T,).
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Figure 1.9: Simulation of only soil linear creep (K4 = 0.003 m®yr~—") on a synthetic hill for different values
of MAAT (T, = 10°C and hr = 0.7 m). A. Computational mesh, which extends 300 m in both z and y
directions (the mean distance between the nodes = 5 m), and initial ground surface elevation calculated by
equation 1.49 (to = 3 - 10° kyr and Z is fixed so that hill is 100 m high). B. A cross-sectional profile of the
initial hillslope topography (represented in A. by the thick black line) and elevation profiles obtained after
100 kyr of simulation, compared with the analytical solution (equation 1.50). C. ‘Daily’ rates of soil loss
through the mesh boundaries (plain grey lines) and seasonal cycle averaged rates (black dot lines), during
the first 40 kyr of the simulation (7. = 3000 years).
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1.10.2 Efficiency of solifluction

Despite the reduction of the length of time during the annual cycle when soil transport is
possible with decreasing MAAT, our model is able to predict average soil transport rates that
are much higher under cold climates than under warm or temperate climates, due to the action
of other processes than simple creep. It may be the case of transport by overland flow if the
amount of seasonal snowmelt is sufficient to generate high surface runoff rates, and possibly
high soil transport rates. It is also the case of solifluction, which can only occur if temperature
at the ground surface seasonally crosses the 0°C isotherm (i.e., [MAAT| < T,). Simulations
of solifluction with different MAATs show that the dependence of predicted solifluction rates on
MAAT is highly non-linear and characterized by a more or less rapid decline of the transport rates
when MAAT departs from 0°C (Figure 1.11). This particular behaviour is due to the combined
effects of the active layer depth and the period of active solifluction, derived from the modelled
soil temperatures, which both reach a maximum when MAAT equals 0°C (Figure 1.10 B-C).
Increasing the value of the active layer exponent e will therefore increase the non-linear degree
of the relationship between solifluction rates and MAAT. Note also that the period of active
solifluction varies differently for positive and negative MAATSs, which has a clear impact on the
calculated solifluction rates. These rates are higher for negative MAATs than the equivalent
positive MAATSs. The difference would be greater if we considered that the annual amplitude of
air temperature increases when MAAT decreases, as for example observed from reconstructed
temperatures since the Last Glacial Maximum in northwestern and central Europe (Huijzer and
Isarin, 1997; Huijzer and Vandenberghe, 1999; Vandenberghe et al., 2004).
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Figure 1.10: Variables derived from the modelled soil temperature profiles (see section 1.8), as functions
of MAAT and Ty, (hr = 0.7 m). A. Total time of the seasonal cycle during which soil transport is allowed
by the model. B. Total time of the seasonal cycle during which solifluction is active. C. Maximum depth of
the seasonal frost-thaw penetration (the active layer in the periglacial context: values of h, = 400 are not
taken into account). See Figure 1.5 for illustrations of the variables plotted in A and B.

The behaviour of the modelled solifluction rates with respect to MAAT is consistent with
global observations collected in present-day cold environments (Matsuoka, 2001). The observed
volumetric solifluction rates tend to decrease towards very cold climates and more rapidly to-
wards temperate climates, while the maximum transport rates are observed for MAATS comprised

between -6 and -3°C. This temperature range corresponds roughly to the conditions favourable
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to the occurrence of a warm—or discontinuous—permafrost (French and Slaymaker, 1993). It
also corresponds to a transition where solifluction rates are influenced by the permafrost, the
deep annual active layer and the diurnal freeze-thaw cycles. Below MAATs of -6 to -8°C, the
presence of cold permafrost promotes the development of ice lenses in the basal active layer,
which may generate ‘plug-like’ deep movement of soil on thawing and consequently high trans-
port rates (Mackay, 1981; Harris et al., 2008). However, in very cold climates, the development of
an annual active layer is missing and only shallow, diurnal freeze-thaw action can operate during
the summer (Matsuoka and Moriwaki, 1992). Above MAAT of -6°C, near-surface velocities of
soil movement rise with increasing MAAT and are mainly influenced by the diurnal freeze-thaw
cycles (Matsuoka, 2001). But inversely, the depth of movement declines with MAAT, which
combined with near-surface velocities results in a rapid decrease of volumetric solifluction rates
above MAATS of -3°C. Although neither both diurnal freeze-thaw cycles nor the presence of
cold or warm permafrost are explicitly considered in our model, observations suggest that the
influence of these factors on solifluction rates end up being implicitly well represented by our
parameterization of solifluction coupled to the modelled seasonal fluctuations of soil temperat-
ures, despite the apparent truncation of the optimal MAAT. This truncation may be removed
by the introduction of a correction factor between MAAT and the Mean Annual Ground surface
Temperature (MAGT) (but it has not yet been implemented in our model). The difference AT
between MAGT and MAAT is results from the insulating effects of the annual snow cover and
vegetation (Delisle, 2007). Field studies yielded values of AT from +2 to +4°C in cold envir-
onments (e.g., Brown and Péwé, 1973; Chen, 2003; Delisle, 2007), which are consistent with the
difference between the optimal MAAT for solifluction rates and MAAT of 0°C.
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Figure 1.11: Simulation of only solifluction (K, = 0.01 m®> ®yr~', ¢ = 1.7 and g = 0.5) on a synthetic
hill for different values of MAAT (7, = 10°C and hr = 0.7 m). ‘Daily’ rates of soil loss through the mesh
boundaries (plain grey lines) and seasonal cycle averaged rates (black dot lines), during the first 40 kyr of
the simulation. See Figure 1.9 for mesh configuration and other simulation parameters.
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1.10.3 Testing the influence of the cycle elongation factor

Even though the cycle elongation factor T, is a ‘necessary evil’ to keep some level of com-
putational efficiency while simulating long-term hillslope erosion, some important facts must be
considered when determining its value. Firstly, the inter-annual variability of climate—both tem-
peratures and precipitations—is not represented for time spans smaller than 7.. The duration
of an elongated seasonal cycle must therefore be (much) smaller than the extra-annual scales of
climate variations considered in model applications. Secondly, if soil transport by overland flow
is assumed to be a predominant mechanism, then 7, may theoretically have a significant impact
on the simulated soil dynamics and hillslope erosion. From a statistical point of view, a higher
value of T, for a given simulation duration implies a smaller number of seasonal cycles, and thus
fewer occurrences of time steps with extreme surface runoff rates. From a mechanistic point of
view, the interaction between transport by overland flow and the other modelled processes may
differ from small to high values of T,.. Indeed, a higher value of T, also implies longer periods
between runoff episodes, during which creep and/or solifluction processes can modify the terrain

morphology more or less efficiently.

Figure 1.12 illustrates the ‘statistical’ influence of T, on soil transport by overland flow for
a relatively high frequency of runoff events. As expected, the simulated fluxes decrease when
increasing the value of T, (the relationship is slightly non-linear). The difference in soil rates
between values of T, close to each other is, however, not very strong. The same trend is found
for mean denudation rates (Table 1.I). The inter-cycle variability of soil fluxes is also reduced
for high values of T,.. This is caused by the factor sf, which limits the effective soil fluxes. For
extreme runoff rates and high T, values, this factor may have low values due to the large time
step length At (equation 1.22), resulting in lower and less variable effective soil transport rates.
The ‘mechanistic’ influence of T, on the morphological evolution of a planar slope is shown in
Figure 1.13. At low values of T, the formation and conservation of well-defined small ‘channels’
is results from an equilibrium between transport by overland flow—considering a channelized
surface water flow (SD flow routing)—and creep. At high values of T, however, the action of
creep during longer periods separating two successive runoff episodes leads to efficient healing of
the scars, avoiding the formation of these channels.

Table 1.I: Simulation of overland flow on a intial planar slope (for the set of parameters given in Figure
1.12 caption): T vs. mean denudation rate (100 kyr average).

T,  Mean denudation rate (mm-kyr—!)

100 52.23
200 52.47
300 52.09
400 50.07
800 45.21
1000 43.71
2000 36.23
3000 31.34
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Figure 1.12: Simulation of only overland flow (K, = 107°, m = 1.7 and n = 1.3) on a initial planar
slope for different values of T,.. The dimensions of the pseudo-regular mesh = 300x300 m, the mean distance
between the mesh nodes = 5 m and the initial max. difference of elevation = 100 m (elevations of the initial
planar slope are locally slightly perturbed). Nodes at the bottom of the slope have a fixed, constant elevation.
Initial soil mantle is thick enough to satisfy any soil flux. Soil temperatures are always positive (MAAT >
T.). Pr(W|W), Pr(D|D), P and all other hydrological parameters remain constant through the simulation
and their values are fixed arbitrarily to produce ~ 60 episodes of surface runoff per elongated cycle, with a
mean daily runoff rate ~ 3 mm. Water flow is routed using the SD algorithm. The plotted curves correspond
to the cycle averaged rates of soil loss through the bottom slope boundary. SL is the average rate over the
100 kyr simulation.
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after 100 kyr
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Figure 1.13: Results from 100 kyr simulation of both overland flow and simple creep (K4 = 0.005) on a
intial planar slope for different values of Tt (See Figure 1.12 caption for all simulation parameters and mesh
settings).
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1.11 A brief discussion on CLICHE’s potential applications and
limitations

Models are simplified representations of our understanding of the physical reality. They all
involve a trade-off between simplicity and realism (Tucker et al., 2001b), and are mostly designed
for specific applications. CLICHE has been developed as a framework for modelling a variety of
climate controls on hillslope erosion over a large range of time scales. In this model, the response
of soil transport to climate change is represented in a more realistic manner than by simply and
arbitrarily varying the scale coefficients (‘K’) of the soil transport laws. Our ultimate goal—not
yet reached but already well started—is to remove the climate-dependency of these coefficients
by several means: (1) the multi-process parameterization of soil transport mechanisms including
climate-specific transport processes such as solifluction, (2) the addition of climate-dependent
variables to the parameterization of the transport laws, as for example the surface water discharge
for transport by overland flow and the active layer depth for solifluction, and (3) the introduction
of thresholds for soil transport (e.g., frozen/non-frozen soils). Using this model it is possible
to study the impact on hillsope erosion of climate variability at almost any time scale (from
diurnal, seasonal to millennial or Quaternary time scales). The upper limit to time scale is
dictated only by performance considerations and by the identified limitations of using large
values for T,.. Although it is intended to serve a wide range of purposes, the CLICHE model’s
roots lie in mid- to long-term hillslope erosion in regions which underwent climate variations that
deeply affected the environment such as the Quaternary glacial-interglacial cycles. Indeed, the
dominant processes under both cold and warm climates are included in the model. Moreover,
we have demonstrated that the frozen/unfrozen state of soil has a strong control on simulated
soil transport rates, which may in turn affect the soil production rates. Finally, water balance

at the soil/air interface accounts for snow accumulation and melt.

Another asset of the model is its irregular spatial discretization scheme. Although they
mainly focused on large spatial scales (medium-size catchments to entire mountain belts), the
authors of the CASCADE and CHILD models have demonstrated the considerable advantages
of using TINs for modelling landscapes. For example, TIN-based meshing makes it possible to
vary spatial resolution as a function of dominant surface process or landscape position (Tucker
et al., 2001b). A variable-resolution mesh, if handled properly, may greatly improve the com-
putational efficiency without altering the accuracy of the representation of modelled landscapes
which potentially involve complex geometries. Irregular meshes also remove the directional bias
introduced by rectangular meshes which forces streams to develop along four (or eight) preferred
directions only (Braun and Sambridge, 1997). At the hillslope scale, examples of applications
which may take advantage of an irregular spatial discretization include studying the develop-
ment and evolution of channelized overland flow related landforms (e.g., Tucker et al., 2001b) or
terraces and contour strips (e.g., Quine et al., 1999). The CASCADE and CHILD models also
allow horizontal movements of the mesh nodes and implement dynamic, self-adaptive meshing,
i.e., adding (or removing) nodes to (from) the mesh and then updating the Delaunay triangula-
tion and the Voronoi tessellation. Although this feature is not yet fully implemented in CLICHE,

horizontal movements of the mesh nodes may be useful for example for studying the influence
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of river meandering, i.e., horizontally migrating base level, on hillslope retreating (by testing
several hypotheses on boundary conditions). As pointed out by Perron and Hamon (2011, in
review), only a few studies have emphasized the importance of considering both vertical and
lateral components of erosion at the hillslope scale (e.g., Mudd and Furbish, 2005; Stark, 2010).

CLICHE includes many facets of our current understanding about how hillslope erosion
works, but hypotheses and simplifications made at each step of the model development obviously
imply some limitations. Probably most lacking is the representation of some remaining key
aspects of climate control on hillslope erosion, notably via its influence on soil-particle size and
vegetation (e.g., Dosseto et al., 2010), which is not explicitly considered here. Concerning the
climate-dependent soil transport laws included in our model, vegetation is known to reduce
solifluction rates by acting as a thermal insulator and by contributing to near-surface resistance
to movement (Matsuoka, 2001), while the influence of vegetation on transport by overland flow
is often considered through erosion thresholds (e.g., Tucker and Bras, 1998). The addition of
such an erosion threshold in the overland flow law should be quite straightforward. However,
characterizing the link between the erosion threshold and climate is more challenging. A possible
solution may be the coupling of CLICHE with a vegetation model which could use the same
climatic inputs than CLICHE, e.g., one recent version of the CARAIB model (Frangois et al.,
1998). In addition to soil transport, the representation of climate control is also incomplete
concerning the parameterization of soil production, which is climate-independent. Yet, climate
influences more or less chemical (e.g. White and Blum, 1995; Riebe et al., 2004) and mechanical
rock weathering (e.g. Anderson, 1998; Hales and Roering, 2007). Models provided by Hales and
Roering (2007) for bedrock frost-cracking and by Dixon et al. (2009a) for chemical weathering are
good basis for future model improvements. The model proposed by Dixon et al. (2009a) requires,
however, the modification of the conceptual framework shown in Figure 1.3 by the addition of a

saprolite layer between soil and bedrock.

Furthermore, CLICHE shouldn’t be applied to some specific environments, although only
little improvements are needed to enhance its suitability in these environments. The model, in
its current version, is not designed for example for steep slope environments. Indeed, for sim-
plicity, soil thickness and depth below the ground surface are both measured vertically. This
approximation is reasonable for gentle to moderate slopes but becomes very approximative for
steep slopes. To improve model accuracy, we may add a slope correction factor in equation 1.5
(Braun et al., 2001), but it requires the calculation of the mean topographic gradient within each
Voronoi cell, which is not trivial and demands additional computational effort. Moreover, the
flux-based approach we use for soil transport is not compatible with rapid mass wasting processes
such as landslides. Solutions have been recently proposed to capture landsliding by the use of
non-linear transport laws (e.g., Kirkby, 1987; Anderson and Humphrey, 1989; Anderson, 1994;
Howard, 1994; Roering et al., 1999). These expressions can easily be added to the parameter-
ization of soil transport in CLICHE, but they are only slope-dependent and don’t include any
climate-dependent variable. By contrast, Montgomery and Dietrich (1994) have proposed a slope
stability criterion of pore pressure—induced shallow landsliding, which is more climate-compliant
but which requires a specific algorithm for routing the landslide debris (Tucker and Bras, 1998).

Besides steep-slope areas, note that the runoff generation mechanism implemented in CLICHE
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is not very suited for application in arid climates where Hortonian runoff dominates (Sharma,
1982). But apart from these specific restrictions, CLICHE provides a framework for investigating

the evolution of hilly landscapes under a wide range of cold to temperate climates.

1.12 Concluding remarks

We have described, in this chapter, the development of a new numerical model of hillslope
erosion through the action of soil production and transport processes. Trough a few examples,
we have shown the basic behaviour of the model in relation to simple climatic inputs. These
examples demonstrate, however, only some of the possibilities offered by the model. Under
possible complex climatic scenarios, the concomitant action of all modelled transport mechanisms
and their interaction with soil production—through soil thickness—should enable the prediction

of topographic and soil thickness evolution with a high level of complexity and realism.

In our discussion, we have emphasized the usefulness of this model in bringing new insights
into long-term hillslope evolution in response to Quaternary climate variations. Yet, potential
applications of CLICHE are not necessarily limited to problems in fundamental geomorphology.
At shorter, human time-scales, it is possible to realistically quantify the rate of soil erosion,
transport and accumulation in response to scenarios of future climate change (using outputs of
GCM experiments as CLICHE inputs). Although CLICHE predictions are currently limited to
small hills—‘upscaling’ our advanced parameterization of erosion processes remains an unresolved
issue—it could for example provide an accurate estimate of soil carbon storage/release in relation

to climate change, considering its link with weathering and erosion (e.g., Stallard, 1998).
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1.13 Symbols

Pr(W|W)
Pr(D|D)
ds

qr
qd

Drainage area (upslope contributing area)
Snowmelt coefficient (degree-day factor)

Soil specific heat capacity

Flow fractioning factor

Potential evapotranspiration

Actual evapotranspiration

Solifluction: ‘active layer’ depth exponent
Solifluction: soil water saturation exponent
Solifluction: slope exponent

Vertical soil thickness

Vertical depth from the ground surface

Soil production ‘damping depth’

‘Active layer’ depth

Soil temperature (seasonal) damping depth
Hillslope diffusivity

Transport by overland flow coefficient

Simple creep coefficient

Depth dependent creep coefficient

Solifluction coefficient

Mean Annual Air Temperature

Transport by overland flow: discharge exponent
Transport by overland flow: slope exponent
Number of Voronoi cell neighbours

Depth dependent creep: soil thickness exponent
Depth dependent creep: slope exponent

Mean daily precipitation rate (only for wet days)
Daily precipitation (rate)

Rainfall

Snowfall

Maximum soil production rate

Soil production rate

Unconditional probability of a wet day
Unconditional probability of a dry day
Conditional probability that a wet day is followed
by another wet day

Conditional probability that a dry day is followed
by another dry day

Total soil flux per unit width

Transport by overland flow soil flux

Simple creep soil flux

(unitless)
(m?yr~)

(m?-yr~)

(m?yr~1)
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Depth dependent creep soil flux
Solifluction soil flux

Surface water flow discharge per unit width
Surface water flow discharge

Runoff fractioning coefficient

Surface runoff

Total runoff (surface + ground water recharge)
Surface runoff rate

Soil flux scaling factor

Slope

Snow storage

Soil (unsaturated layer) water storage

Soil water holding capacity

Time

Relative time in the annual cycle

Seasonal cycle elongation factor

Soil temperature

Annual semi-amplitude of air temperature
Threshold temperature of snowfall

Uplift rate

Width of interface between adjacent Voronoi cells
Elevation

Flow partition slope exponent

Flow partition width exponent

Ratio of rock density to soil density
Distance between mesh nodes

Soil thermal conductivity

Accumulated potential water loss

Rock density

Soil bulk density

Area of Voronoi cells
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Chapter 2

A CLICHE generic application: Climate,
steady-state and hillslope response time
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2.1 Introduction

Results from numerical simulations presented in chapter 1 have shown some features of the
basic behaviour of soil transport modelled with CLICHE, the transport laws being considered
separately. In this chapter, we propose to describe a few aspects of the general behaviour of the
model, considering (1) the combination of all transport laws, (2) the combination of soil transport
and soil production, and (3) more realistic climatic inputs. The spatio-temporal evolution of the
modelled hillslope system can be characterized in many ways. However, considering each aspect
of the system would be a long and hard task. We therefore mainly focus on the temporal
evolution of some key characteristics (e.g., the evolution of averaged soil thickness and sediment
supply to rivers), and more specifically on their transient behaviour and the establishment of a
steady-sate (i.e., the apparent time-independence of these characteristics at the time when soil
production is balanced by soil transport), as steady-state soil thickness is frequently assumed in
models of soil, regolith, hillslope, and landscape dynamics, and in techniques used to estimate
erosion and weathering rates (Phillips, 2010). In the context of Quaternary climate variations, we
characterize the evolution of the modelled hillslope system for two specific, contrasted climates: a
temperate climate (the present-day climate in NW Europe) and a cold climate (the reconstructed

Pleniglacial climate in the same region).

Transient behaviour and evolution of the hillslope system towards a steady-sate follow a
specific perturbation, i.e., imposed initial conditions or a change in boundary or limit—climatic
or tectonic—conditions. As defined in Bull (2001), the time between the perturbation and the
beginning of the adjustment of the hillslope system (regarding both soil thickness distribution
across the hill and ground surface morphology) is called the reaction time. The time that is then
needed to achieve a new equilibrium state between the new conditions and hillslope processes is
called the relaxation time. The sum of the reaction time and the relaxation time is the response
time. Here we propose to characterize the response time of the system for both the cold and
the temperate defined climates, considering an initial bedrock surface on which soil thickness is
initially assumed to be nil, and varying the relative efficiency of soil transport processes. We
also briefly investigate the response times related to transitions between the cold and temperate

climates.

Model experiments we make here presents many similarities—regarding the initial conditions
and the model parameters—compared to the ones achieved in Braun et al. (2001). These authors
have described in detail the behaviour of their model, which is based on a parameterization of
soil production and transport mechanisms that is very close to the one used in CLICHE (see
chapter 1). However, they focused their analysis on the comparison of their model predictions
with a dataset collected by Heimsath et al. (2000) on a specific study site, the location of this
site—in the Bega Valley, Australia—being specifically chosen to minimize the influence of past
climate variations on soil production and transport. Braun et al. (2001) already provided a
detailed description of the spatial distributions of soil thickness and transport rates predicted
using a multi-process parameterization of soil transport. We propose here to characterize the
difference in model behaviour when considering another, colder climate than the modern, warm

temperate climate of the Bega Valley site.
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2.2 Model setup

Here below, we describe the values of the model parameters, the climatic inputs (cold and
temperate constant climates) and the geometry of the synthetic hill that we use in this chapter
for simulating hillslope evolution with CLICHE. The initial geometry of the synthetic hill is a
large-amplitude, symmetrical cosine bell on which a smaller amplitude trough has been added
to create regions of varying curvature in both the x and y directions (Figure 2.1). The hill
is 200 m high and extends 300 m in the x direction and 600 m in the y direction (the mean
planimetric distance between the mesh nodes is ~ 5 m). The initial geometry corresponds to
bedrock elevation (soil thickness is nil), that is set to be the perturbation from which we analyse
the response time of the system. Elevations of the mesh nodes at the lower boundaries of the
hill remain constant during the simulations. These boundary conditions are chosen to simulate

the presence of a stream removing soil. No uplift nor river incision is considered (i.e., U = 0).

iy

Figure 2.1: Shape and geometry of the synthetic hill used to simulate hillslope erosion (W: width, L: length,
H: height, dy,: mean planimetric distance between mesh nodes).

Furthermore, two different climates are considered (Table 2.I). On the one hand, a ‘warm’,
or temperate climate is characterized by positive air and soil temperatures (no seasonal frost
penetration occurs, Figure 2.2 D) and a moderate mean annual rainfall rate (~ 800 mm-yr—!)
with low seasonal variability. On the other hand, a ‘cold’ climate is defined by a high degree of
continentality, with a more pronounced seasonal variability of temperatures and precipitations
but low precipitation rates (the mean annual precipitation rate is about half the annual rate of the
‘warm’ climate). Under this cold climate, a thawing soil layer (i.e., an active layer) forms during
the spring of each seasonal cycle (Figure 2.2 C). Subsets of the stochastically generated time-
series of daily precipitation rates are shown for both climates in Figure 2.2 A-B. These climates

are kept constant during the 150 kyr of each simulations. It allows setting a large, though

47



Chapter 2. CLICHE application: Climate, steady-state and hillslope response time

reasonable, value for the cycle elongation factor (7, = 500 yr) to reduce the computational time
of each model run. Basically, parameters used to generate the warm climate are derived from
observed daily time series of the present-day climate in NW Europe (Klein Tank et al., 2002),
while the cold climate is a reconstruction, from Global Circulation Model (GCM) experiments, of
the Late Pleniglacial climate in the same region (Renssen and Isarin, 2001; Bogaart et al., 2003b).
For a detailed discussion about these climate scenarios, the reader is referred to chapter 3, the
context of which (i.e., application of CLICHE to field observations collected in NW Europe) is

more appropriate than the context of this chapter (generic application).

The generated climatic time series are then used as input to the hydrological component
of CLICHE. Figure 2.2 A-B shows very different runoff regimes between the cold and warm
climates. The warm climate is characterized by sporadic runoff events, whereas the cold climate
is characterized by well-defined seasonal runoff due to the amount of snowmelt that greatly
contributes to exceeding soil storage capacity. As for the climate parameters, the values set
for the hydrological parameters (Table 2.IT) will be discussed in chapter 3. The multiple flow
algorithm is used to route surface runoff (8 and ¢ have fixed values of 1.1 and 1.0, respectively).
Divergent flow is thus well-represented on the divergent regions of the synthetic hill, but the

shape of the hill still produces convergent flow in the concave regions.

For the parameters of the soil production function and the exponents of the overland flow
and depth-dependent creep transport laws, we use the same values than those used in Braun
et al. (2001) (Table 2.1T), although these authors have parameterized transport by overland flow
in a slightly different manner—using drainage area as a proxy for overland flow discharge—
than in the CLICHE parameterization. Without any information found in the literature, we set
for the exponents of the solifluction law the same values than for the exponents of the depth-
dependent creep law. These values fall in the acceptable range defined in chapter 1. For the
parameters of the transport laws in general, it is important to note, at this point, that the field-
calibrated values found in the literature are not necessary valid when used with the CLICHE
model. Indeed, we have shown in chapter 1 that, using the exact same set of parameters values,
simulation results can greatly differ following the climatic inputs, even when considering only
the ‘climate-independent’ transport laws such as simple creep and depth-dependent-creep, due

to the frozen/unfrozen soil criterion for transport.
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Table 2.I: Parameters for the CLICHE’s weather generator related to the 'warm’ and ’cold’ defined climates
(given on the monthly basis). T, is the monthly mean air temperature, P, is the monthly averaged daily
mean precipitation rate for wet days, Pr(D | D) is the probability that a dry day is followed by another dry

day and Pr(W | W) is the equivalent for wet days (see chapter 1).

J F M A M J J A S O N D
‘cold’ climate
Tm (°C) -20.0 -18.0 -13.0 -7.0 0.0 6.0 8.0 6.0 0.0 -7.0 -13.0 -18.0
P, (mm/d) 1.89 1.75 1.59 1.59 1.34 0.85 0.36 041 1.01 1.51 1.81 2.11
Pr(D | D) 0.30 0.20 0.10 035 040 0.70 0.78 0.75 0.62 0.40 0.35 0.05
Pr(W | W) 0.90 0.85 092 095 080 0.45 0.38 0.38 0.60 0.80 0.92 0.95
‘warm’ climate
Tm (°C) 2.2 2.8 5.7 8.9 129 16.0 176 17.3 144 104 6.1 3.2
P, (mm/d) 3.81 3.81 3.84 4.08 455 540 548 537 4.96 4.58 4.05 4.14
Pr(D | D) 0.63 0.66 0.67 0.68 0.66 0.66 0.66 0.68 0.68 0.66 0.59 0.61
Pr(W | W) 0.72 0.72 0.70 0.69 0.66 0.64 0.64 064 0.63 0.63 0.68 0.70
‘Cold’ (Pleniglacial) ‘Warm’ (Temperate)
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Figure 2.2: CLICHE’s weather generator outputs for the two defined ‘cold’ (left column) and ‘warm’
(right column) climates. A-B. Short time spans showing the ‘elongated’ daily time series of mean rainfall
rate generated by the weather generator and snow depth and surface runoff computed by the hydrological
component of CLICHE (the cycle elongation factor T, = 0.5 kyr). C-D. Soil state—i.e., frozen (dark grey) or
unfrozen (light grey)—profiles as calculated by the thermal component of CLICHE for the same time spans
than A-B. Note the presence of a seasonal active layer during the cold phase (C).
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Table 2.I1: Parameters values (or ranges) used in this chapter for CLICHE simulations.

parameter description parameter value or range (units)

Hydrological /Thermal parameters

Soil temperature damping depth hr 0.7 (m)
Snowmelt coefficient Cs 0.7 (mm °C~1)
Soil storage capacity (cold climate) Ssmax |cold 20.0 (mm)
Soil storage capacity (warm climate) Ssmax [warm 80.0 (mm)
Runoff separation coefficient (cold climate) 7| cold 0.9
Runoff separation coefficient (warm climate) 7| warm 0.7
Soil production fixed parameters
Soil production max. rate Py 5.3-107° (m-yr—1)
Soil production damping depth ho 0.5 (m)
Ratio of bedrock to soil bulk density K 2.0
Soil transport fixed parameters

Overland flow exponents m 1.7

n 1.3
Depth-dependent creep exponents P 1.7

l 0.5
Solifluction exponents e 1.7

g 0.5

Parameters ranges

Overland flow coef. K, 10771074 (m2~2myrn—1)
Simple creep coef. Ky 10741072 (mZyr—1)
Depth-dependent creep coef. Kgq 10741072 (m2~Pyr—1)
Solifluction coef. K, 1073; 1.0 (m2—¢yr~1)
Hill length L 300; 900 (m)
Hill height H 150; 250 (m)

2.3 'Transient behaviour and steady-state

In this section, we analyse the influence of the relative efficiency of soil transport mechanisms
on the transient behaviour of the system and the establishment of steady-state, under both cold
and warm climates, using four different sets of values for the transport coefficients (i.e., the ‘K’
parameters of the transport laws). The system is analysed through the evolution of mean soil
thickness (averaged over the entire synthetic hill) and sediment supply (i.e., the rate of soil loss

at the hill lower boundaries).

The first set of values, which is taken as a reference, corresponds to the values obtained
by Braun et al. (2001) after calibration (excepted for K, ), to which we add an arbitrary value
for the solifluction coefficient (K, = 0.05). Simulation results are shown in Figure 2.3 A1-A2.
Considering the warm climate, the model reaches steady-state after ~ 50 kyr, similarly to what
Braun et al. (2001) obtained from their modelling. This situation does not correspond, however,
to a ‘true geomorphic steady state’. Indeed, without any apparent uplift (U = 0), soil production
and transport lead to ongoing lowering of the hill, thus progressively lowering the rates of soil
transport as clearly shown by the curves of sediment supply in other model runs (e.g., Figure 2.3

B2-C1-D1-D2). Before reaching the quasi steady-state, the curve of sediment supply in Figure 2.3
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Figure 2.3: Simulation results using the cold (left column) and warm (right column) defined climates as
inputs (see text for a description of these climates): seasonal cycle averaged sediment supply (i.e., rate of
soil loss through the lower boundaries of the synthetic hill) and mean soil thickness (i.e., average over the
whole hill). A. A reference case (K, = 1077, K4 = 0.003, K44 = 0.003 and K, = 0.05). B. Higher values for
Kaaq (= 0.01) and K4 (= 0.01) than values in the reference case. C. Higher values for K, (= 107°) and K
(= 0.5). D. Higher values for all transport coefficients (K, = 107%, K4 = 0.01, Kqq = 0.01 and Ky =0.05).
See Table 2.II for the values of the other model parameters.
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A2 illustrates the specific transient behaviour of the system at the hill boundaries. As explained
by Braun et al. (2001), at the beginning of the simulation, soil accumulation is maximum in
regions of topographic convergence, after which the region of maximum soil accumulation shifts
toward the lower boundaries of the hill due to the action of depth-dependent creep. This results
in the downhill propagation of a ‘soil transport wave’. The inflection point at about 20 kyr
corresponds to the time when the wave reaches the hill lower boundary, causing an increase of
the depth-dependent creep fluxes. This inflection point materializes the reaction time of depth-
dependent creep at the hill boundary, while the response time of the system may be defined by
the time needed by the wave to completely get out of the hillslope system. Although the curve of
mean soil thickness doesn’t seem to characterize the progression of this wave, it indicates steady-
state at the same time than the curve of sediment supply. Mean soil thickness is mainly controlled
by soil accumulation in the regions of topographic convergence and evolves non-linearly before
reaching steady-state. Looking at Figure 2.3 A1, considering the cold climate, both curves of
sediment supply and mean soil thickness have a similar shape than the respective curves under
the warm climate. Steady-state is, however, reached later (~ 100 kyr) due to the periodic
occurrences of unmovable frozen soil. The longer response time allows a greater amount of soil

to accumulate in convergent areas, as shown by the curve of mean soil thickness.

From these reference simulations, we define another set of parameters, by increasing the values
of the coefficients of overland flow (K, ) and solifluction (K,) (Figure 2.3 C1-C2). Due to the
difference in runoff regime between the cold and warm climates (Figure 2.2 A-B), transport by
overland flow can potentially be much more efficient under the cold climate than under the warm
climate. Likewise, the presence of an active layer under the cold climate implies the activation
of solifluction, which is otherwise inactive under the warm climate. By choosing high values for
K, and K,, we show that the impact on sediment supply and mean soil thickness is negligible
under the warm climate (Figure 2.2 A2-C2), despite the increased inter-annual variability of
sediment supply (i.e., the ‘noise’ of the curve of sediment supply in C2) due to transport by
overland flow. By contrast, the evolution of the system is significantly different under the cold
climate (A1-C1), for which the response time is reduced to ~ 50 kyr and the transient behaviour
of sediment supply doesn’t show any inflexion point (the efficiency of depth-dependent creep at

the boundary is less than the efficiency of solifluction and transport by overland flow).

Conversely, considering that simple creep and depth-dependent creep are more efficient un-
der temperate environments, we may expect that increasing the value of their coefficient (K
and Kg4q) would affect the evolution of the system under the warm climate but not so much
under the cold climate. Figure 2.3 B1-B2 shows that the response time is reduced under the
warm climate (~ 20 kyr), but also under the cold climate (~ 40 kyr). In fact, under the cold
climate, depth-dependent creep has a behaviour similar than solifluction (given the fact that
the exponents of both transport laws have the same values). This outlines a limitation of the
multi-process parameterization of soil transport in CLICHE, in which the transport laws may
‘overlap’ each other in their representation of soil transport processes. Furthermore, note that
under the cold climate, the rate of sediment supply is about twice the corresponding rate under
the warm climate, whereas the mean annual precipitation rate of the cold climate is about half

the precipitation rate of the warm climate. This is a key point to consider when calibrating
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transport law parameters using surface processes models that assume a steady ‘geomorphically

effective’ rainfall rate.

We define a last set of parameters, in which all transport coefficients have high values. Model
results show that both the response time (~ 25 kyr under the cold climate and ~ 20 kyr under the
warm climate) and the rate of sediment supply (and mean soil thickness) do not vary significantly

from cold to warm climates (Figure 2.3 D1-D2).

Finally, we demonstrate from the simulation results presented in this section that the control
of climate on the evolution of the hillslope system is highly dependent on the combination of
coefficient set for the transport laws. The response time of the system can either be similar or
vary significantly between two very different climates. Note also the inverse relationship between
the difference in sediment supply and the difference in mean soil thickness from cold to warm

climates.

2.4 Hillslope response time as a function of hill geometry and

transport coefficients

The above examples provide only a limited description of the influence of transport coefficients
on the evolution of the hillslope system. In this section we derive continuous relationships between
the response—or characteristic—times of the system and the transport law coefficients (K, K,
Kgq, K4) and the geometry of the synthetic hill (i.e., its length L and its height H).

These relationships are derived using the results of a large number of model runs (~ 600)
in which all parameters above are varied (the value range for each parameter can be found in
Table 2.1T). Thus, the computation of response time for each model run has to be made in an
automatic fashion. This is quite straightforward for mean soil thickness, as the correspondent
curves in Figure 2.3 present a smooth exponential shape. We therefore calculate the characteristic
time of mean soil thickness evolution by adjusting the following exponential function to the curves

of simulated mean soil thickness:

Bin(t) = 1 — exp (t) (2.1)

Tst

where ¢ is simulation time (kyr), A, is normalized mean soil thickness (m), and 74 is a charac-
teristic time (kyr). Equation 2.1 is adjusted using the downhill simplex algorithm (Press et al.,
1992).

Although the calculation of 7y is generally accurate, an estimation of uncertainty on the calcu-
lated 7y value is provided by comparing the adjusted exponential curve to the curve obtained
from the simulation. Note, however, that the characteristic time 75 does not correspond to
the response time of the system, even tough these variables are closely related, i.e., directly

proportional.

In contrast to the calculation of 7y, difficulties arise when calculating time responses using

the curves of simulated sediment supply, as these curves can greatly differ from one model run
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to another (regarding for example their transient shape or their smoothness, Figure 2.3). After
many trials and errors, we have retained the following procedure that gives an accurate estimation
of the response time 7y, in most cases: (1) application of a median filter to the curve of sediment
supply, (2) calculation of the first order derivative, (3) application of another median filter on
the curve obtained at step 2, and (4) determination of 7y, using a small threshold (2 0) applied
to the filtered curve of 1st derivative. This procedure is repeated several times by arbitrarily
varying the size of the median filters and the threshold value, to provide an estimation of the
uncertainty on the calculated 7, value. Although the calculation of 7, is less accurate than the
calculation of 7y, 7sp corresponds to the ‘real’ response time of the system; its interpretation is

therefore quite straightforward.

The following linearised model is then solved, using the Weighted Least Squares (WLS)

method, from parameters and calculated response time associated to each model run:

log(7) =p1log(L) + palog(H) + p3log(K,)+ (2.2)
palog(Ky) + pslog(Kaa) + pe log(K,) + log(pr) (2.3)

where 7 is either 7 or 7, and pl to p7 are the parameters adjusted by WLS.

We obtain the following expressions for mean soil thickness evolution under both the cold

and warm climates:

Tst|warm — LO.85H_0.40K7'_0.04Kd7005KCZJIO.‘SOKQ_O.OO .92.54 (WR2 — 095) (24>
Tet ’COld —_ L0.99H—0.28KT—0.14Kd*0~01Kd*dO.37Kg—0.01 .0.91 (WR2 _ 072) (25>

where WR? are the weighted coefficients of determination, which provide an estimation of the
quality of the adjustments.

The expression associated to the warm climate (equation 2.4) is consistent with the results
obtained by Braun et al. (2001). The signs of the adjusted parameters are also consistent with
the simulation results presented in the previous section. Higher transport rates tend to decrease
the response time, while lower relief (high value for L and/or low value for H) tends to increase
the response time. Regarding the absolute values of the adjusted parameters, both expressions
highlights the importance of relief and length scale in determining how quickly soil distribution
reaches steady state on hillslopes. Under the warm climate, depth-dependent creep also appears
to be determinant in the evolution of mean soil thickness towards steady-state. Under the cold
climate, transport by overland flow also plays a non-negligible role (equation 2.5). As previously
said, it is not very surprising that solifluction doesn’t seem to influence 7y in equation 2.5, since

the depth-dependent creep law may also encompass solifuction processes under the cold climate.

For sediment supply, we obtain the following expressions:

Tsp|Warm — LO.67H—O.16KT—0.09deO.12Kd7dUA41Kg—O.OO .3.14 (WR2 — 071) (26)
TSp‘Cold — L0.77H—0.54KT—0.31KJO.OQKJdU.15Kg—O.O7 .9.40 (WR2 — 073) (27)

These expressions are not very different compared to the expressions of 7 (equations 2.4 and
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2.5), except for hill geometry and for K, which seems to have a greater impact on sediment

supply than on mean soil thickness under the cold climate.

The empirical expressions derived here provide unique measures of the response time of soil
mantled hillslopes to a specific perturbation. Because the response time is closely related, to a
first order, to mean soil thickness at steady-state (Figure 2.4), these expressions may be useful
in addressing the issue of upscaling hillslope processes in large-scale landscape evolution models.
Note, however, that these expressions contain only partial information about the relationship
between time response and soil transport coefficients and hillslope geometry, in the sense that

they only provide an estimate of the sign and the non-linearity degree of the relationship.

A ..1B ‘
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Tt | cold (kYI") Tst | warm (kyr)

Figure 2.4: Characteristic response time 7y (calculated using equation 2.1) and mean soil thickness at that
time, for each model run. A. cold climate. B. warm climate.

2.5 Hillslope response time to climatic variations

So far, we have investigated the transient evolution of hillslope soil mantle starting from an
initially bare-bedrock surface. Here we analyse the response of the system to climatic transitions
between the warm and the cold climates. The total duration of the simulations is fixed to 300 kyr,
so that steady-state is reached prior to the change in climate conditions, at 150 kyr. We firstly
consider abrupt, instantaneous climatic transitions with the four sets of parameter values used in
section 2.3. Results are shown in Figure 2.5. They reveal contrasted transient behaviours from
one simulation to another. Yet, the reaction of both mean soil thickness and sediment supply
to the climatic perturbation is quasi-instantaneous in all cases. This is due to (1) a sufficient
soil cover in the lower and concave regions of the hill at the time of the perturbation, and (2)
the direct adaptation of effective soil fluxes to the sudden change in climatic conditions, notably
through the frozen/unfrozen soil threshold for transport, the active layer depth and the runoff
regime (see chapter 1). Two types of reaction occur, depending on the set of parameter values
and the transition from cold to warm or warm to cold climates. They consist of either a sudden
decrease in sediment supply (and an increase in mean soil thickness) or, inversely, a sudden

increase in sediment supply (and a decrease in mean soil thickness). In the first case, a new ‘soil
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transport wave’ is generated by soil accumulation in the concave region of the synthetic hill. In
the second case, such a wave is also generated, but by soil removal in the concave region. It is
interesting to note that in both cases the time needed by the system to reach a new steady-state is
nearly equivalent to the correspondent time response related to an initial bedrock surface (Figure
2.3). Consequently, the empirical expressions that we have derived in section 2.4 (equations 2.4

to 2.7) appear to be also valid in the case of a climatic perturbation.

Beside abrupt climatic transition, we also explored the impact of a perturbation of 10 kyr
duration on soil dynamics. During this time span, all climatic parameters (Table 2.1) are assumed
to vary linearly from one climate to the other. Results are shown in Figure 2.6. In all cases, the
evolution of sediment supply during the transition greatly differs from the evolution in the case of
an abrupt climatic transition. This is mainly due to the action of solifluction—and its interaction
with other processes—, which peaks when the Mean Annual Air Temperature (MAAT) crosses
0°C (see chapter 1). For high K, values, soil transport rates can be extremely high (e.g., Figure
2.6 C1-C2-D1-D2). However, these high soil fluxes don’t seem to affect the response time of the
system (except for the cases C1 and D1, where solifluction fluxes are much higher than in the

other cases).
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Figure 2.5: Simulation results using climatic scenarios characterized by an abrupt transition from the
warm to the cold climate (left column) or from the cold to the warm climate (right column) (see text for
a description of these climates): seasonal cycle averaged sediment supply (i.e., rate of soil loss through the
lower boundaries of the synthetic hill) and mean soil thickness (i.e., average over the whole hill). A. A
reference case. B. Higher values for K44 and K, than values in the reference case. C. Higher values for K,
and K,. D. Higher values for all transport coefficients. See Figure 2.3 caption for values of the coefficients
of the transport laws and Table 2.1I for the values of the other model parameters.
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Figure 2.6: Simulation results using climatic scenarios characterized by a 10 kyr transition from the warm to
the cold climate (left column) or from the cold to the warm climate (right column) (see text for a description
of these climates): seasonal cycle averaged sediment supply (i.e., rate of soil loss through the lower boundaries
of the synthetic hill) and mean soil thickness (i.e., average over the whole hill). Note the differences in the
y-axis scale. See Figure 2.5 caption for more informations on the simulation setup.
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2.6 Discussion and concluding remarks

Simulation results presented in this chapter clearly outline that hillslope geometry and soil
transport parameters play important roles governing the style and rate at which the hillslope
system evolves towards an equilibrium. As shown in Figures 2.3, 2.5 and 2.6, the difference in
model behaviour between cold and temperate climates highly depends on the combination of
values chosen for the transport parameters. It is for example possible, under the cold climate,
to produce response times of the system that are shorter, longer or equivalent to response times
under the temperate climate. Soil transport parameters similarly affect mean soil thickness
and sediment supply at steady-state, as these variables are both closely correlated to response
time (the correlation is positive for mean soil thickness and negative for sediment supply). The
large range of possible model behaviours demonstrate the potential of CLICHE to address the
problem of climatic variability in the assessment of field-based values for the parameters of the
climate-independent transport laws. For example, field-estimates of hillslope diffusivity—i.e., the
diffusion coefficient, using only the diffusion equation to simulate hillslope erosion—summarized
in Fernandes and Dietrich (1997) show a strong increase in diffusivity from semi-arid to humid-
temperate climates. By contrast, Bogaart et al. (2003a), who have compared diffusivities found
in the literature (e.g. McKean et al., 1993; Martin and Church, 1997) with diffusivities derived
from solifluction rate measurements (French, 1996), have concluded that hillslope diffusivities
may not vary significantly between cold and temperate climates (the authors have, however, not
considered the cold-temperate transitions). Depending on the combination of values chosen for
the transport coefficients, it is possible, with CLICHE, to confirm either the poor or the strong

correlation between climate and transport efficiency.

In fact, a poor correlation between climate and transport efficiency does not reflect the relative
independence of soil transport processes with respect to climatic variations, but may rather result
from the different behaviour of each transport process, as suggested by the sensitivity analysis
made here. The difference in response time between the cold and the temperate climate seems
to be function of the difference in parameter values between K; and Ky, on one hand, and K,
and K, on the other hand. The sensitivity analysis have also shown how each soil transport
process affects differently the time response of the system, depending on whether the system is
under the cold or the temperate climate. We therefore expect that natural experiments which
have experienced high climate changes in the past provide good constraints on the soil transport

parameters.
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3.1 Introduction

In chapter 2, we have presented generic applications of CLICHE that have demonstrated
the contrasted behaviours of the model in relation to cold and temperate climates and model
parameters. Modelling hillslope processes is helpful to have access to the long-term soil and
slope dynamics and to explore its complexity, but models need to be constrained by observations.
Many authors relied on topographic data to test their model predictions (e.g., Rosenbloom and
Anderson, 1994; Roering et al., 1999; Martin, 2000; Jiménez-Hornero et al., 2005). However, as
pointed out by Furbish (2003) and Roering et al. (2004), additional information should often be
considered when testing and calibrating the growing suite of landscape evolution models which
continuously increase in complexity. In other studies, both soil thickness and topographic data
were used to infer soil production, soil transport, and/or hillslope erosion rates (e.g., Dietrich
et al., 1995; Heimsath et al., 1997, 1999, 2000; Braun et al., 2001; Herman and Braun, 2006;
Roering, 2008; Pelletier and Rasmussen, 2009; Tucker et al., 2011).

In this chapter, we propose to use the extensive amount of existing soil thickness and elevation
data in the Belgian Ardenne (NW Europe) to constrain both soil production and soil transport
during the last glacial-interglacial cycle, with the help of the CLICHE model (see chapter 1)
coupled with an inversion method (the NA-alogrithm: Sambridge, 1999a,b). The Belgian Ar-
denne is taken as a reference case of low to moderate-relief landscapes in mid-latitudes, that
have been subjected to significant climate variations during the glacial-interglacial periods of the
Quaternary (Vandenberghe et al., 2004), but where no evidence of former glacial activity has
been found (Ehlers and Gibbard, 2004).

The work proposed here is very challenging for several reasons. Firstly, we only use current
soil thickness and elevation data to constrain hillslope dynamics through the last 120 kyr. Braun
et al. (2001) and Herman and Braun (2006) have successfully constrained a multi-parameter
model of soil transport using data of soil thickness versus surface curvature (at least for soil
creep processes, as their data contained little information about transport by overland flow).
However, the authors also used other independent constraints on soil production rates, and their
study area was specifically chosen to minimize the influence of former climate variations on
soil dynamics. It is not the case in our study and difficulties may therefore arise, although we
propose to explore the relationships of soil thickness not only to curvature, but also to other
terrain attributes such as slope and drainage area. Secondly, both soil thickness and topographic
data used here have a relatively low precision (i.e., only broad soil thickness classes are available in
the database we use and the spatial resolution of the topographic data is equal to 20 m), whereas
almost all studies mentioned here above took advantage of high resolution data (generally from 5
m to sub-meter resolution). Meter-resolution data is generally required as fine-scale topographic
features are the signature of interesting and relevant transport processes, e.g., bioturbation and
slow transport due to wetting-drying or freeze-thaw cycles (Roering, 2008). But other processes,
which generally transport the soil at much longer scales (Furbish and Haff, 2010), have probably
been active in the Ardenne during the glacial periods (Juvigné, 1993; Pissart, 1995; Rixhon and
Juvigné, 2010). Thirdly, the extended data used here provides constraints to study hillslopes as a

whole in our region of interest, contrary to high resolution data that are still not widely available
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nowadays and therefore force the researchers to restrain their investigations to relatively small
hill sites. But here again, complications may arise from lithologic, tectonic and/or topographic
heterogeneities encountered in the study area, which may compromise the success of our inversion,
although the topographic variety is handled by our methodology and all other heterogeneities
are admittedly minor in the Ardenne (if put in a larger regional perspective). Finally, we define
a very simple scenario for the climate of the last 120 kyr where both glacial and interglacial
periods are characterized by a relative internal climatic stability. Reconstructions of global and
European past climates (e.g., Genty et al., 2005; Kageyama et al., 2010; Singarayer and Valdes,
2010) show that this scenario is clearly unrealistic, at least for the glacial period, but such a
simplified forcing should initially facilitate our comprehension of hillslope dynamics throughout

the last glacial-interglacial cycle.

For all these reasons, we cannot state that this study does provide a precise calibration of
the soil production and transport laws implemented in the CLICHE model. Despite careful
handling of estimated data uncertainties in the model inversion procedure, we expect only a
rough, but hopefully apparent, constraint level on soil production and transport mechanisms
related to both the cold and temperate environments that alternated or succeeded one another
during the past 120 kyr in the Ardenne. Nevertheless, we think that our inversion procedure
may bring into light several quantitative aspects of hillslope dynamics under varying climate, e.g.,
the predominance, segregation and/or succession of specific transport processes or the responses
to climate transitions in terms of denudation rate, sediment supply to the channels and the
establishment of a dynamic equilibrium. Futhermore, as we perform our investigations in an
extended study area, the outcome of the inversion should also indicate whether the climate
control on hillslope dynamics prevails against other factors such as lithology or even tectonics.
Indubitably, the inversion results should reveal which parameters can or cannot be constrained

by present-day soil thickness and topographic data.

3.2 Study area and observational constraints

As a case study of hillslope soil production and transport under varying climatic conditions,
the Ardenne Massif comprises most of the ingredients of a suitable natural experiment as pro-
posed by Tucker (2009b). First, contrary to long-term fluvial incision of major streams which are
often regarded as the erosional response to a tectonic uplift (Demoulin et al., 2009; Demoulin and
Hallot, 2009; Rixhon et al., 2010; Sougnez and Vanacker, 2011), climate variability is supposed
to be the main factor that has controlled hillslope erosion in the Ardenne Massif since 0.7 Ma
(Demoulin et al., 2009). Interpretations of paleo-environmental data indicate that the landscape
of NW Europe has drastically changed during the Quaternary climate variations (Vandenberghe
et al., 2004). Although only a small number of slope deposits and landforms of the present-
day Ardennian landscape have been explicitly attributed to the past periglacial activity (e.g.
Alexandre, 1958; Pissart and Gullentops, 1967; Pissart, 1976), it is well accepted that erosion
processes on hillslopes were by far more active under the periglacial environment the massif has
experienced during the cold phases of the Quaternary than under the temperate environment of
the Holocene (Pissart, 1995).
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Within the massif, many of the landscape characteristics that are not explicitly taken into
account in the CLICHE model can be roughly considered as spatially uniform at the regional
scale and thus should not affect the robustness of our analyses. Indeed, from a geological point of
view, the Ardenne Massif corresponds to the western prolongation of the Paleozoic Renish Shield.
In the NE Ardenne, the Cambrian Stavelot massif is comprised of phyllites and quartzites and is
surrounded by Ordovician and early Devonian slates mainly to the south and east, and middle
and late Devonian sandstones, shales and limestones in the north and west (Demoulin et al.,
2009). To avoid the limestones and related karst landscapes, we restricted our study area to
three contiguous catchments of the NE Ardenne: the Vesdre (excluding the northern part of
the basin), the Ambléve and the Two Ourthes rivers which are tributaries or sub-tributaries
of the Meuse river (Figure 3.1). Apart from the sub-horizontal plateaus (such as the Hautes-
Fagnes plateau) and the alluvial plains, most of this area is covered by gravelly soils (Figure 3.2
A). As these soils are often chemically poor (Petit and Lambin, 2002), they are poorly suited
for agriculture, which limits the impact of recent human activities on present-day soil mantle.
Moreover, the relative small size of the study area (latitudinal extent ~ 90km and longitudinal
extent ~ 60km), its location on the northern flank of the Ardenne Massif and its low to moderate
relief (up to a few hundred meters) lead us to hypothesize that all catchments have been subjected
to rather similar climatic conditions (Sougnez and Vanacker, 2011). At the same time however,
the extent of the study area is large enough to encompass a wide range of hill configurations
where local climatic, lithological or hydrological conditions have formed specific landforms and

deposits (e.g., asymmetrical valleys firstly identified by Alexandre, 1958).

Paleozoic Mesozoic Cenozoic
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Figure 3.1: A. Localization of the Rheinish Massif (NW Europe) (B: Belgium; L: Luxembourg; F: France;
D: Germany; NL: Netherlands; LRE: Lower Rhine Embayment). B. Simplified geological map of the Ardenne
Massif and localization of the study area (thick black line).
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Another great asset of the Ardenne Massif is the high amount of available topographical,
geological and soil data. Here we make use of two data sources: a rather unique soil map
covering the whole territory of Wallonia (S Belgium) and a gridded 20x20m Digital Elevation
Model (DEM) provided by the Belgian National Geographical Institute (IGN) (IGN, 2007). The
Digital Soil Map of Wallonia (DSMW) is an extensive cartographic database that contains, for
contiguous polygons called soil units, much information on soil properties including information
on soil thickness (Veron et al., 2005; PCNSW, 2007). This map is the result of a high-resolution
intensive grid survey by augerings carried out during the last century. The limits of the mapped
soil units —600 000 polygons in total—were drawn at field level, on cadastral plans at 1/5000

scale, before being transferred onto a topographical background.

Very high resolution (~ 1m) DEMs generated from LiDAR (Light Detection And Ranging)
data also exist, but only for isolated areas spread over our region of interest. So we decided
to work with the "DTM 1:10 000" of the IGN which entirely covers the Vesdre, Ambléve and
Ourthe catchments, but which in turn has a coarser resolution of 20m. This Digital Terrain
Model is developed from photogrammetric derived points and structure-lines, airborne detail
laser-scanning and field point observations (IGN, 2007). The "DTM 1:10 000" has the advantage
of storing elevation values that correspond to the ground surface (not the top of the canopy) and
has already been used in other geomorphological applications (Demoulin et al., 2007; Sougnez
and Vanacker, 2011).

3.2.1 Surface derivatives vs. soil thickness in the Ardenne Massif

Inside the study area, we first attempt to quantify the hillslope morphology by deriving several
terrain and topo-hydrological attributes from the DEM. However, the gridded DEM provided by
the IGN contains several artefacts including a staircase-like behaviour of the modelled topography
(Sougnez and Vanacker, 2011). This unwanted effect has a strong influence on the DEM-derived
attributes and has to be removed. Re-interpolating the original 3D points over a 20x20m grid
addresses the problem. Among the multiple interpolation schemes we have experimented with,
we have retained the bicubic spline interpolation with Tykhonov regularization, implemented in
GRASS GIS (Brovelli et al., 2004; GRASS Development Team, 2008), because it offers the best
compromise between the reduction of the staircase-like behaviour and the smoothing of the real
topography. Other reported DEM-artefacts like sinks in narrow valleys are less important for
our purpose. The hydrological correction of the DEM has therefore been skipped in our case.
Three basic variables are derived from the re-interpolated DEM: surface slope S, curvature C'
and drainage area A. Slope is the gradient of the terrain surface (i.e. the 1st order derivative,
Vz) and is approximated using a 3rd order finite difference scheme given by the Horn’s formula
implemented in GRASS GIS (Horn, 1981). Many geoprocessing softwares also implement al-
gorithms to calculate profile or plan curvatures (i.e. curvatures of specifically-oriented sections
of the surface), but the curvature derived here, noted V2z, characterizes the surface in all dir-
ections and is more thus consistent with the generally accepted laws of soil transport (Dietrich
et al., 2003). V2z is approximated using a 2nd order finite difference scheme that produces
results similar to those from algorithm used by Dietrich et al. (1995) and Heimsath et al. (1999).
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A multiple flow direction algorithm is finally applied to derive drainage area (Holmgren, 1994).
In practice, all calculations described above are partially based on the elevation values of a DEM

grid node and its eight nearest neighbours.

From the soil map, we then automatically select by a set of GIS operations the smallest gravel-
soil units that are exclusively located on the hillslopes within the study area. The selection is
made so that the values of the DEM-derivatives can roughly be considered as constant within
ecach soil unit. The maximum planimetric extent accepted for a soil unit is fixed to 3600 m?,
which is equivalent to the area of the convolution kernels used to derive the terrain attributes
from the DEM. To further narrow the selection while keeping a sufficient number of soil units, we
also define by trial and error a maximum standard deviation threshold for each DEM-derivative
sampled inside a soil unit. Measurements of soil thickness are not directly available in the soil
map database, but two attributes of the database, named "PHASE 1" and "PHASE 2" give
information on the depth to the substratum for each soil unit. These attributes take a numerical
value that, depending on the soil type, can be related to a specific range of soil thickness. Four
variable-size classes of soil thickness are identified after the interpretation of the map’s legend

(Table 3.1).

Table 3.I: Soil thickness classes for gravelly soils, reconstructed from the legend of the soil map, and number
of selected soil units for each class ¢ and DEM-derivative d (Ng . with d € [S,C, A, A%] and Ax = A%%).
The number of selected soil units differs from one DEM-derivative to another due to the maximum standard
deviation thresholds defined for each DEM-derivative (see text).

# class (¢) PHASE 1/2 class limits N¢. Ng. NG . No..
(cm) 7 ’ 7 7

1 6 0 to 20 288 153 885 684

2 4,5 20 to 40 2009 1418 2775 1989

3 2,2 3,3, 7 40 to 80 7155 5950 6423 3787

4 0 1,1 > 80 3127 2650 2446 1250

By averaging the values of DEM-derivatives over the extent of the selected soil units, we finally
estimate the observed present-day distributions of each calculated DEM derivative d (i.e. slope,
curvature and drainage area) for each soil thickness class ¢, which gives a total of 12 observed

distributions. The normalized cumulative distributions—or empirical distribution functions—are

given by:
1 Nic
Fie(@) = 5o~ > 1a(®) (3.1)
dic =1

where Fy (z) € [0;1]Va, Ig,(x) is the indicator function, equal to 1 if d; < z and equal to 0
otherwise (d; is the value of the DEM-derivative d assigned to the selected soil unit ), and NJ
is the number of soil units selected for the DEM derivative d that belong to the soil class c.

Preliminary results and discussion

The resulting map of soil thickness shown in figure 3.2 clearly outlines the dual character of

the Ardenne landscape. The western part of the Ambleve basin and the south-western part of the

66



Chapter 3. Soil production and transport during the last glacial-interglacial cycle

> 80

Soil thickness (cm)
L 40 to 80

N 0 to 20

Selected soil units

LR -
. 20 to 40

Figure 3.2: Study area: thickness map of gravel soils reconstructed from the Digital Soil Map of Wallonia
(DSMW) (A,B,C), and terrain attributes derived from the re-interpolated IGN’s DTM (D,E,F), with hill-
shading. Soil units selected by an area threshold of 3600 m? are represented with the small blue points (A) or
areas (B,C,D,E,F). B-C: map subsets showing respectively the moderate relief with shallow soils and the low
relief with thicker soils (Contours of the soil map’s contiguous soil units are drawn in light grey). Grey-filled
soil units correspond to other soil layers than hillslope gravel soils (alluvial plains, sandy or organic soils...).
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Vesdre basin present a moderate relief in which the major rivers and most of the main tributaries
are well incised. The thickness of the soil mantle is variable and generally less than 40cm on the
steepest valley-sides. This moderate relief contrasts with the low relief found in the upper part
of the major rivers catchments (eastern Vesdre, eastern Ambleve and the Two Ourthes), where
soil cover is uniformly thick. The contrast between these two landscapes is commonly regarded
as the result of a fluvial erosion wave that has propagated into the Ardenne Massif since ~ 0.5
Ma (Rixhon et al., 2010; Demoulin et al., 2009). Channel incision has steepened the side slopes
in the lowest valleys while the incomplete propagation of the erosion wave left slopes relatively
unchanged in the upper part of the main catchments. In both cases however, soil mantle is
sufficiently thick to qualify the present-day Ardenne landscape as a transport-limited landscape
(i.e. the capacity to produce regolith is high in comparison to the capacity to mobilize regolith),
contrary to weathering-limited landscapes that are bedrock-dominated (Kirkby, 1971; Carson
and Kirkby, 1972; Dietrich et al., 2003).

1 1 1 1 0 008 1 1 1 1
- ' +
0.006 :
4 L —~ 0. T + r
0.6 1 + 7E T i f .
= * £ 00044 ! -
=~ 059 : : LS | ; +
E a0 * ; o 0.002 -
£ A7 o2
= | £ 0.000 - “ # # -
g 031 a3 |
8 a 00021 | ‘%’ L
0.2 ! T Boo0004d L ¥ L
‘ 2 N i
0.1+ F Z-0006 1 oL
| j; $
0.0 — + : —0.008 — : ; x
12000 : - 16 — * + =
+ * — N §
100004 : L= i i
o= . : ST + ER
3 i = N + [ [
8000 T + 1 |
< ! ‘ £ 124 w | -
3 I ‘ % - |
< 6000 | (I © :
%’) | ‘ T_) 10 4 H | L
£ 4000 4 S “ | ‘
© & | L
© o ‘ %
[a)] [=d 4 | L
2000 - H S-S * T
© il
04— : 6 : : : :
[0 20 [20 40 [40; 80] [> 80] [0; 20] [20; 40] [40; 80] [> 80]
Soil thickness class limits (cm) Soil thickness class limits (cm)

Figure 3.3: Boxplot representation of the distributions of the DEM derivatives values extracted from the
selected soil units, for each soil thickness class defined by the soil map. The grey-filled boxes are bounded
by the lower and upper quartiles and the bands near the middle of the boxes are the medians (the means
are represented by white stars). The length of the whiskers are specified as 1.5 times the interquartile range
and flier points in the distributions are those past the end of the whiskers.

Figure 3.3 also shows well-defined relationships between soil thickness and surface deriv-
atives. If we consider the means or the medians of the distributions, we observe that negative
curvature decreases with increasing soil thickness, as previously shown in data collected in north-
ern California (Heimsath et al., 1997, 1999) and southeastern Australia (Heimsath et al., 2000).
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This is expected if curvature is a surrogate for soil production and soil production decreases
with soil thickness (Heimsath et al., 1997). But here the decrease is relatively small compared
to the large variance observed for each distribution and the significant decline of the variance
itself with increasing soil thickness. Possible causes of large variances also observed in north-
ern California includes short-term variation in local thickness due to biogenic soil production
and bedrock heterogeneity in resistance to weathering, as discussed by Heimsath et al. (1997).
However, the resolution of the data we use here is not fine enough to deal with these small-scale
heterogeneities. The presence of shallow soils in both high divergent and convergent areas remain
unexplained and could be an artefact of the data or its resolution. Like curvature, slope and
the variance of its distributions also decline with increasing soil thickness but, in this case, the
relation is exponential. This means that thick soils are mainly located in sub-horizontal and flat
areas such as the plateaus at the hill tops or at the base of the hills near the alluvial plains. The
relationship between drainage area and soil thickness is not as clear as the slope or curvature
vs. soil thickness relationships although a positive trend is perceptible. Nevertheless, a strong
positive non-linear relation is obtained with the topographic index kp, defined from drainage
area and slope (k7 = In(A/S)). This index has been extensively used in the development and
application of TOPMODEL, a spatially distributed hydrological model at the catchment scale
(Beven and Kirkby, 1979). In TOPMODEL, the index is used as a measure of hydrological
similarity (Beven, 1997). The well-defined relation observed in our data between this index and
soil thickness lets us therefore suppose that transport of soil by water flow has been a dominant

process on hillslopes in the Ardenne Massif.

3.3 Simulation of soil production and soil transport on a synthetic
hill using the CLICHE model

By simulating soil production and soil transport on a synthetic hill, our purpose is to generate
a spatial distribution of the soil mantle that can be compared to the observations. Although soil
production is represented by a unique empirical law that does not depend on climate (mostly
due to a lack of constraints), the parametrization of soil transport in CLICHE has been selected

to simulate hillslope erosion under both temperate and periglacial environments.

Among the multiple transport laws implemented in CLICHE, we choose to represent here
the total downhill soil flux by using four possible processes that are or have been predominant
in the Ardenne: simple creep, depth-dependent creep, transport by overland flow and annual
solifluction. The temperate rainfall regime and the modest slopes characterizing the Ardenne
Massif ensure that soil transport by landsliding has been insignificant since the begin of the
Holocene. Isolated hilly areas covered by loose sediments in surrounding regions are known to
have been affected by old deep-seated landslides (Van Den Eeckhaut et al., 2005; Dewitte et al.,
2008), but until now no trace of such events has been reported in the Ardenne Massif. However,
recent observations made in high latitude environments (e.g. Lewkowicz, 1990) and evidence
for the past presence of a discontinuous permafrost in the Ardenne (Vandenberghe and Pissart,
1993; Huijzer and Isarin, 1997) suggest that shallow active layer detachments or debris flows have

occurred during the cold phases of the Quaternary with a non-negligible frequency, even if their
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residual deposits are sparsely observed in the massif (Juvigné, 1993). The occurence of these
rapid and shallow events depended less on the local slope than on slope instability caused by
saturated moisture conditions within —or at the base of —the thawing active layer (Lewkowicz,
1990). One can therefore reasonably integrate their long-term averaged effects through the sub-
continuous solifluction law parametrized in CLICHE, while keeping in mind that the processes
involved are very different. Note that this solifluction law doesn’t include processes governed
by diurnal freeze-thaw cycles (e.g. diurnal frost creep). However, the latter have been shown
to be become dominant only on steep slopes and where climate is devoid of seasonal variability
(e.g., high altitude mountain environments) (Matsuoka, 2001). Beside slope processes, acolian
processes are known to have also been active during the cold phases of the Quaternary in NW
Europe (Frechen et al., 2001). In CLICHE however, soil thickness is only controlled by the
balance between local soil production from the underlying bedrock and removal or accumulation
by slope processes, an thus aeolian inputs cannot be taken into account. Nevertheless, the sparse
aeolian deposits actually found in the Ardenne let us presume that the influence of former aeolian

activity on the present-day soil thickness can be considered as second order in our study area.

Futhermore, we consider that the simulation of hillslope erosion over the last glacial-interglacial
cycle (~ 120 ky) only is sufficient to reproduce the spatial distribution of soil mantle observed in
the Ardenne Massif. Simulations on such a short timespan can be made given: (1) the periodicity
of the Quaternary climate variations, (2) the assumption of very efficient soil transport under
periglacial conditions decreasing the time response of the Ardenne hillslopes to climate trans-
itions (as shown in chapter 2) and (3) the unknown initial conditions. Our lack of knowledge
on the state of the soil mantle 120 ky ago —at the end of the Eemian —compels us to define
simplified initial conditions that consist of a uniform soil cover with a unknown thickness hy for
the whole synthetic hill. Other initial (shape of the synthetic hill), limit (climate and tectonic
settings) and boundary (connection between hillslope and river systems) conditions set for the

CLICHE simulations are detailed in the sections below.

3.3.1 A simplified scenario of climate in NW Europe for the last glacial-
interglacial cycle

A large amount of work has been devoted to the reconstruction of past climates and related
environments, either from proxy data (e.g. ice cores, pollen records, aeolian activity, perigla-
cial evidences) or Global Circulation Model (GCM) experiments. Bogaart et al. (2003b) have
synthesized a great number of publications on temperature reconstruction and estimation of
palaeo-precipitation rates for NW Europe and more particularly the Meuse catchment encom-
passing the Ardenne Massif. But unfortunately, most of these reconstructions are restricted only
to the last glacial-interglacial transition (14 to 9 **C kyr BP). GCMs or Regional Climate Mod-
els (RCMs) are useful to physically reconstruct high resolution time series —time steps down
to 1 day —mneeded to discriminate hydrological events which, for example, drive the transport
of soil by overland flow in CLICHE. However, the majority of modelling studies with GCMs
have also focused on recent key time periods in the last glacial-interglacial cycle (Singarayer and
Valdes, 2010), including the Last Glacial Maximum (e.g. Kageyama et al., 2006; Lainé et al.,

2008), the main warming events during the last glacial-interglacial transition (e.g. Renssen and
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Isarin, 2001) and the Mid- to Late Holocene period (Wanner et al., 2008). The first results from
a large set of GCM simulations covering the entire last glacial cycle have recently been pub-
lished by Singarayer and Valdes (2010), although, in this study, the temporal resolution of the
"snap-shot" simulations—from 4 ky up to 1 ky between successive model runs each of 500 years
duration—was too long to catch the abrupt warming events that succeeded during the glacial
period. These so-called ‘Dansgaard-Oeschger’ events have only recently been studied through
the use of sophisticated GCMs (e.g., Fliickiger et al., 2008; Kageyama et al., 2010) and their
modelling remains a conceptual and technical challenge (Kageyama et al., 2010).

Table 3.1I1: Parameters for the CLICHE’s weather generator related to the 'warm’ and ’cold’ phases of the
climate scenario.

J F M A M J J A S O N D

‘warm’ phase

T (°C) 2.2 2.8 5.7 89 129 16.0 176 173 144 104 6.1 3.2
P, (mm/d) 381 381 3.84 4.08 4.55 540 548 5.37 4.96 4.58 4.05 4.14
Pr(D | D) 0.63 066 0.67 0.68 0.66 0.66 0.66 0.68 0.68 066 059 0.61
Pr(W | W) 0.72 072 0.70 0.69 066 064 064 064 063 063 0.68 0.70

‘cold’ phase
T (°C) -20.0 -180 -13.0 -7.0 0.0 6.0 8.0 6.0 00 -7.0 -13.0 -18.0
P (mm/d) 1.89 1.75 1.59 159 134 085 0.36 0.41 1.01 151 1.81 2.11
D | D) 0.30 0.20 0.10 035 040 0.70 0.78 0.75 0.62 0.40 0.35 0.05
W | W) 0.90 0.85 092 095 080 0.45 0.38 0.38 0.60 0.80 0.92 0.95

A weather generator like the one implemented in CLICHE has the ability to integrate the
sparse time results of the multiple GCM experiments mentioned above, and eventually to correct
GCM predictions that are known to be too cold or too warm, in order to reproduce continuously
changing and more accurate time series of temperature and precipitations (Bogaart et al., 2003b).
However, collecting and verifying the accuracy of many GCM predictions in our study area would
be a long and hard task. We therefore preferred to initially adopt an extremely simple scenario
for the climate of the last glacial-interglacial cycle, expecting that this scenario is likely to be

refined in the future.

Both ‘cold” and ‘warm’ phases of the cycle are here represented by a constant and stable
climate. Each phase is characterized by the monthly average values of air temperature T, and
mean daily rainfall rate P,, and the conditional probabilities that a dry day is followed by another
dry day Pr(D | D) and the equivalent for wet days Pr(W | W). These values are used as input
parameters for the CLICHE’s weather generator. Parameters for the warm phase are calculated
from the analysis of observed daily time series of the present-day climate in NW Europe. These
time series are provided by the European Climate Assessment and Dataset (Klein Tank et al.,
2002) and the Aachen station (W Germany) is taken as the reference for our study area. Climate
of the cold phase is based on the analysis of daily outputs of AGCM experiments for the Late
Pleniglacial. These experiments are described in Renssen and Isarin (2001) and outputs for the
Meuse catchment are presented in Bogaart et al. (2003b). All parameters are assumed to vary
linearly during the transitions between cold and warm phases. Parameters for the cold and warm

phases are shown in Table 3.II and the resulting time series, generated by the weather generator,
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are plotted in Figure 3.4. The modelled last glacial-interglacial cycle starts at the end of a warm
phase (the Eemian), then after a transition of 30 ky, a long cold phase holds for 75 ky until
a short transition of 4 ky leads to the last warm phase (Holocene). The duration of the two
transitions is fixed so that the evolution of mean annual temperature follows approximately the

bottom envelope of the 80 curve as measured in the GRIP Greenland ice core (Figure 3.4A-B).
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Figure 3.4: Climatic scenario for the last glacial-interglacial cycle. A. The GRIP 630 record since 120 kyr
BP (Johnsen et al., 1997). B. Time series of Mean Annual Air Temperature (MAAT), semi-annual variation
of air Temperature (7,) and annual rainfall rate, extracted from the CLICHE’s weather generator outputs
for the whole glacial-interglacial cycle. C-D. Short time spans showing, for respectively the ‘cold’ and ‘warm’
phases of cycle, the ‘elongated’ daily time series of mean rainfall rate generated by the weather generator
and snow depth and surface runoff computed by the hydrological component of CLICHE (cycle elongation
factor = 1 kyr). E-F. Soil profile conditions—i.e., frozen (dark grey) or unfrozen (light grey)—as calculated
by the thermal component of CLICHE for the same time spans than C-D. Note the presence of a seasonal
active layer during the cold phase (E).
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From a pure climatological point of view, the scenario defined here is somewhat inaccurate and
unrealistic. However, as we have previously shown that the response of hillslope to abrupt climate
changes may be a strongly non-linear function of the efficiency of soil transport (depending on
the parameters of the soil transport laws), starting with a very simple climate scenario where
abrupt transitions are limited in number should initially facilitate the interpretation of the results
and the description of the modelled hillslope system during both cold and warm phases. The
smooth climate variations in the scenario also allow us to choose a relative high value (1 ky) for
CLICHE’s cycle elongation factor and thus reduce the computational effort needed for the model

runs.

3.3.2 Calibrating hydrological and thermal parameters

Table 3.IIT shows the values chosen for the fixed parameters of the CLICHE’s hydrological
and thermal components. Soil temperature damping depth—i.e. the single parameter of the
thermal component —is generally of the order of 0.5-1.0 (m) (Kirkby, 1995). The hydrological
parameters were calibrated by Bogaart (2003) using, for temperate conditions, data on present-
day discharges of the Meuse River close to our study area (southern Netherlands), and for cold
conditions, model tests on the periglacial Tana catchment (northern Norway/Finland). Bogaart
(2003) also discussed the values of each parameter. Here we arbitrarily modified the calibrated
value of some of these parameters (i.e. the soil layer storage capacities and the runoff separation
coefficient) to produce more realistic runoff rates for both temperate and cold conditions, as
observed from actual discharge data of the Vesdre river (temperate conditions) and reported in
high latitude cold environments by several authors (e.g. studies of Bengtsson and Westerstrom,
1992; Stahli et al., 2001; Rawlins et al., 2003, at different spatial scales). During the cold phase
of the climate cycle, runoff occurs during the spring and is mainly due to snow melt (Figure

3.4 C), while annual rates reach ~ 300 mm-yr—!.

By contrast, the temperate conditions are
characterized by much lower annual runoff rates with only an average of 5-6 daily events per year
of average rate ~ 3 mm-day ! (Figure 3.4 D). However, due to the daily temporal resolution of
the hydrological time series, it does not include runoff resulting from short convective rainfall
events. Note that the generated runoff is spatially uniform because the CLICHE’s hydrological
component is lumped over the whole synthetic hill. Overland flow discharge is approximated by

integrating runoff over drainage area.

Table 3.III: Parameters values fixed for CLICHE’s hydrological and thermal components.

parameter description parameter value (units)
Soil temperature damping depth hr 0.7 (m)
Snowmelt coefficient Cs 0.7 (mm °C~1)
Soil storage capacity (cold phase) Ssmax | cold 20.0 (mm)
Soil storage capacity (warm phase) Ssmax|warm 80.0 (mm)
Runoff separation coefficient (cold phase) 7| cold 0.9

Runoff separation coefficient (warm phase) 7| warm 0.7
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3.3.3 Setting the shape of the synthetic hill

Perron and Fagherazzi (2011) have recently demonstrated why it is important to consider
the influence of initial conditions when comparing the results of landscape evolution models with
natural topography. In our case, simulating hillslope erosion over the whole extent of the study
area, at an acceptable resolution required by soil production and soil transport processes, would
take to much computational time. On the other hand, gathering all hillslope configurations met
in the study area into a small synthetic hill is nearly impossible, but it is necessary in order to
produce simulation results consistent with the observations. We therefore adjust the shape and
the geometry of the synthetic hill, by a combination of cosines and other functions, to generate
a variety of slope, curvature and drainage area values as similar as possible to those observed in
the Ardennian hillslopes (Figure 3.5B). The resulting hill extends 920 m in the x direction and
1150 m in the y direction, has a maximum height of about 80 m and presents both convergent
and divergent zones (Figure 3.5A). Moreover, to account for the dual character of the Ardenne
landscape, we create asymmetrical hillsides with a very different relief in terms of slope and

curvature on either side of the main divide.
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Figure 3.5: A. Shape and geometry of the synthetic hill used to simulate hillslope erosion. B. Distributions
of slope, curvature and drainage area values, observed in the Ardenne (dark grey) and derived from the
synthetic hill (light grey). Observed values are derived from the IGN’s DEM and are sampled by a 100 m
buffering around the selected soil units. Synthetic hill values are obtained after re-interpolation on a 20x20
m square grid (see section 3.4.1). Small D values are the Kolmogorov-Smirnov statistics resulting from the
comparison of each couple of distributions.

Note that we use the observed present-day topography to define the initial topography of the
synthetic hill. Previous simulations have shown that, at the scale of a glacial-interglacial cycle,
the climate variations affect hillslope morphology to a much lesser degree than soil thickness
(Chapter 2). Other observations support only slowly changing morphology of hillslopes under
active erosion (e.g., Heimsath et al., 1997, 1999). Furthermore, Roering et al. (2004) have also
demonstrated from the results of multiple numerical simulations that varying erosion regimes
can result in similar hillslope morphologies. At the temporal scale considered here, the tectonic

control on the evolution of hillslope topography can also be neglected (allowing us to make
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hillslope erosion simulations with no uplift). Authors which have recently reconstructed the
post-0.73 Ma tectonic uplift of the Rhenish Massif suggest a total amount of uplift between 50
and 200 m within our study area (Van Balen et al., 2000; Meyer and Stets, 2002; Demoulin
and Hallot, 2009), but resulting from varying uplift rates that increased in NE Ardennes and
Eifel between 730 and 400 ka before coming back to tectonic quiescence in recent times (Van
den Berg, 1996; Van Balen et al., 2000). Moreover, the tectonically-induced fluvial incision wave
has not so much propagated into the Ardenne Massif during the last 100 ky to steepen the
slopes beside the channel reaches (Rixhon et al., 2010; Demoulin et al., 2011). Although the
response of fluvial systems to Quaternary climate variations in NW Europe has been intensively
studied on a qualitative basis (e.g., Mol et al., 2000; Houben, 2003; Vandenberghe, 2008), the
climate control on river incision or aggradation has still not been formally quantified. Without
sufficient knowledge on the quantitative coupling between hillslopes and rivers, we assume that
all sediment supplied by the synthetic hill is easily evacuated by the river at the base of both
hill sides, thus fixing constant soil thickness and elevation at these hill boundaries (‘river’ nodes
of the mesh).

3.4 Model inversion: comparison between observations and sim-
ulation outputs

To extract constraints on the relative importance of the modelled transport mechanisms from
the observations, we use an inversion method: the neighbourhood algorithm (NA) (Sambridge,
1999a,b). The purpose of this mathematical procedure is to objectively characterize the discrep-
ancy between observations and model predictions in a space defined by the model parameters,
through the sampling of a misfit function. The NA-sampler is an iterative, derivative free method
making use of simple geometrical concepts to search the multidimensional parameter space and
produce an accurate approximation of the misfit function, preferentially where the misfit values
are small. At the first iteration, a set of models (i.e. points in the parameter space) are ran-
domly and uniformly generated within the bounded parameter space. During each subsequent
iteration, the entire space is discretized into a set of Voronoi cells, one cell about each previously
sampled model. Voronoi cells represent the nearest neighborhood around each model. These cells
are then used to guide the next sampling step, in a pseudo-randomized fashion. As iterations
proceed, the algorithm concentrates sampling in regions of the parameter space where the data
misfit, through the misfit function, is minimized (Figure 3.6). Full details of NA can be found
in Sambridge (1999a,b).

Unlike other derivative free ‘direct search’ methods (e.g. genetic algorithms and simulated
annealing), the NA approach is conceptually simple with only a few control parameters, but
yet is able to exhibit complex self-adaptive behaviour in searching parameter space (Sambridge,
1999a). The main control parameters are the number of models generated at the first iteration,
the number of models generated at each subsequent iteration and the number of Voronoi cells
re-sampled by these new generated models. The NA method is also well suited for our problem
because it is designed to perform an ensemble inversion rather than only a global optimization

(i.e. find the optimal model(s) that are best fitted to the data). In our case, we might expect
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Figure 3.6: Example of the behaviour of the NA-sampler algorithm in a 2 dimension parameter space, from
Sambridge (1999a). A. 10 models generated at the first iteration and their Voronoi cells. B. The Voronoi cells
about the 100 samples generated at the 2nd iteration. C. Similar to B, but for 1000 samples. D. Contours
of the misfit function (black areas indicate low values for the misfit function).

that no or many models may have an acceptable data fit. In an ensemble inversion, all models

in the parameter space, not just the acceptable ones, provide us useful information.

In order to reduce the dimension of the parameter space and because our study focuses
on the relative efficiency—in space and time—of soil transport processes rather than on the
behaviour of each process taken separately, we assume here that the physics of soil production
and soil transport is well-known (although nowadays the parameterization of soil transport laws
is still discussed). The parameter search-space of the inversion comprises only the maximum soil
production rate parameter Py and the ‘K’ coefficients of the transport laws used in CLICHE,
in addition to the initial thickness h;y of the uniform soil mantle imposed on the synthetic
hill.  Without any prior information on the value of these parameters for the Ardenne case,
we define a large range of acceptable values for each parameter, which requires searching on a
logarithmic scale for a uniform sampling (except for hy). All other parameters of soil production
and transport laws (i.e. the equation exponents) in CLICHE are supposed to be already well
constrained and their values are taken from previous studies (Braun et al., 2001; Herman and
Braun, 2006), excepted for the solifluction law (see chapter 2). Furthermore, as we have a-priori
no idea of the behaviour of the data misfit in the parameter space, we tune the NA control
parameters so that the behaviour of the NA-sampler is more exploratory than exploitative,
keeping a good compromise between computational efficiency and robustness against entrapment

in local minima. Ranges or values for CLICHE and NA parameters are shown in Table 3.IV.

We also have to define the misfit function that drives the NA algorithm. This function is here
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Table 3.IV: Parameters values or search ranges for CLICHE and the NA inversion algorithm. For the
NA-sampler search ranges, ‘log’ means searching on a logarithm scale and ‘lin’ on a linear scale.

parameter description parameter value or range (units) scale
CLICHE fixed parameters

Soil production damping depth ho 0.5 (m)
Ratio of bedrock to soil bulk density K 2.0
Overland flow exponents m 1.7

n 1.3
Depth-dependent creep exp. P 1.2

l 0.7
Solifluction exponents e 1.7

g 0.5

CLICHE inversion parameters
Max. rate of soil production Py 25-1077;2.5-107* (myr 1) log
Overland flow coef. K, 1077;5-1073 (m?~2myr™=1) Jog
Simple creep coef. Ky 107451072 (mZyr—1) log
Depth-dependent creep coef. Ky 5-107%0.5 (m%Pyr~!)  log
Solifluction coef. K, 5-107%1.0 (m2~¢yr~1)  log
Initial soil thickness hto 0.0;3.0 (m) lin
NA control parameters

Nb. of models for initial sample Ng1 1024
Nb. of models for other iterations Ngo 96
Nb. of Voronoi cells re-sampled N, 32

based on (1) the comparison between observed and predicted distributions of surface derivatives
for each thickness class defined from the soil map, and (2) the discrepancy between the relative
coverage of the thickness classes observed in the Ardenne Massif and these of the thickness classes
predicted on the synthetic hill. The computation of the misfit function is not straightforward in
our case as it requires several processing stages from the raw model outputs. These stages are

summarized in Fig 3.7 and are detailed in the following sections.
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Figure 3.7: Summary of the inversion procedure. The grey-filled area indicates the stages that are repeated
each time when a model is generated by the NA-sampler (once the CLICHE run is completed). Details on
these processing steps can be found in the sections below.

3.4.1 Simulated surface derivatives vs. soil thickness

The mesh used for the simulations is a quasi-regular grid created by connecting nodes where

the solution is calculated by a Delaunay triangulation, where the mean distance between a node
and its neighbours ~ 8m (Figure 3.5). As the values of DEM derivatives change according to the
DEM grid-size (Deng et al., 2007), we need to interpolate after each model run the computed
elevation and soil thickness values on a 20x20m regular grid (a linear interpolation scheme from
the Delaunay triangulation is used here). Slope, curvature and drainage area are then calculated
from the interpolated elevation values by the same algorithms and with the parameters than
those used for the data. Soil thicknesses are also classified based on the class limits given above

to finally form the ‘predicted’ cumulative distributions:

Nm
m 1 -
Fi(z) = N Zldi(x> (3.2)
¢ im1

where N is the number of nodes of the regular grid that belong to the soil class ¢ (see also
equation 3.1). Note that in this case the sample size of each soil class is the same for all DEM
derivatives (N = Ng', = Ng', = N}'.).
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3.4.2 Application of the Kolmogorov-Smirnov statistic

We apply the Kolmogorov-Smirnov (K-S) statistic (Press et al., 1992) to describe the similar-
ity between observed and predicted distributions. The K-S test is a useful nonparametric method
generally accepted to compare a sample with a reference distribution or to compare two samples.
It has been used in many geomorphological or geochronological applications (e.g. Snyder et al.,
2003; Giannoni et al., 2005; Lovera et al., 1999). The K-S statistic D is defined as the maximum
value of the absolute difference between two cumulative distribution functions. In our case, for
each of the 12 observed/modelled couples of distributions we can then calculate a K-S statistic

as follows:

Dd,c = Sup ‘ Fén,c(x) - Fic(x) ‘ (33)
T

In the case of a two-samples test, the K-S method is easier to apply than the x? test because
the sample sizes don’t need to be equal (Borradaile, 2003). The wide range of possible applica-
tions of the K-S method also comes from the fact that it does not require that the samples come
from normal distributions (Davis, 1986; Rock, 1988) while being sensitive to differences in the
overall character of the cumulative distribution functions (regarding both location and shape).
However the K-S statistic is relatively insensitive to differences at the extreme ends of the dis-
tributions (Press et al., 1992). In our case, the compared distributions may not be concerned by
this limitation except for the distributions of drainage area values that are characterized by a
long right tail and might then provide less meaningful values of D. The insensitivity of the K-S
test to outliers can be remedied for example by the use of the Anderson-Darling test, a more
sophisticated variant of the K-S test (Anderson and Darling, 1952; Press et al., 1992), but here
we have instead chosen to remove the long tail of the distributions by transforming the drainage

area variable itself (Ax = A7) before applying the K-S statistic.

3.4.3 Dealing with observational errors

Another limitation of the standard K-S method is that it does not account for experimental
errors on the samples (Sircombe and Hazelton, 2004). Yet in our case, the data we use are the
product of many acquisition and processing steps, including field measurements and cartographic
and numerical post-processing, that have obviously generated and propagated multiple errors
citepVeron2005. By contrast, the errors made during forward modelling only comes from the
accuracy of the numerical scheme used to solve the partial differential equations (PDEs) and
from the re-interpolation of elevations and soil thicknesses on a regular grid. The magnitude of
uncertainty in the observed cumulative distributions is expected to be much higher than in the
modelled cumulative distributions. This uncertainty should therefore be taken into account while
comparing the distributions. This is made by comparing cumulative probability density functions

(CPDFs) rather than the cumulative distribution functions Fy, () and Fy (), as shown below.
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Error estimation

The DEM derivatives and soil thickness classification errors contribute to the global un-
certainty on the observed distributions. Slope, curvature and drainage area values which were
assigned to each soil unit have an uncertainty that result from the combination of the positional
error of the delineated soil units, the propagation of the DEM error trough the calculation of the

surface derivatives and the averaging of these derivatives over the extent of each soil units.

Filtered 1<i<N

Data DEM + random = Realization

field
P Sy — Ty —— ) S5
DEM Curvature Drainage ) Curvature Drainage
derivatives Slope So C, area A%, Slope S; C; area Ax;
Soil unit Curvature Drainage ) Curvature Drainage
assign Slope So.u Cou area Ak, o Slope Si,v Ciu area Ak, o
M.C. stats RMSEs, . RMSEc, ., RMSE A+ v

Figure 3.8: Outline of the Monte Carlo procedure applied to estimate error on DEM derivatives values
that were assigned to the selected soil units.

Fine geometric corrections were achieved during the digitalization of the soil map, taking the
IGN topographic background at 1/10 000 as a reference (Veron et al., 2005). The positional
precision of the elements in this reference map is ~ 1m (IGN, 2007). Moreover, The IGN’s DTM
at 1/10 000 is reported to have Root Mean Square Errors (RMSE) between 0.6 and 1.6m on the
position of the 3D points, depending on the acquisition technique. Given the estimation of the
uncertainty of these data sources, one can apply a Monte Carlo method to estimate the error on
the DEM-derived attributes. Monte Carlo methods are commonly applied to propagate error and
quantify uncertainty in spatial data (see for example Fisher, 1991; Carlisle, 2005; Oksanen and
Sarjakoski, 2005; Raaflaub and Collins, 2006; Wechsler, 2007). In this stochastic approach —as
indicated by its name —, the DEM is assumed to be only one realization of an infinite number
of potential realizations of the real topography. The elevation of each DEM cell can therefore be
represented by a probability distribution function (PDF) (Wechsler, 2007). Assuming a random
error for the DEM, a Gaussian PDF is commonly chosen, with a mean equal to zero and a
standard deviation equal to the RMS vertical error of the DEM. Here we adopt a standard
deviation of ~ 2m, which is the highest possible value resulting from the combination of the

positional errors given above.

As described in Wechsler (2007), the Monte Carlo approach that is applied here can be

summarized as follows (see also Figure 3.8) :
1. An error map (random field) is generated based on the PDF selected for the DEM error;

2. The random field is added to the original DEM, resulting in a realization;
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3. Terrain attributes are derived from the DEM and an average value of these attributes is

then assigned to each selected soil unit;

4. Previous steps 1,2,3 are repeated many times based on the number of realizations deemed

appropriate to capture the distribution of possible elevations;

5. Uncertainty on DEM derived attributes can then be quantified from the values obtained
with the multiple realizations. We calculate, for each soil unit, RMS errors from the
multiple values of slope, curvature and drainage area that were assigned to the soil unit

during Monte Carlo simulations:

RMSEg, = \| = (3.4)
where N is the total number of DEM realizations (or Monte Carlo simulations), czw is the
value of derivative d assigned to the soil unit u based on the realization 7, and cio,u is the

correspondent value assigned from the original non-perturbed DEM.

Note that additional processing when generating the random field is required as it is ad-
mitted that the elevation errors in DEMs are spatially autocorrelated (Oksanen and Sarjakoski,
2006). Among the multiple methods that have been developed to account for spatial depend-
ence in random fields (Fisher, 1991; Hunter and Goodchild, 1997), we decided to apply to the
uncorrelated random field a filtering algorithm implemented in the ‘r.random.surface’ module of
GRASS GIS (Ehlschlaeger et al., 1997). This algorithm consists of applying a weighted low-pass
filter, where the size of the filter corresponds to the distance of spatial dependence of the DEM
error. Without the availability of higher accuracy elevation data, we set the maximum distance
of spatial dependence to 500m which corresponds approximately to the mean horizontal length
of the hillslopes in our study area. A total of 100 Monte Carlo simulations are performed to
propagate DEM error. The resulting RMS errors on DEM derivatives are then combined with
the standard deviations of the derivatives values sampled within the soil units to finally obtain
an overall estimation of the uncertainty on observed surface derivatives. We can see in Table 3.V
that the drainage area error estimated from Monte Carlo simulations increases significantly with
increasing soil thickness, while slope and curvature errors remain quasi-constant. As the fixed
maximum area of spatial dependence of the DEM error is much larger than the local neighbor-
hood used to compute slope and curvature, the estimated accuracy of these attributes does not
depend on the location of the soil units. But this is not the case with drainage area for which
the estimated error does grow with increasing upslope contributing areas that become larger
than the spatial dependence of the DEM error. Thick soil units, which have higher values of
drainage area, have also a higher uncertainty on this derivative. Moreover, uncertainty due to
slope and curvature averaging in soil units slightly decreases with soil thickness, because shallow
soils are often located in steep and/or highly convergent—or divergent—areas while thick soils
are more concentrated on flat terrains. It is therefore preferable to differentiate the estimated

uncertainties following the soil thickness classes.
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Table 3.V: Estimation of error related to the values of DEM-derived attributes that were assigned to the
soil units. RMSEg . is the average, over the soil class ¢, of RMSE,,,, values (equation 3.4) obtained from the
Monte Carlo simulation results. o .. is the soil class average of the derivatives standard deviations that are
calculated from the DEM grid cells sampled inside each soil unit. og . is the overall error resulting from the

combination of RMSEg . and o7 ., assuming that these two sources of error are independent.

# soil class ¢ RMSEq . th . 03’ .
Slope S
1 (0 to 20 cm) 1.22 -1072 1.41 -1072 1.87 -1072
2 (20 to 40 cm) 1.20 -1072 1.17 -1072 1.67 -1072
3 (40 to 80 cm) 1.18 -1072 0.97 -1072 1.53 -1072
4 (> 80 cm) 1.17 -1072 0.94 -1072 1.54 -1072
Curvature C
1 (0 to 20 cm) 3.13 -1074 6.14 -10~4 6.89 -10~4
2 (20 to 40 cm) 2.89 -1074 5.78 -1074 6.46 -10~4
3 (40 to 80 cm) 2.99 -10~4 5.37 -10~4 6.15 -10~%
4 (> 80 cm) 3.19 -1074 5.42 1074 6.29 -10~4
Drainage area Ax

1 (0 to 20 cm) 1.53 -1073 8.06 -10~4 1.73 -1073
2 (20 to 40 cm) 1.84 -1073 8.74 -1074 2.03 -1073
3 (40 to 80 cm) 2.23 1073 8.48 -10~4 2.39 -1073
4 (> 80 cm) 2.42 1073 9.11 -1074 2.59 -1073

Beside the estimation of the DEM derivatives uncertainties, we also need to estimate the error
on soil thickness data. As, in the soil map, soil thickness is categorized into an ordinal variable—
and given the non-availability of the initial augerings data in the map’s database—, its level of
uncertainty can be defined by (1) the probability that the ‘real’ aggregated thickness value for
a soil unit effectively belongs to the class in which the soil unit has been categorized, and (2)
the probabilities that this real value belongs to the other classes. One can easily estimate these
probabilities, e.g. on the basis of a contingency table obtained by a cross-validation procedure.
Unfortunately, at our knowledge no validation has been made yet for gravel soils in the Ardenne.
Without any information available, we have chosen probability values in order to obtain an
acceptable mid-level error (Table 3.VI).

Table 3.VI: Probabilities that the soil units, categorized into the thickness classes of the table’s rows,
belong to the thickness classes of the table’s columns. The values are arbitrarily defined to reach a mid-level
error, accounting for the variable class widths and the higher chance to underestimate than overestimate soil
thickness when measuring the depth of the substratum by augerings in medium to high gravelly soils.

# soil class ¢ 1 (0 to 20 cm) 2 (20 to 40 cm) 3 (40 to 80 cm) 4 (> 80 cm)
1 (0 to 20 cm) 0.80 0.20 0.00 0.00
2 (20 to 40 cm) 0.06 0.80 0.14 0.00
3 (40 to 80 cm) 0.00 0.03 0.90 0.07
4 (> 80 cm) 0.00 0.00 0.03 0.97
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Incorporating error into cumulative distribution functions

We assumed that uncertainty on the model outputs can be neglected in comparison with
uncertainty on the observations. To properly compare observed and modelled distributions of
surface derivatives, the modelled cumulative distributions are re-calculated with the integration
of the observational errors estimated above, prior to calculate the K-S statistic. This process
consists of two stages. In the first stage, we have developed a simple algorithm that redistributes
randomly selected values of surface attributes—derived from the re-interpolated CLICHE outputs
(see section 3.4.1)—from one to the other soil thickness classes, according to the ‘belonging’
probabilities defined above. Rather than class permutation, the selected values in one class are
added (copied) to the samples of the other classes, resulting in fuzzy classes of soil thickness. After
this first stage, the size N[ of the sample of each soil class ¢ is more or less enlarged. Nevertheless,
due to the fixed mid-level error and partially overlapping distributions for contiguous thickness
classes, the aspect of the modelled cumulative distributions doesn’t drastically change in most

cases (Figure 3.13).

In the second stage, we use Gaussian Kernel Probability (GKP) functions to represent the
modelled cumulative distribution functions weighted by the error on observed values of DEM
derivatives. For each sample obtained at the previous stage, the punctual values d; are replaced
by Gaussian PDFs centred on the values themselves and with a standard deviation 037 . taken
from Table 3.V. The GKP function is defined as the normalized sum of all the Gaussian PDFs
(Silverman, 1986) and the cumulative probability density function (CPDF) is given by the integral
of the GKP function. For the modelled distributions we thus calculate the CPDFs as follows:

L sl

de(®) = =
’ Nc —00 ;1 U;,cv 27

da’ (3.5)

where z € [—o00; +00] and GJ'.(x) € [0;1]. Depending on the value of ¢ . and the tightness of
the distributions, the obtained CPDFs are smoothed to a variable degree with respect to the
original cumulative distributions F} (), thus having a significant impact on the results of the
K-S test.

Note that because the probabilities of values d; to belong to other thickness classes are rather
small, both the redistribution process and the CPDF computation are repeated many times
(100x), reducing the risk of a high stochastic bias. The resulting CPDFs are then averaged into
a unique CPDF. Moreover, an equation similar to equation 3.5 is used to calculate the CPDFs
Gy .(z) from the observed distributions Fy (), but in this case the impact on the results of the
K-S test is quasi-negligible due to the smoothness of the distributions F a .(z). Finally, the K-S

statistic that account for observational errors are calculated as follows:

Dxq.= max | Ggfc(x) — gyc(x) | (3.6)

—oo<xr<oo
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3.4.4 The misfit function

As a measure of the data fit, we initially used the mean of the K-S statitic calculated for each
surface derivative (S,C,A*) and each soil thickness class (equation 3.7). The mean is preferred
to the product of the K-S statistics because we are searching for an acceptable fit for all the
distributions, rather than a perfect fit—i.e., a value of Dx*4. very close to zero—for at least
one or a few of the distributions. Moreover, depending on the CLICHE’s soil production and
transport parameters set by the inversion algorithm, the size of some of the predicted samples
can be too small to accurately characterize their distribution. The mean of the K-S statitic is

thus weighted by a non-linear function of the sample size (equation 3.8).

Z:Z:wCD*d’C
Dsx=-4_¢ (3.7)

we = 2 arctan <Ncm80> (3.8)
T T

However, as we noted after several inversion tests, the model that corresponds to the smallest
value of the misfit function Dx produces on the synthetic hill a spatial distribution of the soil
mantle that may greatly differ from the observed distribution reconstructed with the soil map,
notably characterized by an extended coverage of shallow soils (thickness < 20 c¢m). Possible
explanations for that particular behaviour are: (1) the extraction of slope, curvature and drainage
area attributes is not sufficient to fully characterize the spatial distribution of soil thickness, (2)
the limited extent of the synthetic hill is sufficient to reproduce the global distribution of the
DEM-extracted surface derivatives but not large enough to reproduce the distribution of these
derivatives for the soil thickness classes taken separately, and (3) the broad classification of soil
thickness values smoothed out the possible highly non-linear relations between surface derivatives
and soil thickness. In addition to Dx, we therefore decided to apply another, somewhat arbitrary
constraint based on the relative coverage of each thickness class. As, for the predictions, soil
samples correspond to the 20x20m grid cells resulting from the re-interpolation and, for the
observations, the areas of selected soil units are rather similar from one to another thickness
class, sample sizes can be used instead of areas for both predictions and observations. The
misfit function M that drives the inversion algorithm is thus defined by multiplying D* by the
Root Mean Squared Differences (RMSD) between observed and predicted relative sample sizes
(equation 3.9). The logarithm of this product—whose values theoretically vary between 0 and

1—is chosen to increase the variability of the misfit function (equation 3.10).

> - )’

RMSD = =
4
(3.9)
Nm N, 1
where P;n = ZC and Pg = Z]CVO with NZ o g Z CZC
c c d
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M =log(D % -RMSD) (3.10)

3.5 Inversion results

Results of the inversion are summarized in Figures 3.10 and 3.11. Each dot in these figures
represents a forward model, i.e., a CLICHE run corresponding to a set of model parameters
generated by the NA-sampler algorithm (red dots correspond to a small misfit value while blue
dots correspond to a poor data fit). The results were obtained after 20 iterations (Figure 3.9B),
when new generated models begun to be entrapped in local minima of the misfit function. A
total of 2830 models were generated by the inversion algorithm. We see a remarkable convergence
pattern for all parameters. Despite the generally accepted meter- to sub-meter scale required to
study soil transport mechanisms on hillslopes, the 20 m resolution data we used have apparently
constrained the soil production and soil transport parameters with a surprising efficiency. As the
data also cover an extended region including variable hillslope geometries and—small but exist-
ing—Ilithological and soil heterogeneities, the good convergence rate achieved by the inversion

scheme supports the assumption of a 1st order control of climate on hillslope erosion.

However, Figure 3.10 shows that the comparison between observed and modelled relative
sample sizes of each soil class has mainly driven the NA-sampler algorithm to converge towards
values of RMSD close to zero, thus producing low misfit values (Figure 3.11), while the com-
parison of cumulative distributions brought poorer results with Dx values more spread over the
parameter space, emphasized by the logarithm search scale of Py and the ‘K’ transport paramet-
ers. Consequently, the inversion results obtained here can’t be used to determine the calibrated,
precise or absolute values for these parameters. This was expected because of the low precision of
the data and despite the incorporation of observational errors in the computation of data fit that
probably enhanced the robustness of the results but certainly not their precision. Figures 3.10
and 3.9A also show that, although the lowest RMSD values do not correspond to the lowest Dx
values, a consistent, positive (though non-linear) relationship between RMSD and Dx* emerges
from the whole inversion ensemble. For the lowest RMSD values, D# bottoms out between 0.2
and 0.3. This characteristic range and the inability of reaching lower Dx values can be explained
by several factors including the discrepancy between the climate scenario defined here and the
real climate history of the past 120 kyr in the Ardenne which might play an important role, as
well as the comparison of only broad classes of soil thickness (as previously discussed) or the
possible incorrect parametrization of soil production and transport used for forward modelling
(which will be discussed later).

Moreover, the results highlight that constraining CLICHE with data on present-day soil
thickness didn’t provide a unique solution of soil production and transport, i.e., the NA-sampler
didn’t converge towards one best-fit model. We indeed distinguish in Figure 3.11 multiple well-
delimited areas of the parameter space characterized by low values of the misfit function. It
confirms the expectation that searching for the best-fit model makes no sense in our case. Nev-
ertheless, the number and the extent of these low-misfit areas are limited in the search ranges

of all CLICHE constrained parameters. From the inversion ensemble, a set of three simulations
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(S1-3) are chosen to be representative of the probable solutions (Table 3.VII). For each of these
simulations, time series of sediment yield to the rivers (equal to the rate of soil loss through the
lower boundaries of the synthetic hill), averaged denudation rate and averaged soil thickness are
shown in Figure 3.12. The contrasted evolution of these variables from one simulation to another
demonstrates the need for additional data—most probably time-dependent data—to constrain
soil production and transport more efficiently. Focussing on the denudation rates, we see sim-
ilarities between the time series of simulations S1 and S2 while simulation S3 presents much
lower rates due its lower values of Py and the ‘K’ parameters. The multiple low misfit regions
located below Py ~ 2.8-107° m-yr~! suggest a positive correlation of data fit between Py and the
transport parameters, but at this characteristic Py value, the low misfit models become spread
over a large part of the search ranges of the other parameters (excepted for K,;). Among these
models, S1 and S2 predict denudation rates that are more consistent with the rates measured
in catchments of the Ardenne and the Reinish Massif (Schaller et al., 2002, 2004; Meyer et al.,
2008). Therefore, the discussion below will be essentially based on the two solutions S1 and S2
(the predicted vs. measured denudation rates will be also discussed in more detail). A fourth
simulation (S4) is chosen to show an example of a small Dx value obtained from a model with
Py close to 2.8-107°. Figures 3.13 and 3.14 illustrate respectively the data fit (through modelled
and observed distributions of surface derivatives) and the state of the hillslope system (in both
glacial and actual temperate periods) for simulation S1. The same figures for S2-4 can be found
as a supplement at the end of this chapter (section 3.8). Comparisons of distributions of the
topographic index, shown for control purpose (Figure 3.13), are consistent with the comparison
of the other distributions. The distribution fit is generally better for the middle thickness classes
(20 to 40 cm; 40 to 80 cm) than for the extreme classes, but note that the size of the samples for

the shallowest class (0 to 20 cm) is often small while the thickest class has no upper boundary.

Beside the location of areas of low misfit in the parameter space, the density of models
generated by the NA-sampler is also a good indicator of probable solutions for the parameters
values, with the added benefit that this indicator is characteristic of the whole inversion ensemble,
as the density progressively increased during the inversion process in the areas where misfit was
minimized. The diagonal of the matrix in Figure 3.10 shows the marginal densities estimated for
each constrained parameter. Density distributions for Fy, K4 and K, have a single, narrow mode.
The K, mode indicates very high solifluction fluxes, and the K; mode around ~ 1.5 - 1073 is in
the range of the simple creep ‘K’ values which were obtained with the multi-parametrized model
of soil production and soil transport used by Braun et al. (2001) and Herman and Braun (2006).
These values will be further discussed together with the characteristic Py value ~ 2.8-107°. For
the other constrained parameters, distributions of density are rather multimodal (the 2nd order
maxima reflecting the entrapment in local minima of the misfit function). The density of forward
models increases between 1074 and 1.5 - 1072 for K44, while the modes are less marked for K,
indicating the poor constraint level brought by the data on transport by overland flow. The
simulations S1 and S2 were thus specifically chosen to encompass cases for which the value of
K, is respectively very low and very high. The NA-sampler has converged towards either small
values of hyy (< 1 m) or around 2 m. Considering the periodicity of the Quaternary climate

and the similarities between the Eemian and the Holocene climates, we expected a convergence
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towards h;o values close to the present-day mean soil thickness. However, such an interpretation
is difficult due to the possible self-adapting behaviour of the hillslope system to evolve away from
the uniform soil thickness initially assigned to the synthetic hill (the imposed uniform thickness
might greatly differ from the probable spatially variable soil thickness distribution found at the

end of the Eemian).
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Figure 3.9: A. Dx vs. RMSD values for all models generated by the NA inversion algorithm. R? is the
coefficient of determination of the 2nd order polynomial adjustment between the two variables (dotted line).
B. Evolution of the misfit function M values (grey line) as the iterations of the NA-sampler proceeded (the
black line corresponds to the moving average over 30 successive models generated by the NA-sampler).

Table 3.VII: A set of models representative of the multiple solutions obtained from the inversion: de-
scription, parameter values and data fit. The parameter values correspond to models which were effectively
generated by the NA-sampler (see Table 3.IV for parameter units).

S1 S2 S3 S4
Description Py ~ 2.8 -107?; Py~28-1077%; Low Pp; low Example of low
high K,; high K, low K,; high K; transport params. Dx; Py close to
2.8-107°
Py 2.73 .107° 2.89 -107° 5.63 -10~7 2.25 -107°
K, 3.47 -107° 5.00 -10~7 1.51 1076 6.02 -107°
Ky 1.54 1073 2.96 -10~* 1.74 1073 2.79 -1072
Kaq 2.23 1072 3.20 -1072 3.07 -1073 8.51 -10~*
K, 5.45 1071 7.31 1071 7.90 -1074 8.91 1073
hao 0.08 1.83 0.64 2.64
D+ 0.30 0.27 0.23 0.20
RMSD 0.015 0.025 0.020 0.200
M -5.40 -5.01 -5.33 -3.21
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Figure 3.10: Results from the inversion (NA-sampler): matrix of two-dimensional cross sections in multi-
dimensional parameter space (see Table 3.1V for parameter units). Each dot in the scatterplots represents a
forward (CLICHE) model run. The color schemes are proportional to the D# (lower-matrix) and the RMSD
(upper-matrix) values. In the scatterplots, red dots overlap the blue dots for more visibility of good data fit
areas. The diagonal of the matrix shows the kernel density estimation of the models generated by the NA-
sampler for each dimension of the parameter space (using a Gauss kernel with standard smoothing, see Scott
(1992) for details on the calculation). As the NA-sampler iterations proceeded, the density increased in the
regions where the misfit function were minimized. Note that the y-axis for the kernel density estimates differ
from the y-axis of the scatterplots and also differ from one to another parameter for a better visualization.
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Figure 3.11: Results from the inversion (NA-sampler) and selected models: matrix of two-dimensional
cross sections in multidimensional parameter space (see Figure 3.10 for more explanations). Here the color
scheme is proportional to the misfit function M values (both lower-matrix and upper-matrix). Labelled Black
squares in the diagonal and the upper-matrix indicate the locations of the selected models in the parameter
space (see Table 3.VII for parameter values).
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Figure 3.12: Time series for simulations S1,52,S3 and S4 (see Table 3.VII). A. Sediment supply: output
soil flux averaged over the fixed boundaries of the synthetic hill (‘river’ sides). B. Soil thickness averaged over
the whole synthetic hill. C. Denudation rate averaged over the whole synthetic hill (Values in the upper-left
quadrant indicate the averages over the 120 kyr of the simulation for S1-4). D. Focus on the low part of C.
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Figure 3.13: Simulation S1 (see Table 3.VII): Observed (dark grey) and modelled (light grey) distri-
butions of terrain attributes for all soil thickness classes: normalized histograms, normalized cumulative
distribution—before (i) and after (ii) sample redistribution for the modelled distributions—and Cumulative
Probability Density Functions (CPDFs) (iii). Modelled distributions are computed from the distribution of
soil thickness at the end of the simulation S1 (see Table 3.VII). Distributions of the topographic index were
not involved in the misfit computation but are shown here for control purpose.
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Figure 3.14: Snapshots of simulation S1 (see Table 3.VII) for Pleniglacial conditions (after 100 kyr of
simulation, left hand-side) and present-day conditions (at the end of the simulation, right-hand side). A. Soil
thickness. B. Local volumetric downhill soil flux (all processes). C-F. Contribution to the local downhill soil
flux from transport by overland flow, simple creep, depth dependent creep and solifluction (unit-less). Note
that the soil fluxes involved here are the averages over an entire elongated cycle in the simulation.
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3.6 Discussion

The inversion results based on the comparison between the CLICHE model predictions with
the soil thickness observations through the whole glacial-interglacial cycle yield a new and im-
portant amount of information that provides a strong quantitative basis for discussing a variety
of unresolved problems concerning hillslope erosion under varying climate conditions. In the
discussion below, based on our results and structured around key themes, we will try to give new
insights on the following fundamental questions, with emphasis on whether the data we used

here provide good constrains on hillslope dynamics:

- How can one characterize the hillslope system—weathering-limited vs. transport-limited—

during ‘cold” and ‘warm’ phases of the glacial-interglacial cycles ?

- Which weathering mechanisms prevailed under the cold and the temperate environments
that followed each other in our study area and how has the rate of production of mobil-

izable regolith evolved during the past 120 kyr ?

- Is the present-day landscape in equilibrium ? Does the actual soil thickness distribution

and/or landforms retain a ‘memory’ of the past environments or climatic events ?
- When and where did or do operate the predominant transport processes 7
- How are denudation rates and sediment delivery to channels influenced by climate 7

In addition to the hypothesis of a simple climate scenario fixed for the last glacial-interglacial
cycle, we also discuss the consistency of several simplifications we made. In particular, the a-
priori well-known physics of soil production and transport processes and the scale-dependence

of transport processes are studied by analysing their influence on the value of the misfit function.

3.6.1 Transport-limited vs. weathering-limited landscape, and weathering
mechanisms

At a first glance at the whole inversion ensemble, it is surprising to note that the bast
constrained parameter is the maximum soil production rate Py, whereas the map of soil thickness
lets us to believe that the present-day landscape is transport-limited (Figure 3.2), corroborated
by the model prediction of a low downhill soil flux at the end of the simulation, i.e., the Holocene
(Figure 3.14B2). Because in transport-limited systems soil transport cannot mobilize all the
produced regolith, soil mantle tends to become thicker, thus decreasing the soil production rates.
Apart from possible variations in soil production rate related to variations in the underlying
bedrock lithology (Ahnert, 1987), the spatial distribution of soil mantle in such systems is thus
mainly controlled by the relative efficiency of transport processes, which depends mostly on
hillslope morphology. In the extreme case, without any transport on a bare-bedrock hillslope,
the soil cover would evolve towards a uniform thickness that is independent of the Py value (in
that case, using the soil production law implemented in CLICHE, Py represents the rapidity
at which soil mantle reaches a steady uniform thickness and hg represents its characteristic
thickness). For these reasons, soil distributions in transport-limited systems do not provide good

constraints on the maximum soil production rate. So, given the data, we did initially expect
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a high constraint level on the soil transport parameters and relatively poor results for the soil

production parameter, but the inversion results revealed the opposite.

This paradox can be explained looking at the behaviour of the hillslope system during the
cold phase of the simulation, when high runoff regimes and the presence of a thawing soil layer
promoted high potential rates of seasonal solifluction and transport by overland flow. The good
data fit found with high parameters values for at least the solifluction law turned these potential
rates into very high effective transport rates during the glacial period (Figure 3.14B1). Figure
3.14A1 shows that, during this period, downslope soil transport limited the development of the
soil mantle to a few centimeters on a large part of the synthetic hill—at least for the steepest
hill side—while the mobilized material accumulated at the base of the hill, resulting in a typical
weathering-limited hillsope system (Carson and Kirkby, 1972). As the cold phase represents
most of the time of the simulation, the emergence of these weathering-limited conditions on the
synthetic hill is the most likely explanation for why soil production has played an important role

during the last glacial-interglacial cycle.

However, it is also surprising that the NA algorithm has well converged towards a unique
value for Py, around 28 mm-kyr—!, whereas recent studies suggest a strong connection between
weathering rates and climate. For example, high denudation rates have been reported in regions
that experience or have experienced a sufficient climatic cooling to bring the ground temperat-
ures into the “frost cracking window” (Anderson, 1998; Hales and Roering, 2007; Delunel et al.,
2010; Tucker et al., 2011). This window, defined by a temperature range between -3 to -8 °C, is
a proxy for the intensity of frost-cracking, which primarily results from the growth of segrega-
tion ice in rocks (supposing the presence of available water) (Hales and Roering, 2007). Such a
positive correlation between erosion rates and frost-cracking intensity as mainly been observed
and /or interpreted in mountainous and rocky environments, e.g., western European Alps (De-
lunel et al., 2010), southern New Zealand Alps (Hales and Roering, 2007) and Italian Appenines
(Tucker et al., 2011), where steep slopes ensure an effortless removal of the breakdown products
and leading to interpreting denudation rates as weathering rates. On the other hand, an opposite
effect of the mechanical dislocation of rocks by water freezing and ice lens growth is that other
possible rock breakdown mechanisms would cause increasing weathering rates during the trans-
ition from cold to warmer climate conditions. For example, pollen records in NW Europe show,
for the last glacial-interglacial transition, dramatic changes in the relative proportions of woody
and herbaceous species, characterized by an overall increase of the tree/non-tree (AP/NAP)
pollen ratio (e.g., Hoek, 1997; Litt and Stebich, 1999; Hoek, 2001), therefore encouraging more
efficient rock disruption by tree throw and woody root growth. Higher annual rainfall rates and
temperatures may also promote biological and chemical weathering. Recent data suggest even
a more complex control of climate on soil production, trough the combined effects of rainfall
and temperatures in addition to feedbacks between soil weathering, saprolite weathering and soil
transport (Dixon et al., 2009a,b).
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To which mechanism(s) is the constrained P, value related ?

Given that the soil production function implemented in CLICHE is not climate-dependent,
the characteristic value of Py obtained here can be interpreted in two possible manners: (1) P
reflects the maximum soil production rate due to either frost-cracking and the action of water
freeze-thaw during the cold phase of the climatic scenario, or active biological and chemical
processes during the warm phase; (2) both of the weathering mechanisms previously mentioned
have been active respectively during the cold and warm phases and resulted in similar rates of rock
breakdown or soil production. Unfortunately, our results do not provide sufficient information
to definitively decide which solution is the most acceptable. An argument that supports good
constraints on soil production rates under the temperate climate of the Holocene, independently
of weathering rates under cold climatic conditions, is the clear positive correlation between Py
and K4q for high values of Kj; that emerges from the inversion (Figure 3.10), whereas the low
misfits values found for Py around 28 mm-kyr—! do not significantly vary across the inversion
search range of the other transport parameters. In our case, without any a-priori external
constraint applied to the geomorphic laws, it is logical that soil production and soil transport
rates must increase together in order to reproduce identical data fit (i.e. identical soil thickness
distributions). K4 is precisely controlling the rate of depth-dependent creep which turns out
to be the dominant process acting on the largest extent of the synthetic hill during the warm
phase of the climatic scenario (Figure 3.14E2). A more elusive positive correlation between P
and K, (the overland flow parameter) emerges for high values of K, and low misfit values. This
makes good sense because transport by overland flow prevails in areas of surface convergence of
the synthetic hill during the last thousands of years of the simulation (Figure 3.14C2), but only
for high values of K, due to the low runoff regime of the Holocene. However, this result—i.e., no
or positive data fit correlations found between Py and the transport coefficients—also suggests
that the characteristic value of Py reflects the production of mobilizable material during the cold
phase of the climatic scenario. Indeed, close to this characteristic maximum production rate, the
inversion results suggest a good data fit but only for high values of K, (main control parameter
in the solifluction law). In CLICHE, the solifluction law is only active in the presence of a
seasonally thawing soil layer. Consequently, the contribution of solifluction to the total soil flux
becomes so important during the cold period (Figure 3.14F1) that only high values of K, K4
and /or K4q controlling the other transport laws could have caused a significant rise in the total
soil flux. This may explain the absence of any relationship in the inversion result between P

I and low values of K,, K, and Kgq and, inversely, the positive correlations

around 28 mm-kyr—
for high values of K45 and K. Note also that the lowest misfits values around the characteristic
Py value are located near the upper bound of the K, parameter search range and don’t exclude

a possible positive correlation for higher K, values.

If our results do not allow us to relate the optimum Py value to specific mechanisms of soil
production, additional information on rock breakdown and/or soil production rates—in both
transport-limited and weathering-limited hillslopes—should fuel the debate. For example, Heim-
sath et al. (2000) used cosmogenic radionuclides (CRN) to estimate soil production rates in the
Bega Valley, southeastern Australia, which shares many similarities with the present-day Ar-

denne landscape (soil mantled hillsopes with low to moderate relief, warmer climate than the

95



Chapter 3. Soil production and transport during the last glacial-interglacial cycle

Ardenne but with quasi-uniform rainfall rates and an annual average ~ 910 mm-yr—!) despite
slightly different geological settings (Late Silurian to Early Devonian granite and granodiorite).
In their study site, soil production and transport appeared to be primarily controlled by biogenic
processes, although there was some evidence of overland flow. Measurements of production rates
against soil depth indicated that soil production declined exponentially with depth, with a max-

imum production rate Py ~ 53 mm-kyr—!. 1

This value was consistent with Py ~ 80 mm-kyr™
obtained from other CRN-based measurements in the Tennessee Valley, California (Heimsath
et al., 1997, 1999). Other examples in more bedrock-dominated landscapes include Tucker et al.
(2011) which estimated erosion rates on a fault scarp located in the Central Apennines (Italy),
using a numerical model of footwall growth and erosion in which erosion rate tracks the GISP2
00 curve. For this weathering-limited scarp system, the authors reported very low Holocene

I and much higher 110-300 kyr averaged erosion rates, between

erosion rates from 1 to 50 mm-kyr~
200 and 400 mm-kyr—!, suggesting that erosion rate has varied by about a factor of 30 over the
past one to two glacial cycles due to the strong climatic control on rock breakdown by frost
cracking. As thin soils (< 25 cm) mantle the steep slopes of the studied scarp, we can reasonably
compare the erosion rates indicated above with the Py parameter of the soil production function

in the context of a weathering-limited system.

The characteristic Py value of 28 mm-kyr~! obtained here is in good agreement with values
reported by Heimsath et al. (1997, 1999, 2000) and suggests therefore that the present-day soil
thickness data in the Ardenne constrain the maximum production rate related to biogenic and
chemical activity under the temperate environment of the Holocene. However, a straightforward
comparison of the weathering rates reported by Tucker et al. (2011) may be disputable in the
Ardenne’s case. Evidences of a locally warmer—but still cold—climate in the Central Apennines
than in the Ardenne during the Last Glacial Maximum (LGM) suggest that rock weathering
rates measured in the Apennines are likely to be much higher than weathering rates due to
frost cracking in the Ardenne. Pollen-based temperature reconstructions and multi-proxy model
simulations (e.g., Watts et al., 1996; Vanandel, 2002) indicated temperatures comprised between
-10 and 0 °C for winter months in Central and Southern Italy (the LGM climate in the Ardenne
were previously discussed in section 3.3.1, this chapter). Moreover, the scarp studied by Tucker
et al. (2011) is located below the minimum elevations—from 1600 to 2500 a.s.l.—of relict rock
glaciers identified in the Central Apennines. These rock glaciers probably mark the lowermost
limit of Pleistocene discontinuous alpine permafrost in the peninsula (Dramis and Kotarba, 1992;
Giraudi and Frezzotti, 1997), in contrast to evidences of a former discontinuous permafrost found
in the Ardenne (see section 3.3, this chapter). As suggested by Hales and Roering (2007), the
presence of a permafrost limits the availability of water from the groundwater system for segreg-
ation ice growth, thus drastically reducing the maximum intensities of frost cracking compared

to systems characterized by seasonal ice conditions without the occurrence of a permafrost.

Thus, assuming that the weathering rates reported by Tucker et al. (2011) do not apply to
the Ardenne’s case, can we conclude that if frost cracking and the biogenic activity prevailed
under, respectively, the periglacial and temperate environments that followed each other in the
Ardenne, they probably resulted in weathering rates not far from each other ? This scenario may

initially explain why Pp is well constrained. Moreover, by constraining the CLICHE model with
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present-day soil thickness data, the rate of production of mobilizable regolith is determinant in
both cold and warm phases of the climatic scenario, respectively in order to reproduce proper
‘initial conditions’ of soil thickness distribution at the beginning of the Holocene, and from that
time to control the rapidity at which the soil mantle evolved towards its present-day state given
the low transport rates of the Holocene. However, hereafter we argue that any other value of Py,
specific to the cold period of the climate scenario and possibly very different from the Py value
constrained by our inversion, could reproduce the same initial conditions at the beginning of the
Holocene. Changing the transport coefficients for overland flow and solifluction, which turn out
to be the probable dominant transport processes during the cold period, has almost no impact
on the transport of soil during the Holocene. Solifluction is inactive during the warm phase, and
due to the contrasted overland flow regimes between the cold and warm periods, the present-day
rates of soil transport by overland flow are much lower than those of the cold period, even for
high values of K, (for the simulation S1, the rates varied by up to three orders of magnitude,
depending on the location on the synthetic hill). Therefore, if we admit a higher Py value for
the cold period than for the warm period, then it is possible to reproduce the same ideal soil
distribution at the beginning of the warm period by increasing the values of K, and K, without
altering the further evolution of the synthetic hill during the warm period. If Py is effectively
higher for the cold period, then our inversion underestimated the rate of soil transport for this
period. The reasoning is similar if we alternatively consider a lower Py value for the cold period.
Thus, we conclude here that the apparently good constraint on the rate of soil production is
most probably related to mechanisms which prevailed under the recent temperate climate of the
Ardenne, and that the present-day soil thickness distribution cannot be used together with a
unique parametrization of soil production independent of climate to precisely constrain both soil

production and soil transport for the last glacial period.

3.6.2 Inherited soil thickness distribution, inherited hillslope morphology
and the landscape equilibrium

In chapter 2, we have used sediment supply in addition to spatially averaged soil thickness
and denudation rates as indicators of landscape equilibrium. The evolution of these variables in
the last 10 kyr of the simulations S1 and S2 (and S4) clearly shows that, if these simulations
are representative of the real behaviour of hillslopes in the Ardenne, the present-day hillslopes
are not in dynamic equilibrium (Figure 3.12). We made an additional simulation with the
same set of parameter values than S1 but for an extended simulation time of another 80 kyr of
temperate Holocene climate. The resulting evolution of average soil thickness indicates a very
long potential response time to the last glacial-interglacial transition (Figure 3.15A). However,
it does not mean that the entire present-day Ardenne landscape is far from equilibrium. In our
simulations, the variety of hillslope geometrical settings found in the Ardenne were lumped into
a small synthetic hill, and because of their limited extent in the Ardenne Massif, the steepest
slopes which probably respond more rapidly to the last climate transition (see chapter 2) are
under-represented in our modelling. In addition, variable lithological and environmental settings

in the massif do obviously imply differences in response to climate variations.

Simulation S1 shows that even at the scale of the synthetic hill, the time response is highly
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variable. At the end of the simulation, a local steady-state soil thickness (SSST), i.e., a dynamic
equilibrium in which soil thickness does not vary locally over time, is reached on divergent areas
of the synthetic hill (hill ‘noses’). We see in Figure 3.16 that on those noses, assuming that soil
density is half the rock density (Table 3.IV), the surface denudation rate is perfectly balanced
by the soil production rate. Figure 3.15 also shows significant changes in soil thickness for the
highest values of negative curvature from 100 kyr to 120 kyr of simulation time (B-C), but
almost no change beyond that time (C-D). The establishment of SSST on the hill noses has some
important implications, notably on the applicability of CRN-based estimation of soil production
rates which could potentially validate the well constrained value of Py obtained here (and also the
fixed hg parameter). These estimates imply SSST, as frequently assumed in techniques used to
estimate erosion and weathering rates (Phillips, 2010). Wilkinson et al. (2005) have demonstrated
that an invalid SSST assumption would affect the apparent relationship between soil production
estimates and soil depth. In the previously mentioned studies of Heimsath et al. (1997, 1999,
2000), the sampled sites were precisely located on the convex regions of the investigated hillslopes
where the authors had good reasons to suppose SSST, as changes in soil production or transport
with Pleistocene—Holocene climate change would have adjusted local soil thickness early in the
Holocene (Heimsath et al., 1997). For the Ardenne’s case however, the simulation S1 (and
S2) suggests that SSST was later reached on the hill noses (only 3-4 kyr ago). The recent rapid
evolution of soil thickness in our study area is therefore not favourable to CRN-based estimations
of soil production rates using traditional methods. Nevertheless, the total change in thickness
is limited to 15-30 c¢m, and our modelling provides a probable scenario of recent soil thickness
evolution that can be used to derive more sophisticated estimates of soil production rates from

CRN measurements.
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Figure 3.15: Evolution of soil thickness averaged over the synthetic hill (A) and evolution of the relationship
of negative curvature vs. soil thickness (B,C,D) for the same set of parameter values than S1, but here with
80 kyr of additional simulation time during which the warm phase of the climate scenario is kept constant.
Surface curvature is computed directly from the mesh nodes, without re-interpolation, using a finite volume
scheme. The topography is prior smoothed to reduce the scatter of curvature values introduced by local
disturbances, resulting itself from the intermittent transport by overland flow.
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after 120 kyr

0 20
I ]

Soil production rate (mm-kyr—1)

Denudation rate (mm-kyr—!)

Figure 3.16: Soil production rates (A) and denudation rates (B) at the end of simulation S1. Deposition
occurs for negative values of denudation rate.

Simulations S1 and S2 also show that changes in soil thickness since the transition from the
cold to the warm climatic phase are more marked in convergent areas (i.e., negative curvature
values in Figure 3.15 B-C-D) than on the noses of the synthetic hill. From the beginning of the
warm phase, soil coming from the convex regions cannot be any longer evacuated by solifluction
and/or highly efficient transport by overland flow. Deposition occurs in the concave regions
(Figure 3.16B), resulting in a typical diffusive shape for the synthetic hill. Due to the overall
low transport rates and given the slowly increasing depth-dependent creep fluxes along with the
increase in soil thickness, the time needed for soil production and transport to reach SSST is
quite long (a significant evolution of soil thickness vs. curvature is shown between Figure 3.15C
and D for positive curvature values and thick soils), though the response is non-linear. Beside
the possible control of vegetation and/or lithology on soil thickness, outlined by e.g. Wilkinson
et al. (2005) and for which further investigations are needed in the Ardenne, it is therefore
probable that the present-day shallow soils characteristic of convergent areas are the relics of a
soil thickness distribution that formed during the glacial period and that has not yet been entirely
overprinted by present-day processes. From data collected by Heimsath et al. (2000) on hill noses
in the Bega Valley, Herman and Braun (2006) have demonstrated that soil thickness versus local
curvature relationships do not provide good constraints on whether a soil distribution has reached
steady state. But if our interpretation is correct, our results suggest that, focusing on convergent
areas of the hillslopes, these relationships are very informative on whether a soil distribution has
fully readjusted to a major climate change event. The relationships between soil thickness and
other terrain attributes (slope, drainage area and topographic index) are also useful indices of the
transition from cold to warm climate. The model predicts that these relationships change during
the climate transition with a decline of their non-linearity. Note however that the shallow soils
(< 20 c¢cm) observed on the Ardenne soil map in convergent hillsope areas are not reproduced in
the selected simulations S1 and S2 (Figures 3.13 and 3.16C for S1). This discrepancy between
observations and model predictions may be explained by the possible incorrect parametrization
we used for soil production in the Ardenne. A solution might be to use a ‘humped’ production
function, which is assumed in many landscapes and that predicts a maximum production rate
at a finite soil depth and smaller rates for both thinner and thicker soils (see chapter 1). It may

either cause the soil to thicken to a stable depth, equal to or greater than the optimal depth,
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or strip the hillside to bedrock (Carson and Kirkby, 1972; Dietrich et al., 1995; Heimsath et al.,
1999). High transport rates during the cold period would have locally lowered soil thickness
below its optimal depth, and the positive feedback between soil production and soil thickness
has not permitted soil to thicken during the Holocene. Although only sparse bare bedrock areas
are found in the Ardenne landscape, suggesting that the optimal production depth is likely to be
small, we cannot, in this study, definitively demonstrate which soil production function between

the simple exponential and the humped functions is more appropriate.
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Figure 3.17: A. Vertical profiles at the middle of the steepest side of the synthetic hill for simulations
S1 (both transport by overland flow and solifluction), S2 (predominant solifluction) and S4 (predominant
transport by overland flow and high simple creep fluxes), at the end of the simulations. Dark-grey and
light-grey filled areas correspond respectively to bedrock and mobilizable regolith (soil). B. Shape of the
synthetic hill at the end of the simulations (greyscale is proportional to slope) and localization of the profiles
(thick black line).

Beside thinning the soil over a large part of the synthetic hill, the high transport rates of the
cold period also caused considerable accumulation of soil at the base of the hill, preferentially
downslope of the convergent areas (Figure 3.14 Al). At the surface, these high accumulation
rates result in gentle, quasi-linear slopes (Figure 3.17). Such slopes are also observed in the
present-day Ardenne landscape. For example, Rixhon and Juvigné (2010) have attributed large,
thick-mantled ‘benches’ found in the Ninglinspo valley (Ambléve basin) to the former action of
periglacial slope processes. All of these benches display a gentle transversal slope towards the
current river channel and the most extended ones are located at the base of concave ‘amphi-
theatres’. Although the predicted and observed transversal slopes can’t be directly compared
due to the specific boundary conditions used in the model, our predicted maximum soil depths,
between 4 and 10 m, are consistent with the maximum depths observed by Rixhon and Juvigné
(2010) (from 2-3 m to 6-7 m). This suggests that despite our inability to constrain both soil
production and transport rates related to the cold period, the predicted erosion rates for this

period are probably close to real rates (note however that the hill sides of the Ninglinspo valley
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are among the steepest slopes found in the Ardenne). The active periglacial processes proposed
by Rixhon and Juvigné (2010) include mudflow events and solifluction, which is also consistent
with our predictions, as similar features can be reproduced with either dominant solifluction,
dominant transport by overland flow or both processes (Figure 3.17), and which would possibly
indicate that the modelled transport by overland flow may involve the averaged effect of rapid

and short events of flowing sediments in periglacial environments.

3.6.3 Efficiency and spatial segregation of soil transport processes

The overall efficiency of soil transport and the predominance of specific transport processes
under cold and temperate conditions have been already discussed. It is important, however,
to remind the reader that, using CLICHE, our scenario of varying climate only affected soil
transport, which is thereby the driver of hillslope dynamics discussed so far. It is also important
to note that the alternation of predominant transport mechanisms from cold to warm climatic
phases is not the result of predetermined threshold parameters (although the presence of the
frozen /non-frozen soil state for soil transport), but is the primarily the result of the dynamic

interplay between the modelled processes.

Although our inversion highlighted this likely temporal alternation of transport mechanisms,
the spatial partitioning of these mechanisms on the synthetic hill remains unclear in both the cold
and warm climatic phases. The relative importance of soil transport mechanisms greatly differs
between the two models S1 and S2, especially for overland flow and simple creep, resulting in
contrasted patterns in the contribution from each transport process to the total downhill soil flux
(Figures 3.14 and 3.22). Model S1 predicts that all transport mechanisms have been more or less
active in separate regions of the hill, depending on the local combination of slope, soil thickness
and drainage area, while model S2 predicts that solifluction and depth-dependent creep are the
dominant mechanisms everywhere, for the cold and warm phases respectively. Despite these two
different configurations, both models have produced similar distributions of soil thickness. The
major differences in soil depth are restricted to areas of strong drainage convergence, where the
action of overland flow prevents the accumulation of soil in model S1. These results contrast
with those of Braun et al. (2001) in which the spatial segregation of transport processes is critical
for fitting their model to an observed curvature vs. soil thickness relationship. However, both
the data and the parameterization of soil transport are different here. Note also that runoff
generation schemes different from the uniform excess storage capacity runoff used here (e.g.,
spatially variable saturation-excess runoff; see chapter 1) may drastically change the spatial
distribution of overland flow. If sufficient weight is given to the overland flow mechanism, it

should therefore considerably affect the partitioning of the transport processes.

3.6.4 Climate control on denudation rates and sediment supply

Quaternary denudation rates in the Meuse catchment and other catchments of the Renish
Massif have been recently estimated on different time scales (Schaller et al., 2001, 2002, 2004;
Meyer et al., 2008). A discrepancy is generally observed between Late Pleistocene to ‘mordern’

denudation rates derived from CRN concentrations (F¢)—measured in basal fluvial terrace or
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active bedload samples—and present-day erosion rates inferred from river load gauging (Eq).
The former rates, integrated through the last 10-30 kyr, vary between 30 and 80 mm-kyr—! while
the latter, which integrate the record over periods of a few years to decades, are only about
one-third of the E¢ estimates (from 9 to 25 mm-kyr—!). Although these observed denudation
rates correspond to averages over medium-size catchments, it is interesting to compare them
with our predictions, as the change in predominant soil transport mechanisms suggested by our
results may have caused major changes in denudation rates during the last glacial-interglacial
cycle (Figure 3.12 C-D).

Simulations S1 and S2 show a similar ratio between erosion rates corresponding to the cold
and warm stable phases of our climatic scenario, though both of these rates are less than the
observed Ec and Eg estimates (predicted rates are about 30 mm-kyr—! for the cold phase
and range between 5 and 10 mm-kyr~! for the warm phase). This may be due—at least for
the underestimation of modern erosion rates—to the high value chosen for the cycle elongation
factor (see chapter 1). This is also expected as, contrary to our model predictions, observed
catchment-wide erosion rates do also include the contribution from river incision. However, we
have previously mentioned in this chapter that the Late Quaternary propagation of a potential
river incision wave into the Ardenne is likely to take place over a longer period than the time
scales involved here. Unpublished CRN-derived erosion rates, measured in the Ambléve basin,
don’t show any significant differences between samples collected above and downstream of the
knickpoints (Schaller, 2011, pers. comm.). Moreover, a significant downstream increase of CRN
concentrations was not observed by Schaller et al. (2001) who collected multiple samples along
the main streams of several middle European catchments, including the Meuse catchment. As
suggested by these authors, this demonstrates that the CRN concentration was governed by
the residence time of the sediment in the hillslope weathering and mass wasting system, rather
than by fluvial transfer. These evidence comfort us in our assumption that the observed E¢
estimates can be directly compared with our predictions, after integrating the latter over similar

time spans.

The mean predicted denudation rates over the past 10 to 30 kyr range between 5 and 25
mm-kyr~! for S1 and S2. The discrepancy between these rates and the E¢c estimates may be
explained by an underestimation of soil production and transport rates for the cold period (as
discussed in section 3.6.1). An alternate explanation may reside in the evolution of predicted
denudation rates during the transitions between the cold and warm phases of the climate scenario.
Both simulations S1 and S2 display during these transitions short peaks of very high erosion rates
that reach 150 to 200 mm-kyr~! for S2 and 80 to 100 mm-kyr—! for S1. This is due to the high
values of K, used in these model runs, and the maximum efficiency of solifluction when MAAT is
close to 0°C (see chapter 1). If the parameterization and the relative importance of solifluction is
correct, a more realistic climate scenario, with increased instabilities during the last glacial cycle
(D-O events) and/or the last glacial-interglacial transition (Younger Dryas), would result in more
frequent occurrences of these erosion peaks, resulting in higher time-integrated denudation rates.
Schaller et al. (2001) and Meyer et al. (2008) proposed several explanations for the discrepancy
between E¢ estimates (from samples taken in stream sediment) and E¢ estimates: (1) rare flood

events that are not captured in the short-term erosion record obtained from river load gauging,
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(2) spatially non-uniform erosion or (3) CRN concentration inheritance due to enhanced erosion
during the Late Pleistocene. Our predictions strongly support the last explanation, though the

other propositions cannot be excluded.

The simulated climate control on sediment supply to channels is strongly correlated to the
evolution of denudation rates (Figure 3.12 A-C). This may also explain why E¢g estimates are
generally greater than our predicted erosion rates for the Holocene. During the Late Pleistocene,
high predicted solifluction rates may have yielded a greater amount of material to the channels
that has been more or less rapidly evacuated by the rivers, depending on their transport capacity.
If we assume rather low transport capacities, as expected in the presence of coarse-grained
material and low and rare peak discharges, it is then plausible that the rivers are still evacuating
this accumulated material nowadays. Although solifluction allows the mobilization of material
of heterogeneous granulometric composition, granulometry is not handled in CLICHE and the
assumption of inefficient removal of slope deposits by the rivers cannot be verified here. It has
however been discussed by Rixhon and Juvigné (2010) in the case of the Ninglinspo valley where
these authors reported that the river removed more than 90 % of the periglacial material provided
by hillslope erosion. Note, however, that the Ninglinspo River corresponds to an extreme case

in the Ardenne where the average longitudinal gradient of the channel is very steep.

3.6.5 Scale dependence and influence of the physics of soil production and
transport processes on the data fit

We made additional simulations, similar to model S1, to test whether the fit to data is
sensitive to the scale used to represent the transport processes on one hand, and to the geomorphic
law parameters that were not constrained by the inversion on the other hand. Sets of model runs
were performed by varying each of a finite number of model parameters within a given range
while keeping all other parameters constant. Results are shown in Figure 3.18. Note that the
minimum of each of these curves does not necessarily correspond to the most probable value, as

the data misfit may further change for different combinations of other parameter values.

The results indicate that the data fit is almost insensitive to variations in the pseudo-grid size
of the synthetic hill above 5 m but seems to be scale-dependent below this value (note that the
original mesh is still being re-interpolated on a 20x20 m grid prior to the calculation of the misfit).
This characteristic value of 5 m is precisely the resolution above which Heimsath et al. (1999)
found that the curvature derived from their topographic grid became relatively scale-independent.
This agreement is difficult to explain, but may be due to the use of a similar exponential soil
production function in both studies, and the dominance, assumed by Heimsath et al. (1999), of
diffusive sediment transport which also prevails in the later part of our model evolution. These
authors also suggest that the optimal scale is likely to be different for landscapes under different
dominant processes or climates. However, our results do not support this conclusion as the scale
does not appear to depend on the existence of a cold climate and the associated solifluction (and
transport by overland flow), but as our modelling of these processes possibly involves both slow

and rapid processes, their scale-dependence remains unclear (Furbish and Haff, 2010).

By constrast, we see that the data fit is most sensitive to the characteristic soil depth (hg)
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Figure 3.18: Differences AM between the misfit value of simulation S1, Mg, and misfits resulting from
varying the values of the mean distance between mesh nodes (dxy), the exponents of the soil transport laws
(p,1,m,n,e, g) and the parameter ho of the soil production function (see Table 3.IV). Vertical lines indicate
the values fixed for S1 and all other simulations in this study.

of the exponential soil production function. This reinforces our conclusion that soil production
is controlling parameter in reproducing the observed present-day distribution of soil thickness in
the Ardenne. Further inversions should therefore also include hg in the parameter space, or even
use another parameterization for soil production (as we previously proposed). We also see that
the sensitivity of the depth-dependent creep exponents (p,l) is found to be slightly higher than
the sensibility of those for solifluction and transport by overland flow (m,n and e,g, respectively).
We thus show that the results presented here are consistent with the remarks we made in section
3.6.1.

3.7 Conclusions and perspectives

From a unique dataset of soil thickness vs. topography, coupled with a novel numerical
model which handles in detail the physical influence of climate on soil transport, we have de-
rived here an original and rigorous inference of soil production and transport in a region that
underwent drastic environmental changes during the glacial-interglacial cycles of the Quaternary.
Despite the coarse resolution of the data, very interesting and relevant results emerged from our
inversion. Predictions from some of the best-fitted models are relatively consistent with inde-
pendent observations of denudation rates estimated in the Renish Massif and soil production
rates measured in other temperate environments, as well as landforms and broad features of
soil thickness distribution observed in our study area, which has been identified as remnants
of the former periglacial activity. These predictions suggest that Quaternary climate variations
deeply affected hillslope dynamics, through the successive establishment of weathering-limited
and transport-limited conditions due to alternating dominant transport processes of variable

efficiency. This implied substantial changes in the relationship between soil thickness and to-
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pography, and also contrasted time responses to climate variations. Consequently, we propose
that the time response for transition from cold to temperate climates is much longer than for
transition from temperate to cold climates, and therefore that the current distribution of soil
thickness still retains a signature of the distribution in place during the last glacial period. Ad-
ditionally, high peaks of sediment fluxes are predicted to occur during climate transitions and

may have important implications on the fluvial response to these transitions.

Beside giving new insights into hillslope evolution under varying climatic conditions, we have
also demonstrated that we cannot fully rely on data of present-day soil thickness and topography
to accurately and precisely constrain both soil production and transport for the climates that
preceded the Holocene. Additional data are needed, and should most probably comprise estim-
ates of erosion, weathering and/or soil production rates at different time scales in the Ardenne
or in comparable hilly landscapes which actually experience climates similar than those experi-
enced in the past in our study area. Moreover, we have shown that the parametrization of soil
production is determinant in reproducing observed distributions of soil thickness. Although we
propose that, in our case, varying the dominant weathering mechanism might possibly result
in similar weathering rates, further modelling efforts should be put towards better representing
these mechanisms and their link to climate, as done for example by Hales and Roering (2007)
and Dixon et al. (2009a,b). The inversion also highlighted the limits of using a simple climatic
scenario and/or low precision data, as it was not possible to obtain a good fit between predicted
and observed relationships between soil thickness and surface derivatives. It would therefore be
interesting to consider using high resolution topographic and soil thickness measurements and
take advantage of recent advances in modelling past climates. Yet, because our model allows a
long-term integration of hillslope dynamics at a high temporal resolution, our method provides a
powerful tool which can, for example, be used to more easily interpret erosion and soil production

estimates that are often sparsely distributed in time.
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3.8 Supplement: simualtion results for models S2, S3 and S4

In this supplement, modelled vs. observed distributions of surface derivatives, simulation
snapshots and surface curvature vs. soil thickness relationships are shown for the selected sim-
ulations S2, S3 and S4. Results from simulation S1 were shown in the previous sections. See

Table 3.VII for parameter values.
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Figure 3.19: Simulation S2: observed (dark grey) and modelled (light grey) distributions of terrain attrib-
utes for all soil thickness classes. See Figure 3.13 for more details
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Figure 3.20: Simulation S3: observed (dark grey) and modelled (light grey) distributions of terrain attrib-
utes for all soil thickness classes. See Figure 3.13 for more details
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Figure 3.21: Simulation S4: observed (dark grey) and modelled (light grey) distributions of terrain attrib-
utes for all soil thickness classes. See Figure 3.13 for more details
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Conclusion

In this thesis manuscript, we have presented CLImate Control on Hillslope Erosion (CLICHE),
a new numerical modelling framework that has been specifically developed for simulating the
evolution of soil mantle and hillslope morphology in response to climatic variations at different
time scales (from diurnal or seasonal to millennial or Quaternary time scales). By using a multi-
process parameterization of soil transport mechanisms, which includes variables that are related
to climatic properties (i.e., temperature and precipitation) through the use of ground heat trans-
fer and hydrological models, and by defining a soil mobilization threshold which depends on the
frozen /unfrozen soil state, we have (partially) addressed the problem of the climate-dependence
of the parameters of soil transport laws implemented in most of the hillslope erosion models.
Our model therefore provides a useful framework for studying landscape evolution in regions
that have experienced drastic climate variations in the past (e.g., during the glacial-interglacial

cycles of the Quaternary) or that may undergo climate change in near future.

In chapter 1, we have shown through some examples that the efficiency of soil transport
processes modelled in CLICHE is highly sensitive to climate variations. It is for example the
case for solifluction rates that depend on active-layer depth, which itself varies non-linearly
with mean annual air temperature. It is also the case for transport by overland flow, as climate
variations can deeply affect the surface runoff regime on hillslopes. More generally, each transport
processes are affected by variations in mean annual temperature or its annual amplitude, due to
the frozen/unfrozen soil criterion for mobilization. Furthermore, sensitivity analyses, which have
been presented in chapter 2, demonstrate that the general behaviour of the model under varying
climates—considering all soil transport processes—is highly sensitive to hillslope geometry and
the combination of parameter values chosen for soil transport. In other words, these analyses
highlight how differently each modelled transport process responds to climate change and affects
the evolution of the hillslope system towards an equilibrium. There is thus the hope that each
transport parameter may be calibrated by using observations under a range of climatic and

geometric conditions.

Hence, we may explain why the soil thickness/topographic dataset used in the inversion,
presented in chapter 3, provides relatively good, though non-unique, constraints on the CLICHE
soil transport parameters. Indeed, this dataset has been collected in a region (i.e., the Ardenne
Massif) that underwent drastic climate changes during the glacial-interglacial periods of the

Quaternary, and which encompass a variety of hillslope geometries that range from the low relief

115



Conclusion

found in the massif uplands to the steeper slopes along the main streams. In fact, a key point
in the constraining of the CLICHE parameters is the ability of the model to produce a spatio-
temporal segregation of soil transport mechanisms. The inversion results reveal the dominance
of solifluction (and possibly transport by overland flow) under cold climates and the dominance
of creep and depth-dependent creep under temperate climates. This temporal segregation of
transport processes allowed the prediction of highly variable transport rates between cold and
temperate climates, which in turn may explain the good constraint level obtained for soil produc-
tion, as the rate of soil production is implicitly controlled by soil transport through soil thickness

(see chapter 3 for full discussion).

Perspectives

The CLICHE applications presented in this manuscript have provided new interesting insights
that improve our quantitative understanding of hillslope erosion processes under varying climates
(see conclusion of chapter 3); They are, however, only a small overview of the possibilities
offered by the numerical model. Indeed, we have used very simple climatic scenarios in these
applications, whereas CLICHE has been specifically designed to allow the use of complex, realistic
climatic inputs. Simple climatic scenarios helped to understand the basic aspects of the model
behaviour and to give an outline of soil and slope dynamics under both cold and temperate
climates, representative of the Quaternary glacial-interglacial cycles. Applications related to the
Quaternary evolution of hillslopes may, however, take advantage of recent advances in modelling
past climates (e.g., Fliickiger et al., 2008; Kageyama et al., 2010; Singarayer and Valdes, 2010).
Nowadays, global or regional climate models can be used to define realistic, high-resolution
climatic scenarios for the last glacial-interglacial cycle (e.g., Singarayer and Valdes, 2010). In
turn, these scenarios permit to study hillslope evolution in response to continuously changing
climate, similarly to previous studies that have used §'®O records as proxy for erosion rates
(e.g., Schaller and Ehlers, 2006; Tucker et al., 2011), but in a much more advanced manner with
CLICHE. Interesting future work therefore consists to apply the inversion procedure presented
in chapter 3, considering such realistic climatic scenarios. Additionally, there is a need for
exploring the influence of the climatic instabilities of the last glacial period (e.g., the ‘Dansgaard-
Oeschger’ events) on hillslope erosion, as our inversion results suggest very high soil transport
and denudation rates during cold/temperate climate transitions. At longer temporal scales,
CLICHE may be used to investigate the response of hillslopes to changes in the period and
amplitude of the Quaternary climatic oscillations, by comparing model predictions with, e.g.,
cosmogenic nucleide-derived erosion rates estimated at different ages and for different time spans
(e.g., Schaller and Ehlers, 2006).

Other possible applications would only require a few model improvements. An interesting
problem is for example the formation of asymmetrical valleys in periglacial environments. This
phenomenon is widely described in the literature, although it remains poorly studied at a quant-
itative level. The formation of E-W aligned asymmetrical valleys, characterized by north-facing
slopes steeper than south-facing slopes, is usually explained by greater mass-wasting activity

on south-facing slopes, due to greater solar radiation and, consequently, thicker active layers
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(French, 1996). CLICHE would provide a framework suited to the quantification of the pro-
cesses controlling this phenomenon, but only if it allows spatially variable climatic inputs (at
least for temperature), which is a feature not yet implemented in the model. Another, more
general problem is hillslope/channel coupling. On one hand, channels act as lower boundary
conditions and thus control hillslope evolution (e.g., Mudd and Furbish, 2005). Lateral migra-
tion of the boundary nodes is not yet implemented in CLICHE, although this feature is included
in the CASCADE libraries (Braun and Sambridge, 1997) used by CLICHE. On the other hand,
hillslopes yield sediments to channels, which influence the rate of river incision through the tool
and cover effects (Turowski and Rickenmann, 2009; Lague, 2010). CLICHE can provide accur-
ate, stream-variable predictions of hillslope sediment supply to channels, and is thus likely to
be coupled with sediment-flux dependent river incision models in order to study the response of
landscape as a whole to climate variations (at least, CLICHE could provide better constraints
to the parameters of the sediment-supply formulations in these incision models). Recently, Valla
et al. (2010b) compared different river incision models in their ability to predict the evolution of
gorges incising glacial hanging valleys in the Western Alps (France). The authors have demon-
strated the importance of considering sediment supply from the gorge sidewalls while reproducing
the observed channel geometry. This example reminds the need to make CLICHE applicable in
steep slope environments, either by including additional soil transport laws (e.g., Roering et al.,

1999) or by the implementation of slope failure algorithms (e.g., Tucker and Bras, 1998).

Besides improvements needed to enlarge the range of potential CLICHE applications, and
despite the relative complexity of the model in its current version, important modelling efforts
are still required to pursue our goal towards a better climate forcing of weathering and soil
transport processes, as we discussed in chapter 1. The inversion results presented in chapter 3
have highlighted the limitations of using a single, climate-independent soil production law. To
overcome these limitations, a possible solution is to use a multi-process parameterization of soil
production that should distinguish dominant weathering processes under cold climates (e.g., frost
cracking) (Hales and Roering, 2007) from dominant processes under temperate climates (e.g.,
biogenic activity). But such a parameterization will indubitably introduce additional parameters.
Chemical weathering should also be included by the distinction of soil and saprolite within the
regolith layer (Dixon et al., 2009a). Furthermore, the parameterization of soil transport may
suffer from the ‘overlapping’ of the processes involved in each transport law (see chapter 2). A
solution would consist to define transport laws that each focus on specific processes, such as
solifluction, but it will also introduce many parameters that have to be calibrated. We note that,
from a technical point of view, these suggested modifications can rapidly be achieved as they
mainly concern the parameterization of soil production and transport, which is handled in a very
flexible fashion in the CLICHE framework.
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