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performance of existing distributed hydrological models through a better
description of subgrid processes, in particular the subgrid connectivity of flow
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performs better compared to previous connectivity indicators and it can be
potentially integrated in hillslope or watershed models as a descriptive function
of subgrid overland flow dynamics. Nevertheless, several issues remained to be
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unknown how changes in scale affect the RSCf and whether it can be extrapolated
to other scales. We found that both scale effects and border effects affect the
RSCf at the plot scale and a minimal scale to study overland flow connectivity
was identified. The RSCf showed a great potential to ...
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Summary

A major challenge in present-day hydrological scemis to enhance
the performance of existing distributed hydrologiwadels through a
better description of subgrid processes, in pddicuhe subgrid

connectivity of flow paths. The relative surfacenoection function

(RSCf) was proposed by Antoine et al. (2009) asnational indicator

of overland flow connectivity. This function perfos better compared
to previous connectivity indicators and it can leg¢eptially integrated

in hillslope or watershed models as a descriptivection of subgrid

overland flow dynamics. Nevertheless, several sseenained to be
addressed, which was the subject of the presephnmes

First, it was as yet unknown how changes in sciéetathe RSCf and

whether it can be extrapolated to other scales. fdMad that both

scale effects and border effects affect the RS@fieplot scale and a
minimal scale to study overland flow connectivitasvdentified. The

RSCf showed a great potential to be extrapolatdarger scales.

Secondly, it was also unknown how the RSCf is affédy surface
roughness and slope and whether these effects eaprduicted.

Results showed that the characteristic parametetheo RSCf are
greatly influenced by surface roughness and slBpsed on a simple
rectangular conceptualization of surface roughnepgdictive

equations relating the RSCf in function of slope&l aoughness were
established.

Finally, it was still unknown how the RSCf evolve$ier erosion

processes and to what extent changes in the R3€E¢trehanges in

overland flow generation. The RSCf showed importamanges in

terms of both maximum depression storage and sfAdg@se changes
were found to be highly correlated to the delay #edrate of increase
of the hydrograph, flow velocities continuity ang&ion energy.
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Overland flow

1 Introduction

1.1 Overland flow

Overland flow generation is a discontinuous prodéss needs the
presence of water on the surface to initiate. Quanrainfall event,
water appears on the surface when the soil getsasedl, either from
above, when the rainfall intensity exceeds thdtration capacity of
the soil, or from below, when the groundwater tairievhen the sub-
surface flow reaches the soil surface. Surfaceffuaaenerated by
these two mechanisms, the first one being knownfasation excess
or Hortonian surface runoff (Horton, 1933) and gsexond one as
saturation-excess runoff (Dunne and Black, 1970jadifional
research on runoff processes has focused on tmeifidation and
differentiation of runoff mechanisms. The Hortoniarechanism is
usually considered as characteristic of arid oriss@md regions, but it
can also be present in temperate regions on crisstésl and only
from certain areas in the watershed (Partial dreary; Betson, 1964).
However, it is also the dominant process on sefedsted) soils,
which are common in many regions including agrimat land in
temperate regions. On the other hand, the satoraBmcess
mechanism is considered as characteristic of huegobns, at scales
of tenths of metres, becoming dominant as the sfadeudy increases
(Bléschl and Sivaplan, 1995). Because the saturateds vary in
extent during rainfall events and from one rainfalent to another,
saturation excess runoff is associated with vagiabburce areas
(VSA; Hewlett and Hibbert, 1967). Typically, sattioa-excess runoff
initially spreads up low-order tributaries, then wpchanneled swales
and gentle footslopes (Dunne et al., 1975). Thé&iposand expansion
of the saturated areas is related to geology, t@pby, soil type,
rainfall characteristics and vegetation (Dunne Blatk, 1970).

The relative importance of the different runoff hanisms depends
on specific thresholds that are conditioned by fadinand soil
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Hydrological connectivity

characteristics. During a low-intensity rainfalleex, it is assumed that
runoff can only be generated by saturation exdesshigh intensity
rainfalls, runoff can also be produced at non-sd&al areas when the
rainfall rate is higher than the infiltration capgcof the soil.
Therefore, for moderate and high intensity raisfallunoff can be
produced by a combination of both mechanisms. Maeo
infiltration capacity of the soil is variable imrie and space due to soll
degradation processes such as compaction and swdating (Deasy
et al., 2009). Saturation levels are also variahle to groundwater
fluctuations in time and space (Heathwaite et &005), and
precipitation dynamics are also heterogeneousme ind space. Due
to these sources of heterogeneity, runoff threshattl hence runoff
mechanisms are variable in space and time, in tesmextent,
volume, rate and timing. This temporal and spahiaterogeneity
creates variable sources areas which are heterogsgedistributed
over the surface.

1.2 Hydrological connectivity

Regardless of the runoff mechanism, in a catchrapatcan identify
“active” and “contributing” source areas. The forngenerate runoff
and the latter also generate runoff but they alessarily spatially
connected to the channel network and hence cordritauthe outlet
output and to the hydrological response of theesgs{Ambroise,
2004). Therefore, in order to better understand &ngbredict the
hydrological response of a system, we need to mfmveard from the
traditional view, which focuses on identifying tlufferent runoff
mechanisms and sources areas, and to determinéexhetd how
source areas get connected and contribute to dllogical response
of the system. While this connection process cdutd explicitly
treated by hydrological models, it would stronghgriease the input
data and the computation time requirements. Thexefeew concepts
able to provide hydrological models with relevamfiormation about
this connection process without critically increggsiinput data and
computation time requirements must be defined. Av r®ncept,
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increasingly applied in a diverse range of disogd (Figure 1-1), is
connectivity. The concept of connectivity aims aai@cterizing the
behaviour of heterogeneous systems according to intensic
organization of the heterogeneities. In geomorpinpland hydrology
we can distinguish three general types of conniégti(a) landscape
connectivity defined as the degree to which the landformdifaie or
impede movement between resource patches (Tayhdr, €t993), (b)
hydrological connectivity which refers to the movement of water
from one part of the system to another; and gejlimentological
connectivity which refers to the movement of sediments arathéd
pollutants through the system (Bracken and Crok@)72 In
hydrology, connectivity is used across a wide vgrief scales
(catchment, hillslope, plot) and processes (surfand subsurface
flow), and for different purposes (develop a betiaderstanding of
hydrological processes, improvement of the prealictif hydrological
processes, flood risk management, characterizaifohydrological
systems).

12000

10000 N

8000- a

6000- a

Number of publications

4000- 4

2000- a

L L L

1%30 1940 1950 1960 1970Y 1980 1990 2000 2010 2020
ear

Figure 1-1 Number of publications containing therav8connectivity" in
title, abstract or keywords.

By analogy to landscape connectivity, hydrologicahnectivity can
be conceptualized into ‘structural’ and ‘functicnalonnectivity
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(Tischendorf and Fahring, 2000; Turnbull et al.020 Structural
connectivity refers to spatial patterns in the kBrape and the spatial
adjacency and continuity of landscape elements.uctiral
connectivity is not necessarily static since thpatterns can change
over time under the influence of the hydrologicabgesses taking
place. Functional connectivity refers to the influae of the landscape
patterns on hydrological processes such as thendgsaof overland
flow (Larsen et al., 2012). This process-based reati functional
connectivity makes it dependent on the initial abdundary
conditions of the system and hence more difficaltnteasure and
quantify than structural connectivity (Bracken afuoke, 2007;
Lexartza-Artza and Wainwright, 2009). Moreover, thack of
measureable key parameters characterizing fundtiooanectivity
limits its practical application (Bracken et al013).

In a catchment one can identify “active” and “cdmiting”
hydrological areas. The former generate runoff #mel latter also
generate runoff but they are necessarily spatiedignected to the
channel network and hence contribute to the ootigbut (Ambroise,
2004). Similarly, connectivity has also been as=gds/ partitioning
the catchment into “wet” and “dry” areas accordittg their soil
moisture (Ali and Roy, 2010a). This has led to neways of
conceptualizing hydrological processes, such asfiltieand “spill”
concept (Tromp-Van Meerveld and McDonnell, 2006t ¢the use of
percolation theory (Darboux et al., 2002a; Lehmanal., 2007). This
conceptualization divides the system into differenits with varying
characteristics and thresholds that need to beeedeckbefore these
units get activated. The spatial-temporal pattefrthese activated
units reflects the hydrological connectivity andteimines the
hydrological response of the system. It has beefhegpto sub-surface
flow at the watershed scale (James and Roulet,; 280&t al., 2011),
sub-surface flow at the hillslope scale (Tromp-Weerveld and
McDonnell, 2006a; 2006b; Lehman et al., 2007; Hoppd
McDonnell, 2009), surface flow at the watershedlesogpence,
2007,2010; Shaw et al., 2012) and surface flowhat plot scale
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(Darboux et al., 2002a; Antoine et al., 2009; feteal., 2010; Pefiuela
et al., 2013; Yang and Chu, 2013).

Before an area becomes activated and hence starésaging runoff,
infiltration and surface storage thresholds mustdaehed. During a
rainfall event an area starts to store water onstiréace when either
the topsoil becomes saturated or when the raindédl exceeds the
infiltration capacity of the soil. When this storegter at the surface
reaches a certain depth or threshold the watedusugverflows and
the area becomes activated, i.e. generates rufdftis these
thresholds, and hence whether an area becomesatadii\depend on
structural characteristics such as soil type, swilsture, land use and
topography. These thresholds can also evolve ire timder the
influence of natural processes or under the hum#uence. Natural
processes such as surface sealing or erosion adlitafa the
activation of areas by reducing the infiltrationpaaity or reducing
soil roughness, respectively. Land use changesra management
practices can also produce major effects on theskwids, e.g.
impervious urban surfaces such as roads (Hairdire.,e2002) or
increased soil roughness in freshly tilled agriadt fields (Takken et
al., 2001a, b). However, whether an area beconmes@buting area
depends not only on the interaction of these tholeshand the rainfall
characteristics but also on the spatial patterniatetaction between
contributing areas (Cammeraat, 2002). Cammeraat 02)20
demonstrated that, whatever the scale, in ordarngterstand these
complex interactions it is necessary to apply thencept of
connectivity.

Because functional connectivity is not easily meaisie, hydrological
connectivity has been mainly characterized by tee af structural
connectivity indices (Smith et al., 2010; Bracke¢rak, 2013). Some
studies use purely structural approaches, i.eaiteconnectivity, in
order to assess the effect produced by agricultaails and terraces
(Callow and Smettem, 2009; Meerkerk et al., 2000)aads and
tracks (Haisine et al, 2002; Heathwaite et al.,330fh hydrological
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connectivity. However, the study of structural ceactivity only infers
potential runoff sources and connections, i.evactreas, and hence,
only infers potential hydrological connectivity @ken et al., 2013).
Other studies analyze structural elements of thdseape in order to
identify sensitive areas, to characterize qualitdyi the effect of
structural connectivity on flow patterns or as aameto understand
the hydrological response of a system (Kirkby et2002; Lane et al.,
2004; Heathwaite et al., 2005; Fryris et al., 200Tany studies have
emphasized the importance of characterizing tHersaisture patterns
in order to understand the hydrological responsecatichments
(Western et al., 2001, Grayson et al., 2002; Ad &oy, 2010a) and
hillslopes (Tromp van Meerveld and McDonnell, 20@06d.ehmann
et al., 2007). In order to do so, different apphmschave been used,
from approaches where connectivity areas are cteized by
statistical indicators (Western et al., 2001), ppraaches where “dry”
and “wet” areas are defined by experimental cat€Ali and Roy,
2010a). Although the study of patterns, such at reoisture, can
develop a better understanding of the hydrologigadcesses, its
ability to predict the hydrological response ane tionlinearity of the
hydrological system is limited (Zehe and Blosch)02; James and
Roulet, 2007).

As argued by Bracken et al. (2013), for effectivatchment
management a conceptual and process-based radimeanhempirical
understanding of hydrological connectivity is redi in order to
predict the functioning of hydrological system andunderstand how
continuous flow fields develop in the system. Atraaller scale, a
conceptual and process-based understanding of aoweriflow

connectivity is necessary to interpret the procefs®verland flow

generation and better predict the hydrological sasp of a system.

As mentioned previously, hydrological connectivican also be
addressed through the use of functional connegtivdind more
precisely through the interaction between strut¢tarad functional
connectivity. Functional connectivity, by definitip is related to
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structural connectivity and this relationship deteres the dynamics
and nonlinear behaviour of a system, which canmoekplained by
the sole study of structural connectivity (Brackamd Croke, 2007;
Smith et al., 2010). In other words, whereas thgsyglal adjacency
between two points at the soil surface, i.e. stmattconnectivity, does
not automatically imply the occurrence of watexéa between them,
functional connectivity does imply water fluxes armknce the
existence of structural connectivity. Thereforege tetudy of the
hydrological response of a system solely by meanstictural

connectivity is incomplete and a linkage betweeanthto identify

process-relevant features is necessary. This lekesg thus the
functional or process-based connectivity. Reseancprocess-based
connectivity has shown the importance of represgnthe spatial
variability and patterns of single processes sugctioav resistance and
infiltration both at the catchment (Mueller et 2007) and at the
hillslope scale (Reaney et al., 2007; Smith et 2010) to better
understand the hydrological response of the system.

Besides using hydrological connectivity for expiagh catchment
response, a major challenge in hydrology residesapplying
connectivity for predictive purposes and thus terave the response
of hydrological models. From the hillslope to theatl watershed
scale, distributed hydrological models frequentbe Uplot size” (1-
1000 nf) elementary cells allowing for an explicit anabysif inter-
grid connectivity. However, such hydrological maetio not
explicitly treat connectivity below the grid cellcae. Yet, the
conceptualization of runoff source areas as a dymapatial mosaic’
also applies at the subgrid scale. As for the ca&tt scale, at small
scales, a conceptual and process-based undergjafdimerland flow
connectivity, rather than an empirical one, is 8eaey to better
predict the hydrological response of a system (Byacet al., 2013).
At this scale, spatial variability and arrangemehtlow resistance,
infiltration capacity (Langhans et al., 2011) angpiekssion storage
(Darboux et al., 2002a; Chu et al, 2013; Yang ahd,013) are still
important and governed by surface roughness (Apgelsl., 2011;
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Smith et al., 2011) and vegetation pattern (Cet888; Ludwig et al.,
2005). Regarding roughness, models generally siyplihe
hydrological representation of the micro-topographging two
parameters, the maximum depression storage (i.eilmmen volume
of water that the solil is able to store in surfdepressions) and the
effective friction factor (i.e. resistance to flogingh and Frevert,
2002; Smith et al., 2007). These parameters ammastd from tables
or from regressions linking them to easily measuledices
characterizing the surface roughness, such asatidom roughness
(RR), defined as the standard deviation of poinevatiions
(Kamphorst et al., 2000). By using these two factbydrological
models, such as WEPP (Lane and Nearing, 1989; d¢danand
Nearing, 1995), EUROSEM (Morgan et al., 1998) orHHMS
(Hydrologic Engineering Center, 1998), considet tharland flow is
uniformly distributed within the grid and that olserd flow
generation only starts after the cumulative exaessfall becomes
equal to the maximum depression storage (buckeeméture 1-2;
Singh, 1995; Singh and Frevert, 2002). In somes;asaface storage
is ignored altogether (no storage model; Figure).1H2 has been
shown, however, that these simplified represematiil to predict
satisfactorily overland flow initiation at the gridvel as well as the
gradual nature of the overland flow generation pssqAntoine et al.,
2011).

Overland flow is a spatially distributed processgaddual filling and
connection of depressions (Onstad, 1984; Darbowd.eR002b). In
order to explicitly take this process into accouiniyould be necessary
to provide hydrological models with subgrid micapographical
information. The use of high resolution digital\ve&@on models (mm-—
cm resolution) in hydrological models would stronghcrease the
input data and the computation time requirementsvéver, the use
of functional connectivity indicators, able to @iféntiate between
different surface morphologies and to link thentheir hydrological
responses, could potentially improve the predicwbrilows without
critically increasing computation time and topodrapl data

10



Hydrological connectivity

requirements of distributed hydrological models t@wne et al.,
2011).

In a general context, Bracken and Croke (2007) ggeg the use of
the concept of "volume to breakthrough”, which nsetlre necessary
cumulative runoff volume per unit width at a poibefore flow
appears at the downslope outlet, as a means taifguamctional
connectivity. Functional connectivity indicatorssied on this concept
have shown to perform better than other connegtiwvitlicators in
both subsurface hydrology (Knudby and Carrera, @0kl surface
hydrology (Antoine et al., 2009). Based on thisaapt, Antoine et al.
(2009) proposed an overland flow functional conwégt indicator
called the Relative Surface Connection function @RS This
indicator is based on a simplification of the rundfydrograph
(surface detention dynamics are not considered) expiesses the
percentage of the surface connected to the bottaiietaf the field
plot as a function of the degree of filling of tdepression storage.
The main advantages of this indicator are: 1) asimaplified
representation of the runoff hydrograph it can pevessential
information about the distribution of flow pathsnae it explicitly
integrates the flow network at the soil surfaceit2an be calculated
much faster than the full resolution of the St. ¥enequations, 3) it
has shown good results in capturing runoff-relevaahnectivity
properties compared to other connectivity indicat@kntoine et al.,
2009) and 4) it allows simulated and experimenyalrbdgraphs to be
mimicked in a simple way by adding surface detentignamics to
the RSCf (Antoine et al., 2011).

The RSCf can be potentially integrated in hillslagrewatershed
models as a descriptive function of subgrid ovetliow dynamics
(Antoine et al., 2009, 2011). Yet several issuestnhe addressed
before it can be successfully integrated. WherbasRSCf showed
very promising results at the square meter scalea dsnctional
connectivity indicator, it may be scale-dependent affected by
border effects. However, it is as yet unknown hdwarges in scale

11



Hydrological connectivity

affect the RSCf and whether and how the RSCf caextrapolated to
other scales. It is also unknown how the RSCf iscatd by surface
roughness and slope and whether these effects eaprduicted.

Furthermore, the approach of Antoine et al. (2044% based on the
full knowledge of the RSCf. Obtaining the RSCf regs detailed

knowledge of the surface micro-topography. For aegalization of

the approach proposed by Antoine et al. (2011ypitld be beneficial

to parameterize the RSCf, and to investigate whettiese

characteristic parameters can be estimated frome measily

quantifiable indices of surface roughness and fstope. Besides it is
still unknown how the RSCf evolves after erosiongasses and to
what extent these changes in the RSCf reflect adwmng the

hydrological response.
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> 1r m========--smm—o----oooooooooo
£ |
< I
a i
£0.8} i
8 i
£ i
So6t |
; 1
o I
b= 1
304} i
I i
2 1
B i P
E 0.2+ ! — Simplified hydrograph
9 i (a) |-=-Bucket model
z o - ‘i No storage quel
0 0.5 1 1.5 2

excess rainfall / maximum depression storage

> 1

D — Simplified hydrograph i
I3 ---Bucket model (b) :
£038 No storage model i
8 i
=06 i
= i
S i
= 1
304 i
1 :
2 i
8 i
Zo2 ]
) 1
S =
T i

0 02 04 06 08 1
depression storage / maximum depression storage

Figure 1-2 Comparisons of different simplified regentations of overland
flow generation as a function of (a) excess rainfatmalized by maximum
depression storage and (b) depression storage limethéby maximum
depression storage. The no-storage model assumeslggression storage.
The bucket model assumes that runoff occurs oy afl depressions have
been filled. The simplified hydrograph is basedtbe gradual filling of
depressions and spilling of water as determinealihin a conditional walker
technique applied to a 3-D representation of thasa micro-topography
(Antoine et al., 2009). (1 = runoff from areas ially connected to the
outlet; 2 = runoff threshold; 3 = steady state).
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1.3 Objectives

The goal of the present research is to developttarbenderstanding
of overland flow connectivity at the subgrid scaleorder to enhance
the performance of distributed hydrological modeis predicting

surface flow hydrograms. More specifically, the estjves of the
present study are:

Objective 1, to determine the effect of spatial scale on th&atRe
Surface Connection function (RSCY), including thenimal scale at
which to study overland flow connectivity and thetgmtial of the
RSCf to be extrapolated to larger scales.

Objective 2, to quantify the effect of soil random roughnesd slope
on overland flow connectivity, the latter being cerized by the
RSCH.

Objective 3, to determine to what extent the RSCf can be predion
the basis of slope and structural indicators dfre@iro-topography.

Objective 4, to determine how temporal changes in micro-topduwyap
affect overland flow connectivity.

Objective 5, to evaluate to what extent changes on the RSChean
linked to the overland flow generation process.

1.4 Outline of the thesis

After this first chapter presenting the generalteat) the state of the
art of the research and the research needs, adsebapter presents
the general methodology used to study overland flomnectivity. It
includes the description of the structural connvégtindicator used to
characterize soil roughness and the RSCf, includitsy main
advantages and the issues remain to be addressemder to
effectively use the RSCf in distributed hydrologicedels. In chapter

14



Outline of the thesis

three, the scale effect on the RSCf is studiedp@hndour is dedicated
to the study of the effect soil roughness and slgmlient on the
RSCf and the prediction of such effect. Finally,dmapter five we
look at the temporal evolution of the RSCf andhat link between the
RSCf and the overland flow generation. The presemty focuses on
the hydrological connectivity at the plot scale,nsidering no
interferences from infiltration, i.e. the infiltiah capacity of the soil
is assumed to be spatially homogeneous, constanttiove and lower
than the rainfall intensity. These assumptions,ctvtdo not take into
account the effect of the spatial heterogeneitythef soil hydraulic
conductivity on surface runoff (Langhans et al.1P0 facilitate the
study of the effects of the surface morphology.

OBJECTIVES

The RSCf as a functional connectivity indicator Svntheti
improving the subgrid surface flow hydrogram yp Ide Ic
estimation in distributed hydrol. modeling 1€lds

Objective 1 Scale effect on the RSCf » Chapter 3
Objective 2 Roughness and slope effect on
the RSCF Chapter 4
Objective 3 Predictipn gfthe RSCf from Chapter 4
structural indicators

Objective 4 Evolution of the RSCf »

Objective 5 link between the RSCf and
overland flow generation

Figure 1-3 Outline of the thesis, showing the cspomdence between the
objectives and the chapters. The chapters aref@dsaccording the type of
digital elevation models used (synthetic or regidf).

Real fields

Chapter 3

Chapter 5

Chapter 5
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The Relative Surface Connection function

2 Material and methods

In this chapter the Relative Surface Connectiorction (RSCf) and the
variogram are presented.

2.1 The Relative Surface Connection function

Different theories and concepts, such as the gthebry, the percolation
theory, the queuing theory or the volume to breaktph, are applied to
characterize hydrological connectivity and to defaonnectivity indicators.
The graph theory consists of reducing the compfegit a system into
understandable elements represented graphicallurc&®» areas are
represented as nodes and flow paths as links whinhdifferent pairs of
nodes following a number of rules. Indicators basedhis theory, such as
the directional connectivity index (DCI; Larsenagt 2012), are suitable to
identify source areas or barriers, evaluate thepartance and to reveal
patterns of interaction between nodes. They aresunibhble for predictive
purposes, since they are based on inferring presed®m measured
catchment characteristics (Bracken et al., 2015ptAer theory applied in
hydrological connectivity is the percolation theomhis theory is based on
the probability that certain points within the ®st are connected and on
the percolation phenomenon, defined as “the sppctaderty of the system
which emerges at the onset of macroscopic conngctiwithin it”
(Berkowitz and Balberg, 1993). This theory has basrcessfully applied to
characterize the transition between spatially ramdo spatially connected
soil moisture patterns (Di Domenico, 2007), to matie critical point at
which the system triggers rapid drainage in sulbserf fill-and-spill
mechanisms (Lehmann et al., 2007) and to descrimohian runoff on
rough surfaces (Darboux et al., 2002a). Howeves, a&pplicability of the
percolation theory for predictive purposes caniimtéd if critical features
are not considered (Tromp-van Meerveld and WeR€Q8), such as the
topography or the soil depth (Lehmann et al., 20@¥)more realistic
approach is the directed percolation (Janzen an®dvicell, 2015), in
which the movement of flow is based on feature$ isctopography or soil
depth. Thus, this approach is able to represeniv fleaths along
19



The Relative Surface Connection function

heterogeneous surfaces following not only the gdnglope gradient but
also the local gradients produced by the heteraotiesie Another theory
applied on connectivity is the queueing theory.sTtineory, based on the
conceptualization of the reinfiltration processttas customers waiting time
in a single server queue (Jones et al, 2013; Hamdl Mouche, 2013),
provides a theoretical link between the statistidascription of soil
infiltration heterogeneity, reinfiltration and ruifiaeneration. In order to
establish this link, some important simplifying @sgptions must be
considered: steady-state conditions, rainfall isign and infiltration
capacity exponentially distributed, slope and stefeoughness effects not
considered, mean rainfall intensity lower than midittration capacity and
infinite slope length. While this theory seems ® donsistent with runoff
observations, these simplifications limit the apgltility of this theory to
heterogeneous and more realistic areas (Jones 2018). The “volume to
breakthrough” is another concept applied in conwuigt This concept is
defined as the necessary cumulative runoff voluereupit width at a point
before flow appears at the downslope outlet. Tloeegfconnectivity is a
function of the runoff produced, transmission I@sdee to factors such as
infiltration or depression storage, slope lengthd agradient, and the
existence of topographical features that eitheilifai® connectivity, e.g.
rills, or impedes connectivity, e.g. crests andrdsgions. Thus, connectivity
is controlled by both precipitation and soil chaeaistics. Functional
connectivity indicators based on this concept hehwvn to perform better
than other connectivity indicators in both substefdiydrology (Knudby
and Carrera, 2005) and surface hydrology (Antoinal.e 2009) and its use
has been proposed as a means to quantify functommalectivity (Bracken
and Croke, 2007).

Given the better performance of indicators basedtlm “volume to

breakthrough” concept an overland flow connectiuiiicator based on this
concept and proposed by Antoine et al. (2009) wsedun this present
thesis. This indicator is based on a simplificatairthe runoff hydrograph
(surface detention dynamics are not considered) erpresses the
percentage of the surface connected to the bottdlet@f the field plot as a
function of the degree of filling of the depressistorage. The main
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The Relative Surface Connection function

advantages of this indicator are: 1) it providedeasial information about
the distribution of flow paths since it explicitigtegrates the flow network
at the soil surface, 2) it can be calculated muasiefr than the full resolution
of the St. Venant equations, 3) it has shown gesdlts in capturing runoff-
relevant connectivity properties compared to ott@mnectivity indicators
(Antoine et al., 2009) and 4) it allows simulateddaexperimental
hydrographs to be mimicked in a simple way by agdinrface detention
dynamics to the RSCf (Antoine et al., 2011).

The RSCf is calculated by means of a filling algorn that simulates a
simplified process of overland flow generation otlee Digital Elevation
Model (DEM) of the soil surface assuming infiniterface water velocity.
Infiltration is not considered explicitly, which equivalent to considering
excess rainfall for spatially homogeneous and tealjyo constant
infiltration. At every time step, a certain volurokwater is applied in every
pixel of the DEM. This volume of water “walks” ovéhe DEM to the
lowest pixel selected by an 8-neighbour schemel uhiy reach a
depression or the outflow boundary. In a depresdioas volume of water is
stored as depression storage. Once the depresseotiows, any excess of
water flows to the next depression or to the outfllmundary. When a drop
reaches the outflow boundary it is added to therdiydph. At any given
time, it is thus possible to determine the plotaatkat is hydraulically
connected to the outlet (‘contributing area’) afuaction of the degree of
filing of the depression storage (DS). The resgltiRSCf can be
assimilated to a simplified hydrograph where theival axis represents the
instantaneous overland flow rate at the bottomedutbrmalized by the
instantaneous rainfall rate, yielding the raticacgda connected to the bottom
outlet (C; 0<C<1; Figure 2-1). The horizontal axis representsdiyeression
storage depth which can be also normalized by thgimum depression
storage value (Di=y), yielding the Relative Depression Storage (RDS;
0<RD&1).
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Figure 2-1 (a) Connectivity process and RSCf (ammected to the bottom
outlet represented in red) and characteristic pairfit(b) the RSCf and (c)
the normalized RSCH.
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In order to quantify the effects of roughness aloghes on the RSCH,
three characteristic points defining the RSCf wayesidered (Figure
3-1b and c and Table). First, the ratio of areanected to the outlet
when DS is equal to @Cf). This is the plot area already connected to
the outlet before any water is added (Darboux.e@bD2a; Yang and
Chu, 2013). Second, the connectivity threshold (Gihere C
increases sharply for a small increase in depnessiorage. It
represents the threshold phenomenon commonly aisemvoverland
flow generation (Darboux et al., 2002a; Yang andi,C2013; Chu et
al., 2015). In practice, CT was defined as the tpoimere the rate of
increase ofC is equal to the rate of relative filling of depsems,
namely, when the slope of the normalized RSCf exjialn order to
minimize the effect of small local variations oetklope of the RSCf
on the identification of CT, we used an intervalcafculation of 5%
of relative depression storage to calculate thpestif the RSCf. CT is
characterized by its two coordinates, the raticsofface connected
and the relative depression storage at the comitgctinreshold,Cct
and RDST respectively. The third characteristic point of RRSCf is
the maximum depression storage of the soil micpmgoaphy (Figure
3-1b). At this point all the depressions are conghyefilled and hence
the whole surface is connected to the outlétl). In total four
characteristic parameters will thus be used toattarize the RSCH:
Co, Cct, RD&T and D$\ax (Table 2-1)

Table 2-1 Coordinates of the characteristic pailefsning the RSCH.

Ratio of . Relative
Depression .
surface Depression
. . Storage
Characteristic points of the RSCf connected (DS) Storage
(©€) (RDS)
[m2/m?]  [mm] [mm/mm]
Initial ratio of surface connected oC 0 0
Connectivity threshold & DScr* RDSct
Maximum depression storage 1 %S 1

* This variable was not used in this study sincis ihighly correlated
to DSyax (see Section 5.4.6).
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Variogram

In order to calculate the RSCf we considered th#dowiing
simplifications or assumptions: rainfall and infition are uniform in
space, rainfall intensity is always higher than ithfétration capacity
of the soil, existence, existence of a single askegal slope gradient,
the lateral and top boundaries of the DEM are cosmed hence no
runon is considered.

2.2 Variogram

The variogramy(l) was used as a means to characterize surface
roughness and as a structural connectivity indicdto a stationary
field, it is defined as:

=1/ 52 _

y(D)= "2 0% [z(x) — z(x + ])] [Edjon 2-1
where ¢2 is the variance [mm?] of the difference betweevo t
elevation points z [mm] separated hyl is the Euclidean distance
between points [mm]. The variogram is characterized two
parameters: the sill and the range. The sill [mis:3he limit of y(l)
when the lag distance tends to infinity. It is icative of the amplitude
of variation (total variance) of the point elevatiof the soil surface.
In this study, the standard deviati@fimm] of the point elevation was
used instead of the variance. The range [mm] isntivdmum lag
distance at which a correlation between elevati@asarements is no
longer observed. It is a measure of the amplitudéne horizontal
variability of the soil surfaceR ando convey information about the
frequency distribution of the topography and thums tbhe size and
shape of micro-depressions.

Two types of variograms were used in this study haussian
variogram and the exponential variogram. The Gaunssariogram
exhibits a stronger continuity at short distancesngared to the
exponential one. The Gaussian variogram was use@etterate
synthetic topographical fields (Chapter 3 and 4lpfaing the work of
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Antoine et al. (2009). It results in smoother scefacompared to the
exponential variogram. The exponential variograraharacteristic of
noisier surfaces, i.e. with higher spatial varidpiat the micro-scale
(mm-cm). It was used for real fields in Chaptem8 &. The smoother
surface of the synthetic fields facilitates theniifecation of the main
surface roughness elements, i.e. micro-depressanis crests (see
Section 3.3.1). However, the lower micro-scale igpatariability
present in the synthetic fields may decrease tB&.x since the
heterogeneities present in real fields may be abletore water.
Nevertheless, the connectivity process is not eegeto be affected
significantly by the differences on the variogragpd, since this
process is mainly controlled by the vertical andizantal variability
of the meso-scale elements (cm-dm) of the microgogphy (micro-
depressions, rills and crests) characterized bywithand the range of
the variogram, respectively.

2.3 Goodness-of-fit statistics

In order to evaluate the goodness-of-fit betweerseoked and
predicted values, three statistics were used:

- The root-mean-square error (RMSE):

RMsE = |Z=00
n Equation 2-2

- The normalized root-mean-square error (NRMSE):

NRMSE = 2°E
0 Equation 2-3
- The Nash—Sutcliffe model efficiency coefficieMSE):
N hipinZ
2i=1(0i-0) Equation 2-4
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whereP; andO; are the predicted and observed values, respegtivel
is the total number of data antlis the mean of the observed values.
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Figure 2-2 (a) Gaussian variogram and (b) expoakvairiogram.
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1 Based onPefiuela, A., Javaux, M., Bielders, C.L., 2013. &ediect on overland
flow connectivity at the plot scale. Hydrol Earthys§ Sci 17, 87-101.
doi:10.5194/hess-17-87-2013
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Abstract

3 Scale Effect on Overland Flow
Connectivity at the Plot Scale

3.1 Abstract

A major challenge in present-day hydrological scemnis to enhance
the performance of existing distributed hydrologitedels through a
better description of subgrid processes, in pddicuhe subgrid
connectivity of flow paths. The Relative Surfacen@ection function
(RSCf) was proposed by Antoine et al. (2009) asnatfonal indicator
of runoff flow connectivity. For a given area, ixpesses the
percentage of the surface connected to the outflowndary C) as a
function of the degree of filling of the depressistorage. This
function explicitly integrates the flow network tte soil surface and
hence provides essential information regarding dbenectivity of
flow paths. It has been shown that this functionlddelp improve
the modeling of the hydrograph at the square n&tede, yet it is
unknown how the scale affects the RSCf, and whethdrhow it can
be extrapolated to other scales. The main objectfivkis chapter is to
study the scale effect on overland flow connectiyRSCf). For this
purpose, digital elevation data of a real fieldx3®) and three
synthetic fields (86m) with contrasting hydrological responses were
used, and the RSCf was calculated at differenesday changing the
length () or width () of the field. To different extents depending on
the micro-topography, border effects were obsereedthe smaller
scales when decreasih@r w, which resulted in a strong decrease or
increase of the maximum depression storage, ragplctThere was
no scale effect on the RSCf when changindut a remarkable scale
effect was observed in the RSCf when chandinip general, for a
given degree of filling of the depression storaGedecreased abk
increased, the change @being inversely proportional to the change
in |. However, this observation applied only up to app50-70%6
(depending on the hydrological response of thedfiaf filling of
depression storage, after which no correlation feasd betweerC
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Introduction

and|. The results of this study help identify the miainscale for
studying overland flow connectivity. At scales larghan the minimal
scale, the RSCf showed a great potential to beaealkated to other
scales.

3.2 Introduction

As subgrid functional connectivity is expected ® drale-dependent,
special attention must be paid in order to selaca@propriate size of
the grid cell. Some studies have reported the exigt of a
representative elementary area (Wood et al.,, 1988gngth scale
(Julien and Moglen, 1990) that could serve to daeitee the grid cell
scale in hydrological models. First, the grid callist be sufficiently
large to be representative of the process of oveérflow connectivity
at the plot scale, i.e. all the connectivity rel@veomponents and the
relationships between them must be representeda(@liRoy, 2009).
Secondly, the size must be selected so as to nzeiitmbrder effects,
i.e. relevant components should neither be missed@ modified. In
addition, slope length has been observed to infleghe response of
the overland flow, showing a lower runoff coeffigievith increasing
length (Van de Giessen et al.,, 2000; Cerdan et2804). It has
generally been assumed that this results from gh&ad variability of
rainfall and infiltration capacity (Yair and Lave&985). Yet this
effect has also been observed on homogenous piisjoin which
case it was attributed to a change in residence {i&omph et al.,
2002). According to the definition of overland flasnnectivity (see
Section 1.2), connectivity is expected to decreagtd increasing
slope lengths, since the probability for the wétew to encounter
depressions is higher. However, the effect of slepgth on overland
flow connectivity and the runoff coefficient islstinclear.

The objective of this study is twofold. The firdbjective is to study
the effect of changing scale on the RSCf for scedaging from 0.18
m2 to 36 m2. And the second objective is to ingzde the potential of
the RSCf to be extrapolated to larger scales. Rat purpose, the
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Materials and methods

RSCf will be calculated and compared at differecdles and for
different micro-topography types. Comparison of R8Cfs should
allow us to find a relationship between scale awnérland flow
connectivity.

3.3 Materials and methods

3.3.1 Characteristics of the micro-topographies

Two types of DEMs were used, real and syntheticsoRgst, we used
the DEM from a field located near Fort Collins, @@ido (USA),
obtained by laser scanning (courtesy of the USDASA&RYricultural
Systems Research Unit in Fort Collins). The fielmd been under
grassland but the grass had been killed chemiealty left to decay
before scanning. The total size of the DEM isr8:%4.8m, the spatial
x-y resolution is 1.5nm and the vertical resolution is @nin. The
natural slope of the field is 6%. In order to avoid border effects that
may have been generated during the process ofnaidaihe DEM,
this study focuses on the central area, with a afzZ8mx3m. This
was also guided by the need to have three squplieate areas of the
largest possible size (in this casem®3m). For computational
reasons, the spatiaty resolution of the DEM was reduced ton8n.
The semi-variograms of the three replicates had aage of
approximately 60fhm and a sill of 80-11@n7 (Table 3-1).

Secondly, in order to evaluate the scale effects¢enarios with
different hydrological characteristics and connatti patterns,
synthetic fields with contrasting micro-topograghieere generated
using a method developed by Zinn and Harvey (2@08) adapted by
Antoine et al. (2009). The synthetic fields presdentical statistics in
terms of mean elevation, standard deviation anmgem. However,
they have different connectivity patterns. In tsisidy a Gaussian
variogram model was used (see Section 2.2). Thishadealso
allowed us to study the scale effect at largerescabmpared to the
real field case, though the size of the fields wasgertheless limited
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for computational reasons. Three different types wmicro-
topographies were generated using this method!riya@y”, (b)
“crater” and (c) “random” type (Figure 3-1; Antoie¢al., 2009). The
“river” type micro-topography presents high areamrected by a
system of rills. On the other hand, the “craterpey which is the
reverse of the river type, presents a system dftcrinat isolate the
depressions from each other. The “random” type onicpography is
an intermediate scenario represented by a standattd-Gaussian
synthetic field. The three synthetic fields arerelterized by values
of sill (100mn¥) and range (10@m) of the variogram also observed
in real fields (Vidal Vazquez et al., 2005) and exmental plots
(Darboux et al., 2002b). A slope equal to the ratsiope (6.66) of
the real field was also added. This slope was densd appropriate to
contrast the process overland flow connectivityMeen the different
micro-topographies. Using considerably higher stopeould have
dissimulated the effect of micro-topography. At lamd moderate
slopes, flow connectivity is mainly due to a midepressions filling
and spilling process. While at high slopes, in whilee general slope
gradient is higher than local gradients producedhwy soil surface
elements, such as depressions, the connection mseghaonsists in
the development of preferential flow paths paratiethe general slope
gradient, regardless the micro-topography (Figugg.3
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Random e Crater

Figure 3-1 Detail of the four micro-topography tgp€ m x 2 m) with
depressions partially filled with water (in blug) order to highlight the
contrasting connectivities.
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Figure 3-2 Schematic representation of the overlfiod connectivity
mechanism: (a) predominant filling process for lmvmoderate slopes and
(b) predominant spilling process for high slopesr&l water in micro-
depressions in dark blue. Preferential flow pathd anicro-depressions
initially connected in light blue.
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3.3.2 Process of fragmentation and calculation of the
RSCf

Two different scale effects were considered, ihanging the width of

the plot area and changing the length of the plea.aTherefore, the
area was first divided into narrower areas (fro@ Up to 1/32 of the
initial width) keeping the initial length consta(figure 3-3a), and
secondly the area was divided into shorter areasn(fl/2 up to 1/32

of the initial length) keeping the initial width estant (Figure 3-3b).
The process of fragmentation of the areas and dlmilation of the

RSCf was exactly the same for all the fields. Aftex plot areas were
divided, the filling algorithm was run in each dfese sub-areas in
order to obtain their RSCf (Chapter 2.1). Finalby, a given scale, the
RSCfs obtained in each sub-area were averagedder @ compare
overland flow connectivity at different scales.

Table 3-1 Characteristics of the micro-topographies
Synthetic Fields

Real River Random Crater

field
Size [mx m] 3x3 6x6 6x6 6% 6
Spatial resolution [mm pix@] 3 10 10 10
Slope [%] 6.6 6.6 6.6 6.6
Standard deviation of elevation [mm] 1.8 1.3 1.3 3 1
Variogram — sill [mm] 80-110 100 100 100
Variogram — range [mm] 600 100 100 100
Depression storage [mm] 0.53 0.5 1.275 2.55
Percolation threshold 0.66 0.77 0.75 0.73

[relative depression storage]
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w W2 (a) W4 wi8

k ¢ 14 0 1/8
/2
\d

(b)

Figure 3-3 Division pattern when changing (a) widtid (b) length of the
plot

3.3.3 Representative width and length

In order to identify the minimal scale at which daed flow
connectivity can be studied, a threshold width arttireshold length
must be defined. Since border effects are expectedainly cause
variations in the D&« Of the field, the threshold width and length will
be defined in function of the observed change & H&,.. These
thresholds were arbitrarily set at 0deviation of the DS when
w- o andl - o in the present study. The value of the correspuandi
width and length will be referred to as the “regmative width” and
“representative length”, and will be used to qugrdind compare the
scale effects between the four micro-topographgsyp
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3.4 Results

3.4.1 Real field

Scale effect produced by changing only the width

When representing the average RSCf for each widtha same graph
(Figure 3-4a), a gradual shift of the RSCf to tk# Is observed,
indicating a gradual decrease of the,R3wvith increasing width. This
decrease in DRx is inversely proportional to the width, tending
asymptotically to a constant value (Figure 3-4bhisTcan be
represented adequately by the following expression:

k
DSmax=—+v
w

Equation 3-1

where DSax IS the maximum depression storage [mm] for a given
width w [mm] of the plot,k [mm] is a constant (Table 3-2) whose
value reflects the magnitude of the asymptotic ei@se of the DR
when increasing the width of the plot, amdrepresents the DR«
whenw tends to infinity (DSaxw- )-

A “representative width” can be defined based on aahitrary
threshold at 186 deviation from DQaxw . (Table 3-2). This arbitrary
threshold is represented in Figure 3-4b as dashes.|

In order to compare the shape of the different RS@fe depression
storage was normalized by the value of the maxindepression
storage for each scale (Figure 3-5). This way pfesenting the RSCf
shows that the shape is little affected by widtltegt for the two
smallest scales (width0.188m and 0.09n), which present a strong
deviation in the last third of the function (relegidepression storage
approximately 2/3). These two curves show a displacement to the
right, i.e. for the same value of relative depmrassstorage the
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connectivity is lower for the two smallest scalsscampared to the
larger scales.
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Figure 3-4 Real field — effect of plot width (a) tme RSCf and (b) on the
maximum depression storage (f23- The number in parentheses indicates
the number of RSCf used for calculating the aveR§Ef. Vertical bars =
standard deviations. The arrow indicates the reptasve width. All the
plots are 3 m long.
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Figure 3-5 Real Field - effect of plot width on theerage normalized RSCf
(Depression storage (x axis) scaled by the maxirdapression storage; all
the plots are 3 m long).

Scale effect produced by changing only the length

When changing the length for a constant width of, 3he average
RSCfs show the opposite trend than was observed wih@nging the
width. The RSCf shows a gradual shift to the rightthe plot length
increases (Figure 3-6a), i.e. a gradual increas¢h®f DS ax with
increasing length. This increase in faSwith plot length can also be
fitted adequately by Equation 3-1, after replacingy | and withk<0
(Figure 3-6b). The corresponding parameters argiged in Table
3-3. In this casey represents the Rgx when | tends to infinity
(DS'naxJ—mo)-

A reduction in length not only causes a decreadeSg.x but also a
change in the shape of the RSCfs. For a given valube relative
depression storage, a decrease in connectivitybgerged as the
length increases (Figure 3-13). The RSCf tends faooonvex shape
for the largest plot lengths to a straighter orrewencave shape,
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especially for the smallest scales (lerg@h375m and 0.188&1). The
change in the shape of the RSCf is least pronoufwdtie river type
and most pronounced for the crater type.
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Figure 3-6 Real field — effect of plot length (a) the RSCf and (b) on the
maximum depression storage (£33 The number in parentheses indicates
the number of RSCf used for calculating the aveR§Ef. Vertical bars =
standard deviations. The arrow indicates the reptative length. All the
plots are 3 m wide.
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Figure 3-7 Real field — effect of plot length om tliverage normalized RSCH.
Depression storage (x-axis) was scaled by the maximiepression storage.
The numbers in parentheses indicate the numbesrofectivity curves used
for calculating the average normalized RSCfs. Adl plots are B wide.

3.4.2 Synthetic fields

Scale effect produced by changing only the width

As for the real field, when increasing the plot thida gradual shift of
the RSCf to the left is observed (Figure 3-8), eelihg a gradual
decrease of the D« DSnax decreases asymptotically towards a
constant value as the width is increased (Figugg, 3vhich can be
represented adequately by Equation 3-1. The canespg
parameters are provided in Table 3-2..R&_«increases gradually
from the river to the crater topography. As indéchby the k-values,
the asymptotic decrease of DSmax with increasingdthsi is most
pronounced for the crater micro-topography. Howgevas the
representative width is determined based on arshibtd of 90 % on
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the estimation of D@uxw.», the river micro-topography is
characterized by a higher representative width @25t) as
compared to the random and crater micro-topograpthat show
smaller yet similar representative widths (1100 ramd 900 mm,
respectively).

The shape of the RSCf, as for the real field, tideliaffected by a
change in width, except for the smallest valuewidth (Figure 3-10).

For the random and river types, this deviationnly @bservable at the
two smallest scales (wid#0.375m and 0.18&n) in the last third of
the RSCf. For the crater type, a deviation is alsticeable in the last
third of the RSCf for the intermediate widths (viadiD.75m and

1.5m).

Scale effect produced by changing only the length

When reducing the length and keeping the initiaditivi(6m), the
average RSCfs show the opposite effect comparechém changing
the width, just like the real field. Again, thesea gradual shift of the
RSCf to the right with increasing length (FigurelBr. The D&ax
increases asymptotically towards a constant valsiethe length
increases (Figure 3-12), which can be fitted by dfiqgum 3-1 after
replacingw by |. The corresponding values lofk<0) andv are given
in Table 3-3. As indicated by the k-values, therimicro-topography
tends more rapidly to its asymptotic value than rdnedom or crater
micro-topographies. The representative length asxe from the river
(300mm) to the crater type (9B0m).

As for the real field, a reduction in length notyonauses a decrease
in DSywax but also a change in the shape of the RSCfs. Fgiven
value of the relative depression storage, a deergasonnectivity is
observed as the length increases (Figure 3-13)RBt@f tends from a
convex shape for the largest plot lengths to aigétter or even
concave shape, especially for the smallest sclegtfi=0.375m and
0.188m). The change in the shape of the RSCf is leastqunced for

the river type and most pronounced for the crajee.t
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Table 3-2 Parameters of Equation 3-1 when changidth (w), goodness of
fit expressed as the sum of squares (SS) and teedpsR, and
representative width for the four micro-topograpyyes

Sum of
DShax Kk % squares
[mm] [mm] [mm?] [mm]

Rep.
Pseudo width
R [mm]

Real 0.53 60 0.51 0.00036
River 0.5 145 0.47 0.00451
Random 1.275 129 1.26 0.00102
Crater 2.55 222 2.52 0.00145

0.9986 1200
0.96952 2500

0.99131 1100
0.97064 900

Table 3-3 Parameters of Equation 3-1 when charigimgth (), goodness of
fit expressed as the sum of squares (SS) and teedpsR, and
representative length for the four micro-topograpipes

Sum of
DShax K Y squares

[mm]  [mm]  [mm?]  [mm]

Rep.
Pseudo length
R [mm]

Real 0.53 -23 0.55 0.00059
River 0.5 -16 0.5 0.00009
Random 1.275 -71 1.29 0.00026
Crater 255 -237 2.57 0.00385

0.93334 400
0.95344 300
0.98167 600
0.99702 950
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Figure 3-8 Synthetic fields — effect of plot widtim the average RSCf for the (a) river, (b) randord é) crater type micro-

topographies. The numbers in parentheses indicateumber of connectivity curves used for calcatathe average RSCfs. All plots
are @n long.
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Figure 3-9 Synthetic fields — effect of plot widbn the maximum

depression storage for the river, random and ctgper micro-topographies.
Vertical bars = standard deviations. The arrowscate the representative
widths. All the plots are 6 m long.
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number of connectivity curves used for calculating average normalized RSCfs. All plots are Bng.
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Figure 3-12 Synthetic fields — effect of plot lemgin the average RSCf for
the river, random and crater type micro-topogragphi€he numbers in
parentheses indicate the number of connectivityesiused for calculating
the average RSCfs. The arrows indicate the reptatsean lengths. All plots

are 6 m wide.
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3.5 Discussion

3.5.1 Scale effect on the DS, ax

For all the cases studied, a gradual increase aedse of the DR«
has been observed when decreasing the width or lehgth,
respectively. This can be explained by the increpsifluence of the
lateral and bottom boundaries when reducing théesc&. by two
border effects. On the one hand, the reductiom@fwidth causes the
interruption of the connecting paths between deswas (Figure 3-4b,
Figure 3-9 and Figure 3-14). Below a certain sctie, deviation of
the DSnax from the D@axw.. Starts to be considerable. The
connections between depressions are not complietellyded in this
area and consequently water has to find new paihseach the
outflow boundary (Figure 3-14). These new pathsuireqhigher
levels of stored water, i.e. the depth of waterde€eto overflow the
depressions gets higher, and consequently the vafudSyax
increases. On the other hand, when the plot leisgtbduced below a
certain scale (Figure 3-6b and Figure 3-12), thsulteg area
becomes less and less representative of all thgp@oeemts that cause
the accumulation of water in the depressions (ariers in the
direction of flow). In other words, as the lengtacteases, a larger
proportion of depressions get crossed by the \Virtl@vnstream
outflow boundary, and hence they get more easihyneoted to it and
do not store water (Figure 3-15).
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Figure 3-14 Schematic representation of the ovdrithow pattern for a
predominant micro-depressions filling process (a)the original plot size
and (b) after reducing the plot width. Stored watemicro-depressions in
dark blue. Preferential flow paths and micro-degimss initially connected
in light blue. Increase of micro-depressions aned r@ew preferential flow
paths after plot width reduction in red. Originatesof micro-depressions
and preferential flow paths before reducing the lgogth in gray.
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Figure 3-15 Schematic representation of the sdédeteon the first stage of
the depression filling process produced by changimy the plot length. (a)
Original size of the plot and (b) after reducing ieéngth. Stored water in
micro-depressions in dark blue. Area connectedéohiottom boundary in
red. Micro-depressions initially connected and seds by the bottom
boundary in light blue.

These two border effects affect all the micro-tapphy types
similarly in a qualitative way but differently in guantitative way. In
order to quantify and compare these effects betwbendifferent
micro-topography types, a representative scale defised based on
an acceptable deviation of the Rgby 10% from its asymptotic
value (Figure 3-4b, Figure 3-6b, Figure 3-9, anduke 3-12). This
representative scale represents the width or lebhgtbw which the
border effects start to be considerable, i.e. tlmé¢ i3 neither long

enough nor wide enough to be representative of plueess of
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overland flow connectivity occurring at larger s=al A 10%
deviation from D@axw_.~ OF DSnaxj_...Was selected since smaller
deviations of the Dsx would barely affect results in hydrological
modeling. Indeed, in our study, BSw_« Or DSnax .~ Values ranged
from 0.5mm to 2.5mm, such that a % deviation would lead to an
absolute variation comprised between OB and 0.25m. We
believe that having a greater accuracy on the, P®ould not be
relevant for most practical applications, whereesepting a higher
deviation, especially in fields with high values®®,a.x, might lead to
a substantial bias in hydrograph estimation.

The proposed representative scale provides a meeastirthe
sensitivity of the different micro-topographies timese two border
effects. It is calculated using Equation 3-1 (Taki2 and Table 3-3).
When plotted as a function of RQw_~ O DSnax/ - (Figure 3-16a
and b), the sensitivity of the four micro-topogrgplpes to scaling
can be compared.

On the one hand, Figure 3-16a shows a decreas$e oépresentative
width as the DSaxw_« increases. This decrease seems to follow a
linear trend except for the river micro-topographyhose
representative width is approximately double of tleal micro-
topography, even though they both have approxim#tel same value
of DSnaxw_ - This shows a higher sensitivity of the Rgto changes
in width for the river micro-topography comparedtie other micro-
topographies. On the other hand, Figure 3-16b slewsicrease of
the representative length as the R%.. increases. This increase
seems to be approximately linear and, as oppost#tetwidth border
effect, the length border effect shows the highssmsitivity to
changes in length for the crater micro-topograpimg a lowest
sensitivity for the river one.
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These differences between the width and the lebgttier effects and
between different micro-topographies can be exphkiirby the
preferential directions of flow and the differentechanisms of
overland flow connectivity. Since a constant slopfe 6.6% was
applied to all the micro-topographies, the prefaedulirection of flow
is expected to follow the maximum slope directipayallel to the
lateral boundaries, until the bottom boundary. Hesveflow paths in
the direction perpendicular to the lateral bouretarmay also be
important for the overland flow connectivity. Thss the case of the
river micro-topography, which is the most sensitice the width
border effect. The mechanism of overland flow catingy in this
micro-topography type is based on connections syséem of narrow
rills which do not follow a preferential directiodvhen these rills are
blocked by the virtual lateral boundaries, waterstraverflow higher
areas of the plot to flow either to other rills @own to the bottom
boundary. As a consequence, the overland flow gsochanges from
a connectivity-driven process to an overflow-driy@ocess as width
decreases, causing a higher storage of water inlsalelisconnected
areas, i.e. an increase of the S On the contrary, connectivity in
the crater micro-topography, which is the leastsga®e to the width
border effect, is already driven by an overflow heasm, meaning
that water stored in depressions must overflowsgstem of crests to
flow either to other depressions or down to thedlowt boundary. In
this case, water overflows the crests located etldtver part of the
depressions, thus overland flow tends to follow tieximum slope
direction, which is parallel to the lateral bouridar Since water tends
to flow parallel to the lateral boundaries, thedatare less likely to
block connections between depressions, and as &aegoence,
reducing the width has a lower impact on the cotiviec process and
on the D$ax

Conversely to the width border effect, as the lengtdecreased the
mechanism of connectivity becomes less based orovkeflow of
depressions since a larger proportion of depressyets crossed by
the downstream outflow boundary, and consequenrily DSnax
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gradually decreases. In the crater micro-topograptich is the most
sensitive to the length border effect, connectivgydriven by an
overflow process for large lengths, as explaineavabNevertheless,
depressions located downstream and crossed bytflevo boundary
get directly connected since water does not needvaflow the
system of crests. On the contrary, in the river raatopography,
which is the least sensitive to the length bordéece overland flow
from higher areas is stored in the system of rillsis mechanism of
connectivity stores a very low volume of water simoost rills are
interconnected. Only locally disconnected areasjchvhneed to
overflow to get connected, store a significant wodu of water.
Therefore, the length border effect is consideratiidy when the
downstream outflow boundary crosses a large fractd these
isolated areas, which only occurs when the lendththe plots
becomes very small (i.&300mm for the river micro-topography).

For the two other micro-topography types, real aaddom, the

sensitivity to the two border effects is, as expdctituated between
the two extreme cases, river and crater (Figure6)3-The width

border effect affects the real and random types wightly higher

extent than the crater type but considerably laas the river type.
This suggests that the preferential direction oWwflis parallel to the
lateral boundaries. In addition, the connectivitgamanism for the
real and random micro-topographies appears to bernmediate

between the overflow of depressions and the cororettrough rills.

However, since the representative length of themeero-topography

iIs closest to the river type, the connectivity nmeaem may be
predominately based on rill connections rather ttren overflow of

depressions.

As shown above, the sensitivity to border effectpehds on the
preferential direction of flow and the hydrologicasponse of the
field. Even micro-topographies with the same diat properties
(Table 3-1) showed different sensitivities to baerdeffects and
“representative” scales. This is explained by tlaet fthat these
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statistics can be considered as structural indisattereas the RSCf
is a functional indicator. Structural indicatorsckuas the variogram
can be useful to describe the spatial heterogerfé¥tgstern et al.,
1998), and as a heterogeneity index they can leepirgited as a link
between pattern and process (Gustafson, 1998). gosed to

functional indicators, they are, however, not abde adequately
account for the complexity of overland flow patterin the case of
the synthetic fields, spatial statistics such as tlariogram are
furthermore scale-insensitive. Functional connégtiindicators like

the RSCf are needed to study how connectivity fectdd by the
border effects. Not only do functional connectivitydicators help

identify the sensitivity to border effects but theyay also help
understand the connectivity process and discrirminbetween
different mechanisms of connectivity.

3.5.2 Scale effect on overland flow connectivity
produced by changing only the width

Apart from the border effect on the R§ when changing width, the
shape of the RSCf does not seem to be considesedfdgted by a
change in width (Figure 3-5 and Figu€.0. Only when the width of
the sub-areas of study is less than a certain §&c8l875m) do border
effects get more noticeable. In that case, theyonbt have an effect
on the D%ax but also a non-negligible impact on the shapehef t
RSCf. As width increases, this border effect becohess and less
noticeable both on the & and on the shape of the RSCf. Therefore,
regions of a field wider than the minimal represéime width may be
considered representative of the functional conwviectof the whole
field.

3.5.3 Scale effect on overland flow connectivity
produced by changing only the length

When length decreases, it not only produces a dsera the DS
but also a considerable increase of the connegtias can be seen
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from a comparison of the normalized RSCfs (Figué &nd Figure
3-12). In order to quantify the change in shapeth&f normalized
RSCI, the connectivity value of the largest fi€dref), taken as a
reference, was divided by the connectivity valuethedf other scales
C(l) for each value of relative depression storagguifeé 3-17a and
3-15a). For the first part of the graphs (RD3.5-0.7), the
connectivity ratios appear to oscillate around amealue without
any clear increasing or decreasing trend. In titisrval the separation
between two successive curves remains approximatehstant,

whilst for larger DS.ax values, theC(Iref)/C(l) ratio increases rapidly
and the separation between the curves progressieageases until
they all meet when the field is completely connéctgelative

depression storagel).

Since for a given scale the rat@(Iref)/C(l) appears to oscillate
around a mean value as long as RD8.5<0.7, the values of
C(Iref)/C(l) for this part of the function were averaged anthpared
to the ratiol/lref, wherelref=3m for the real field (Figure 3-17b) and
Iref=6m for the synthetic fields (Figure 3-18b). In thiderval of
RDS, both ratios show a direct correlation, impdyithat the rate of
change of the rati€(l)/C(Iref) is inversely proportional to the rate of
change of the length ratid/Ifef). Since connectivity is the ratio of
area connected to the outflow boundary and it esee at the same
rate as the length decreases, the size of thecargeected (in absolute
units, nf) must be approximately the same for all the lersythles.
This is supported by Figure 3-20, and can be expthas follows. For
the first part of the RSCf, which represents thrstfstage of the
depression filling process, the depressions thatnawst likely to be
already connected are the ones located closese toattom boundary.
These depressions, which occupy a specific aregui@i 3-15a),
behave independently with regard to the rest of dieeressions,
further away from the bottom boundary. This conedcarea keeps
the same size independently of the plot lengthuile@-15) except for
plots shorter than this area (Figure 3-20 and [Eidida). Therefore,
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the connectivityC gets higher when decreasing the plot length since
the total area of study decreases.
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Figure 3-17 Real field — scale effect when chandimglength: (a) ratio of
connectivities at different scales as a functionthsd relative depression
storage. Horizontal dashed lines correspond to ritean value of the
connectivity ratio calculated over the range RiSto RDS=0.62. (b)
Correlation between the scale ratios and the ratiaonnectivities for the
first two thirds of the RSCHf. Vertical linestandard deviation. All the plots
are 3n wide.
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After this first stage of the depression fillingopess (RDS0.5-0.7),
a quick process of connection of the depressi@artsstind depressions
located further from the outflow boundary get casted. This “jump”
or sharp threshold in the RSCf, which has beenrgbden all four
micro-topographies, is more noticeable for the &nglots (383 m)
(Figure 3-20). This threshold is consistent witlrcpéation theory
(Berkowitz and Ewing, 1998), whose applicability onerland flow
was demonstrated by Darboux et al. (2002a) and bkerghal. (2007).
It relies on the existence of a threshold relatigm$etween rainfall
and overland flow, caused by variations in the agercapacity and
connectivity. Below a certain threshold, preferaingathways that go
from the top to the bottom boundary are still nohmected and the
overland flow remains very low. But when this threlsl is exceeded,
the pathways become connected and a sharp indreéise overland
flow occurs. Applying this concept, the percolatibmeshold can be
calculated as the value of relative depressionagwrneeded to
connect the bottom boundary with the top boundaable 3-1). The
values obtained for the four micro-topography tymee slightly
higher than the threshold observed in the RSCf.s Tdibserved
threshold can be assumed to represent the initiatficthe connection
between the bottom and the top boundary of the jpkitbefore the
complete percolation threshold is reached.

Assuming that for RDS0.5-0.7 only the depressions close to the
bottom boundary are connected, it may be possibfelate this stage
to specific characteristics of the structural caniveéy of the field,
such as the average size of the depressions ()dutl¢he range and
sill of the variogram. It may then be possible tedict this first stage
of the RSCH.

For the last part of the RSCf, which representslaisé stage of the
depression filling process, the depressions thatless likely to be
connected are the ones located closest to thedopdary. Since no
runon is considered, these depressions barelyveeegter from the
upslope area and the main contributor to the §limocess is rainfall.
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Therefore, these depressions start to overflowhemte get connected
later than the rest of depressions closer to thiormo boundary
(Figure 3-19a). Since the rate of filling for thepdessions closest to
the top boundary is lower than for the rest of tepressions, the
connection of the entire plot surface is delayedinme and a higher
cumulated rainfall volume is needed. As for therdsgpions closest to
the bottom boundary, the depressions closest totdpeboundary,
which occupy a specific area (Figure 3-19a), behadependently
with regard to the downslope depressions. This mmected area
keeps the same size independently of the plot heffgigure 3-19b)
except for plots shorter than this area. For lorgyeas, this effect
does not affect DRy but in terms of time, the delay caused by the
slower filling process of the micro-depressionssekt to the top
boundary is likely to become relatively more impaoit for the
overland flow hydrogram as the length decreasaaceShe area of
the unconnected area becomes relatively larger amip the size of
the plot, the connection of a relatively largertperthe plot would be
delayed.
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Figure 3-19 Schematic representation of the sdédeteon the last stage of
the depression filling process produced by changimy the plot length. (a)
Original size of the plot and (b) after reducing liéngth. Stored water in
micro-depressions in dark blue. Area connectech¢ohiottom boundary in
red. Micro-depressions initially connected and seas by the bottom
boundary and preferential flow paths in light bl@iginal size of micro-
depressions and preferential flow paths before dieduthe plot length in

gray.

These results show a great potential for the R8CQet extrapolated
from small scales to larger scales on fields wittoastant slope such
that a spatial autocorrelation (range) can be @ksen the variogram.
At scales larger than the minimal representativalesconce the
percolation threshold is identified and predictast can divide the
RSCf in two parts. The first part, before the p&tion threshold, can
be directly extrapolated by applying the inverseraation between
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length and connectivity. The second part, after thexcolation
threshold, in which no correlation between scakestieen found, may
be obtained by assuming a linear relationship betwdepression
storage and connectivity. Given that the,REonverges to a constant
value for a given micro-topography and that boreffects become
negligible beyond the minimum representative lengiid width
(Figure 3-4b, Figure 3-6b, Figure 3-9 and Figgreé2), it may be
possible to apply the present results to scalgetahan the ones used
in this study. However, the present results maybeatpplicable in the
absence of a spatial autocorrelation in the vaaigrsince
connectivity may then be affected by the effectvafiable slope or
variable random roughness inside the plot. Funtesearch is needed
to assess and confirm this.
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Figure 3-20 Surface of the area connected to thit#lomu boundary, in
absolute units (A), as a function of the relative depression storfagehe
four micro-topography types.

3.6 Conclusions

In this study we investigated the behaviour of e flow
connectivity using the RSCf when changing the sdéegth or
width) of the area of study. The results reveat thath scale effects
and border effects affect overland flow connecyidt the plot scale.
The changes in the RSCf with scale were consiséendss four
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different surfaces with contrasting micro-topograptpatterns.
However, the magnitude of the scale and the boeffects differed
according to the hydrological response of the mtopography but
could not be related to spatial statistics (e.g.\vtlriogram).

No scale effect but a border effect was observedmadhanging the
width of the plots. Hence, regions of a field witirly short widths
could be considered representative of the funcliopanectivity of

the whole field. Based on the study of the serigjtiof the RSCf to
width and length border effects, preferential dimt of flows and
different predominant mechanisms of connectivityddferent micro-

topography types could be inferred. This sensititat border effects
also allowed determining the minimal representatieale (width or
length) needed to study the overland flow connégtivn this study
between 0.8 and 2.5n depending on the micro-topography type.

A remarkable scale effect was observed in the R&&n changing
the length of the plots. At scales larger thanntii@mal representative
scale, the RSCf showed a great potential to beapakated to other
scales. For a given degree of filing of the depi@s storage,
connectivity C) decreased as the plot length increased and thefa
this change of connectivity was inversely proparéibto the rate of
change in length. This latter observation appliety ¢o the first stage
of the RSCf (up to approx. 50-%® of filling of the maximum
depression storage), after which no correlation feasd betweerC
and length.

At this first stage of the RSCf, it has been obsdrthat only the
depressions close to the outflow boundary are adede After this
first stage, the RSCf shows a quick linear increzse connectivity
of the field, which is consistent with percolatitireory. These two
well-differentiated stages can potentially not ohblp extrapolate the
whole RSCf to larger scales but also obtain infdromaabout the
structural connectivity of the field.
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Additional research is needed in order to predie percolation
threshold and to test the applicability of extrapiolg the whole RSCf
to other scales. In order to do so, a larger nunob&EMs obtained
from a greater variety of real soils and synthdéitds with larger
sizes, different boundary conditions and connegticharacteristics
must be studied.
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CHAPTER 42

2 Based on:Pefiuela, A., Javaux, M., Bielders, C. L., 20H®w do slope and
surface roughness affect plot-scale overland flownectivity? J. Hydrol. 528,192-
205.
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Abstract

4 How do slope and surface roughness affect
plot-scale overland flow connectivity?

4.1 Abstract

Surface micro-topography and slope drive the hymjichl response
of plots through the gradual filling of depressioas well as the
establishment of hydraulic connections between floweing
depressions. Therefore, quantifying and understanthe effects of
surface roughness and slope on plot-scale oveflandconnectivity
is crucial to improve current hydrological modelirand runoff
prediction. This study aimed at establishing prgec equations
relating structural and functional connectivity icators in function of
slope and roughness. The Relative Surface Conmedtinction
(RSCf) was used as a functional connectivity indicavas applied.
Three characteristic parameters were defined tactexrize the RSCH:
the surface initially connected to the outlet, th@nectivity threshold
and the maximum depression storage (RS Gaussian surface
elevation fields (6 m x 6 m) were generated foarge of slopes and
roughnesses (sit and rangeR of the variogram). A full factorial of 6
slopes (0 to 15%), 6 values Rf(50 to 400 mm) and 6 values @2
to 40 mm) was considered, and the RSCf calculated@ realizations
of each combination. Results showed that the -clexiatic
parameters of the RSCf are greatly influencedRpy and slope. At
low slopes and high ratios 6f2R, the characteristic parameters of the
RSCf appear linked to a single component of th&asarroughnessx(
or 6). On the contrary, botR ando are needed to predict the RSCf at
high slopes and low ratios ef2R. A simple conceptualization of
surface depressions as rectangles, whose shapdetamined byR
ando, allowed deriving simple mathematical expressitmgstimate
the characteristic parameters of the RSCf in fomctif R, o and slope.
In the case of D&y the proposed equation performed better than
previous empirical expressions found in the literatwhich do not
account for the horizontal component of the surfemeghness. The
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proposed expressions allow estimating the chatatitepoints of the
RSCf with reasonable accuracy and could therefoogepuseful for
integrating plot-scale overland flow connectivityta hydrological
models whenever the RSCf presents a well-definednectivity
threshold.

4.2 Introduction

Surface micro-topography strongly affects the spemporal
distribution of overland flow at the plot scale (réng et al., 1998;
Darboux and Huang, 2005; Antoine et al., 2009; feterl., 2010;
Appels et al., 2011; Chu et al, 2013; Yang and @@13). Overland
flow is a spatially distributed process whereby rdepions
progressively overflow and connect to either neatbgressions or to
the outflow boundary (Onstad, 1984; Darboux et2002b; Antoine
et al., 2011; Chu et al, 2013). During a rainfaket this process starts
when the infiltration capacity becomes lower thdre trainfall
intensity. On rough micro-topographies and ignosngace detention
(i.e. live water) (Figure 1-2a), the excess rainfalat first mostly
stored in depressions. In this first stage, depyessdo not overflow
and thus are not yet connected. However, someoautfhay occur
due to border effects. This initial and limitedvilas generated from
the depressions directly connected to the systemtket and from
nearby upstream depressions connected to thesallynitonnected
depressions (Pefiuela et al.,, 2013). In a secorgk,stdditional
upstream micro-depressions get filled, and startoverflow and
connect either to nearby depressions or to theebutThis process
results in a gradual and non-linear filling, spidi and connection
process. This stage is characterized by a partiphl@nomenon which
consists of a threshold relationship between rHindacess and
overland flow (Figure 1-2a). When the cumulativenfal excess
volume exceeds a certain threshold value, a shaease in the
generated overland flow is observed as a consegquehthe rapid
establishment of hydraulic connections betweeredfit parts of the
system. This threshold phenomenon, which is casistwith
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percolation theory (Berkowitz and Ewing, 1998) am@racteristic of
random media (Berkowitz and Ewing, 1998), has beleserved in

overland flow at the plot scale (Darboux et al.02&; Frei et al.,
2010; Peruela et al.,, 2013; Yang and Chu, 2013hurd this

threshold, the overland flow process evolves fronpradominant
filling process to a predominant spilling proce$kis second stage
finishes when all the micro-depressions are corapyletilled. The

whole soil surface is then connected to the owtiet overland flow
consists exclusively in a spilling process. Negtersurface detention
dynamics, steady state overland flow is reacheihiatpoint (Figure
1-2a).

The spatio-temporal distribution of the overlandwil process is
affected by structural features of the soil miaspegraphy. For
instance, when increasing surface roughness arsd theumaximum
amount of water that can be stored in surface defmes, the runoff
threshold is delayed (Darboux and Huang, 2005; €hal., 2013) and
total runoff is decreased (Kamphorst et al., 20008y et al., 2013).
Surface slope gradient is another important teratginbute that may
interact with surface roughness to affect functiohgdrological
connectivity. On rough surfaces particularly, slogeadient can
dramatically affect the depression storage (Onst884; Kamphorst
et al., 2000), runoff and the development of pesiéal flow paths
(Bracken and Croke, 2007). Changing the slope gradnodifies the
balance between water fill and water spill process®l therefore also
changes the dynamics and spatial distribution @frlend flow. Low
slopes favor the filling of depressions. Overlalovfis therefore less
likely to occur and the occurrence of the abovetioard threshold in
runoff is delayed (Yang and Chu, 2013). As sloperaases, the
volume of water stored in depressions decreases dmgher number
of parallel flow paths connecting upslope areasidanslope areas
can be identified. This results in higher drainaffeciency, i.e. a spill-
dominated regime and an earlier occurrence of timeff threshold
(Yang and Chu, 2013).
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Models generally simplify the hydrological represgion of the
micro-topography using two effective parametersg tmaximum
depression storage (i.e. maximum volume of watat tie soil is able
to store in surface depressions; Jla$ and the friction factor (i.e.
resistance to flow) (Singh and Frevert, 2002; Sreithl., 2007). It has
been shown, however, that these simplified reptasens fail to
predict satisfactorily overland flow initiation agell as the gradual
nature of the overland flow generation process ¢/t et al., 2011).
Moreover, D%ax is generally predicted on the sole basis of the
vertical variability of surface elevation (randonoughness) and
sometimes the slope gradient of the soil surfacer(@rs et al., 1996;
Kamphorst et al., 2000; Kirkby et al., 2002), evkaugh it has been
found to be dependent on the micro-topographicafigoration of the
soil (Antoine et al., 2009).

The objectives of this study were twofold. First,quantify the effect
of soil random roughness and slope on overland flomnectivity, the
latter being characterized by the RSCf. Secondlgetermine to what
extent the RSCf can be predicted on the basisroftstral indicators
of soil micro-topography and slope. In order toilitate the study of
the effect of surface morphology on overland flowfiltration
capacity was assumed to be spatially homogeneotdisgeanporally
constant and lower than the rainfall intensityohder to simplify the
physical interpretation and identification of thiéeets produced by
the combination of horizontal and vertical varidhilof surface
roughness with slope gradient, the study was peddron Gaussian
surface micro-topographies.

4.3 Materials and methods

In order to facilitate discrimination between slopad roughness
effects, this study relied on numerically generdtgzbgraphical fields
(see Section 3.3.1). Since surface elevation han lveported as
normally distributed (Cremers et al., 1996), sytith&aussian fields
with different variograms and slopes (Table 4-1jevgenerated.
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4.3.1 Characteristics of the micro-topographies

The method developed by Zinn and Harvey (2003) aadapted by
Antoine et al. (2009) was used to generate thegi@phical fields.
The range of values @f andR were selected so as to reflect extreme
but still realistic values observed in real field@&able 4-1; Onstad,
1984; Zobeck and Onstad, 1987; Darboux et al.,, 2002dal
Vazquez et al., 2005). The fields were 6 m x 6 mesand the
maximumR was 400 mm in order to minimize scale and boundary
effects (Appels et al., 2011; Pefiuela et al., 20R3)alues lower than
50 mm were not considered in order to avoid langaccuracies
caused by the 10 mm/pixel horizontal spatial resmiuof the digital
elevation models (DEM). In total 216 combinatiorisRps and slope
were considered, i.e. 36 flat Gaussian micro-togplgical fields x 6
slope gradients. For each combination, 10 replidesls were
generated.

Table 4-1Characteristics of the Gaussian micro-topograpliiekls

Size [m x m] 6Xx6
Spatial resolution [mm/pixel] 10
Slope gradient 0.1.2 5 10 and 15
[%]

o [mm] 2,5,10, 20, 30 and 40
Variogram

R [mm] 50, 100, 150, 200, 300 and 400

4.3.2 Conceptualization of the micro-topography
profile

In order to develop a simplified model linking tapaphical features
and connectivity, a schematic representation ofsthie surface was
used. The soil surface was geometrically conceptualized aa
longitudinal profile with rectangular depressionzed according to
the variogram of the Gaussian fieldsdure 4-1a)From its definition
R represents the minimal distance between pointseuer difference
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of elevation is more likely to be maximal. Therefowe consideR to

be a measure of the mean horizontal distance betwe highest
points (crests) and the lowest points (depressiaisjhe micro-
topography, i.eR can be viewed as a measure of the typical size of
depressionss is a measure of the amplitude of the verticalataons
and can therefore be viewed as a proxy for theedspyn depth. The
anglep, given by arctam(2R), is a measure of the shape of micro-
depressions. Based on this, the dimensions of twangular
depressions were defined by a half-lerigtand height. The slope of
the profile ¢) represents the mean slope of the fidtthre 4-1a)
The stored water is represented as an agdl{ If >a, water stored

in the depression is bounded by the base and theéwtical walls of
the rectangular depressiorfsigure 4-1B. Therefore,A depends not
only one but also orR. 2) If f<a, stored water is bounded only by the
base and the lower vertical wall of the depressi@ifigure 4-10.
Therefore, A depends only en

Based on this schematic representation of the nriepressions
(Figure 4-), DSmax[mm] at 0% slope is given by:

n*A
L Equation 4-1

DSmax =

where A [mm?] is the area occupied by stored water (shadoareas

in Figure 4-b), L [mm] is the length of the longitudinal profile
(Figure 4-B), andn is the number of depressions which can be
calculated as follows:

b*L
n=
2R Equation 4-2

where b is a constanépresenting the proportion of the field occupied
by actual depressions, i.e. a correction factot thiees into account
the area in between depressions that do not starer\&nd the actual
shape of micro-depressions.
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A=Q2*R)*c

-A=2*R) *
*(o-R *tan o)

-A=c?/ (2 * tan a)

Figure 4-1 Longitudinal profile in the slope dinect of soil depressions
conceptualized as rectangles. Stored water is gepted by the shadowed
area ).

Once a certain slope value is applied on the figdilhg trigonometry
to calculateA, and after combiningquations 41 and 42, we obtain
the following expressions fd@ Smax[mm]:

ifa =0 - DSmaxa=0=b *0 Equation 4-3
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tana
lfﬂ > a — DSmax = b * (0‘ — R = tana) DSmax, a=0 * (1 - 2 % tanB)
Equation d-4
. 0?/(2 * tan ) tan
lfﬁ <a = DSmax=bh *T = DSmax, a=0 * (2 N tana)
Equation 44b

wherea is the slope angle [radR ande are in mmg is in rad and
will be obtained after fitting Equation 4-3, Equati 4-4a and
Equation 4-4b, to the data.

4.4 Results

For reasons of clarity, only the results of twopglgradients, 1% as
representative of low slopes and 10% as representat high slopes,
will be shown in the majority of the graphs.

For high slopes and low surface roughnesseseB$s very small and
hence the surface tends to behave like a flat plaeethe whole
surface is initially connectedC{ ~ 1). Hence the gradual process of
filling, spilling and connection of micro-depressg cannot be
characterized by the RSCf. Consequently, the coatiloims for which
the mean D&ax was smaller than 0.01 mm were not further
considered (Table 4-2).

Keepingo constant, one observes a gradual decrease @ix@SR
increases (Figure 4-2a and c). In addition, a gahdhange in shape
of the RSCf is observed as R increases (Figure drglFigure 4-2d).
For high slopes (10% and 15%), this change in shapeuite
pronounced. AR increases, the RSCf evolves from a convex to a
straighter shape and even becomes concave forighesh values of

R.
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For all the slope values, one observes a graduatase of DGax
when o increases, at constaRt (Figure 4-3a and c). For low slope
values (0%, 1% and 2%), the shape of the normalR8Gf barely
changes when increases at constaRt(Figure 4-3b), indicating that
Co, Cct and RDST remain fairly constant. Conversely to low slope
values, for high slope values (10% and 15%) a gtmange in the
shape of the normalized RSCf is observedsadecreases (Figure
4-3d). This indicates that, when increasiag a higher RDS is
necessary to reach the CT. Note that for the lowesatue (2 mm)Co

is much larger than for all other cases and thatc@inot be defined
since the rate of increase ©fis higher than the rate of increase of DS
as fromC.

Table 4-2Combinations oR, ¢ and slope that were discarded because
DSmax< 0.01 mm

Slope o R

2% 2mm 400 mm

5% 2 mm 150, 200, 300, 400 mm

10% 2 mm 100, 150, 200, 300, 400 mm
5mm 200, 300, 400 mm

15% 2 mm 50, 100, 150, 200, 300, 400 mm
5 mm 150, 200, 300, 400 mm

10 mm 300, 400 mm
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4.4.1 Ratio of initially connected surface

A gradual increase df,is observed wheR increases (Figure 4-4a
and Figure 4-4c). This indicates that the fractmarea initially
connected to the outlet increases as the horizaotaponent of the
surface roughness increases. The relationship bat@g and R is
approximately linear for low slope values (0%, 1%da2%) and
independent ofr (Figure 4-4b). Since at 1% slog& shows the
highest linearity witiR and the lowest dependency @nthe observed
values ofCy for this slope are used to derive an equatiortinglaC,
and R by means of a linear regression. The equatiorhisf linear
regression is given by:

R
Coa=1 = 0.24  — .
oo "1 Equation 4-5

whereCoe=1is Coata = 1% slopeR is in mm and. is the total length
of the field in mm.

For high slope values (5%, 10% and 15%), the rbiaanease ofCy
with R becomes higher when the slope increases. Fohalklope
values, the mean values @f remain fairly constant for low values of
Rirrespective ot (Figure 4-4d). However, especially for high R and
high slope valugsan asymptotic decrease @} is observed when
increasingg, tending towards approximately 0.03-0.04 (Figu4ds.
The asymptotic values of, observed for slopes higher than 1%
(Figure 4-49 seems to tend to the valuesCafat 1% Figure 4-4b.

Based on our conceptual representation of surigoegraphy and in
order to take into account the trends observedhifgir slope values as
well as the higher values &, observed for low ratios of/2R (=
tary), a generalization of Equation -5 is proposed. This
generalization, similar to the generalization ofultipn 43 into
Equation 44a, incorporates in its second term the relatignshi
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between the slope and the shape of the concemdalmicro-
depressions (tan/ tarnp). The proposed expression f@o is as
follows:

tana — 0.01

Co=Comr I+ tan 8 ) Equation 4-6
whereCoe=1is given by Equation-8, a is the slope gradient [rad] and
pis in rad. The constant value of 0.01 in the sddenm on the right
corresponds to the tangent of the 1% slope. Isedlun order to only
consider the first term on the right Buation 46 when the slope is
equal to 1%. After expressing tghas o/2R and replacingCo.«=1 by
Equation 45, Equation 46 becomes:

R+* (o +R* (tana — 0.01)) R R
Co=0.24 % =024 *—* (1 +—(tana — 0.01))
Lxo L o

Equatio’ 4

wheregs is in mm. With the exception d@o at high slope and high
values, Equation-Z allows predictingCo with reasonable accuracy
over the entire range &, o and slope values (NSE = 0.Fgure 4-4
and Figure 4-8).
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Figure 4-4 Effect of range (a, ¢) and sill (b, d)@0 at (a, b) 1% slope and at (c, d)
10% slope. Error bars = standard deviation (n=R6ints correspond to observed
values. Lines correspond to the values calculasgtyuEquation 4-7
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4.4.2 Connectivity threshold

Ccet

Cct appears fairly independent of R and slope (Figure 4-6Cct
values show an important variability that increasath high slope
andR values and low values. 95% of the observed mean values are
comprised between 0.05 and 0.15.

RDSct

An approximately linear decrease BDScT is observed wherR
increases (Figure 4-7a and c), this decrease bworg pronounced
for both lows and high slope values (Figure 4-7c). Rdends to O,
RDScT converges to a common value which is approximatglyal to
0.85. For a giverR and for slopes higher than Q%R D& tends to
increase asymptotically to a constant value ereases (Figure 4-7b
and d). This effect is particularly noticeable fbigh R values.
However,RDScT is not affected by in the absence of slopE&igure
4-8b). The values of RSct at 0% slope seem to correspond to the
asymptotic values observed for slopes higher tBar{fagure 4-70.

Since at 0%RDSct shows the lowest dependency @m@and a linear
decrease with increasirig values, the observed valuesRDSct for

this slope are used to derive an equation reldd@BgcT and R by

fitting a linear equatiomo the observed values:

RDScte=0 = 0.87 — 0.725 *

1000 Equation 4-8

where RD8T,«=0 is the RDST at the 0% slope in mm amilis in mm.
Based on our conceptual representation of surigoegraphy and in
order to take into account the trends observetbpes higher than 0%
and the lower values of RS observed for low ratios of/2R (=
tan), a generalization of Equation -8 is proposed. This
generalization, similar to the generalization of ukdpn 43,
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incorporates in its second term the relationshigvben the slope and
the shape of the conceptualized micro-depressitarge/iarns). The
proposed expression fRDScT is as follows:

tan«a

RDSct = RDScT,a=0 — ¢ * .
tanf Equation 4-9

where RDS8T,«=0 is given by Equation-8, o is the slope gradient [rad]
and g is in rad.c is obtained after fitting=zquation 49 to the data.
After expressing tai as o/2R, fitting Equation 49 to the data and
replacingRDSct.a=0 by Equation 48, Equation 49 becomes:

tana

RDScr = 0.87 — 0.725 * * )
o/2R Equation 4-10

1000~ 1

whereq is the slope angle [radR ands are in mm anad was found to
be equal to 0.1Equation 410 is able to efficiently predict the
observed values dkDScr for all the combinations dR, ¢ and slope
(NSE = 0.95Figure 4-Bb, Figure 4-7 and Figure 4)8
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Figure 4-5 Observed versus predicted values forshpe, R and ¢
combinations for (aft, (Equation 47; R2 = 0.803; RMSE = 0.008; NRMSE
= 0.63; NSE = 0.75), and (IRD<1 (Equation 410; R2 = 0.960; RMSE =
0.039; NRMSE = 0.07; NSE = 0.95). Each point is twerage of 10
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Figure 4-6 Effect of range (a, c) and sill (b, d)@: at (a, b) 1% slope and
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Figure 4-8 Effect of (a) range and (b) sill on RiP&t 0% slope. Error bars
standard deviation (n=10). Points correspond tsepled values. Lin
correspond to the values calculated ugtggiation 4-8&r Equation 4-10

4.4.3 Maximum depression storage

For DSnax an approximately linear decrease is observed wRen
increases for low slope values (Figure 4-9a), waileore curved and
asymptotic decrease of & is observed for high slope values
(Figure 4-9b). This decrease, which is more prooednfor low
values ofR, tends asymptotically to Diax= 0 asR increases.

A clear increase of D&x with ¢ is observed (Figure 4-9b and d),
which seems to start at (0, 0) and to be approxipdihear for lowR
and low slope values (Figure 4-9l). particular for the 0% slope the
observed linear increasEigure 4-1®), can be fitted by Equation3!
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with b equal to 0.36Higure 4-10a and). This linear relation between
o and D®ax is, however, not observed for higher slope vakms in
particular for high values dR. ThereforeEquation 43 is not able to
predict the values of D&xfor slopes > 0%.

For slopes > 0%, after fitting Equatiordd andEquation 44b to the
data we obtain b equal to 0.3Figure 4-9). A good correlation
between observed and predicted valldSE=0.96)is obtained for all
the combinations dR, ¢ and slope with the exception DEmaxat low
slopes, smalR and highs valuesFigure 4-14).
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and at (c, d) 10% slope. Error bars = standardatievi (n=10). Poin
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4.5 Discussion

The results indicate that both the range and &ilhe variogram have
an important influence on the RSCf, and that tiieces depend on the
slope of the field. With the exception G, these variations follow
clear trends represented by Equatien, £quation 410, and Equation
4-4a andEquation 44b. In this section we will provide a physical
interpretation for the observed effects based om gleometrical
conceptualization of the soil surfadédure 4-1).

4.5.1 Ratio of initially connected surface

Co is the area of the depressions connected to tenb@utlet before
depressions start filling. This area results frotmoader effect caused
by the bottom outle{Pefiuela et al., 2013L, includes depressions
directly connected to the outlet but also upstredepressions
connected to the latter depressions. At low slopegstream
depressions are disconnected from the outlet bstsrand even low
crests suffice to block them off from the outlet. 8% slopeEquation
4-5 indicates proportionality betwedty andR, i.e. betweerCy and
the size of depressions. The larger the depresdsioadarger the area
initially connected to the outlet. The slope of Bfion 45 (0.24) may
be understood conceptually as the proportion of imaginary
rectangular area, 6000 mm wide d@dnm long located immediately
upstream of the bottom outlet, that is initiallyno@cted to the bottom
outlet.

In this study, Equation-8 was found to also provide a good fit for
high slope values but only for high values of(Figure 4-4c and
Figure 4-4d) With a higher vertical roughness, and hence highe
crests surrounding depressions, even at high slapees the wall
effect produced by these crests is sufficient scalnect the upstream
areas from the bottom outlefAs the slope further increases, the
elevation of the bottom of the upstream depressmmt®mes higher
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than the crests immediately below, and consequertigse
depressions become connected, resulting in anaserenCy. This

will occur faster for small crests than for largests.This is reflected
in Equation 4-7 which is a generalization &quation 4-5based on
our conceptual representation of surface topograptuywhich takes
into account the relationship betwe€g and 1)the shape of the
depressionss) and 2) the slope of the fiela)(

4.5.2 Comnnectivity Threshold

Cctrepresents the proportion of area connected toutlet when the
generalized overland flow process sta@sr values appear fairly
independent ob, R and slope Figure 4-§. However, this apparent
independence might be caused by the high varml@htCcr which
makes it impossible to identify clear tren@sr values range between
0.05 and 0.15 with the exception of the combinatiohhigh values of
slope andR and low values of. Most of the latter combinations were
not considered in this study since they correspgonchses where the
soil surface barely stores water in depressi@$n$<0.01 mm) and
behaves like a flat surfac&gble 4-2. SinceCcrt represents a relative
area (connected area at the connectivity threstinidled by total
study area) and it is a border effect along théoboutlet (Pefiuela et
al., 2013)Cct will tend to 0 as the length of the study areagases.

RDScT corresponds to the height of stored water needl@uittate the
overland flow process:igure 4-8and Equation 4-8 and Equation 4-10
indicate that ®Sct is not affected by in the absence of slope. A
certain slope gradient is needed to facilitate wgmlling and
connection process of the micro-depressions andehi@ occurrence
of the connectivity threshold. However, for highvalues when the
slope is not high enough to facilitate the spillimgpcess, the system
behaves similarly to a 0% slope case. For highalues and low
slopes Equation 4-1Qends asymptotically to Equation 4-8. Hence,
values of BSct observed at low slopes are also observed in high
slope cases combined with high values.of
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At first, one might not expect the average horiabrdize of the
depressions to affectd®ct. However,Figure 4-7 and Figure 4-8 and
Equations 4-8 and 4-1¢how a clear decrease oDRct with R. This
decrease, which is linear, becomes more pronoufaredigh slope
values. The increase of slope of the figldether withthe increase of
R facilitates the connection between depressions raddces their
capacity to store water. As a consequence, a IR is needed to
initiate CT. Surprisingly, this decrease is alsseaed for the 0%
slope caseHigure 4-&), indicating that an increase ki alone is
sufficient to decrease the value of RDS neededitiate the overland
process. This can be explained by the fact thaR &screases, the
number of micro-depressions decreases and so ébalplty that the
overland flow gets trapped in poorly connected mdepressions
decreases.

The existence of a single connectivity thresholdynappear to
contradict previous studies where the hydrograppee&ally for rough
surfaces characterized by a small number of laegeessions, showed
a stepwise increase, i.e. the initial flow threshaias followed by a
number of other flow thresholds (Chu et al., 20¥ang and Chu,
2013; Chu et al.,, 2015; Yang and Chu, 2015). Thesstiple
thresholds resulted from the spilling and connectad individual
depressions (Yang and Chu, 2013). In contrast éoptiesent study,
the depressions of the rough surfaces were coadiljetarger in
relation to the plot size and fewer, which may expltheir marked
effect on the hydrograph. Similar to the presentgta more gradual
increase of hydrologic connectivity was, howevehserved on
smooth surfaces with smaller depressions aftefitstethreshold (Chu
et al.,, 2015). We therefore believe that as the sizthe study area
increases in relation to the size of depressiond, leence a higher
number of depressions are present, this stepwesease will tend to a
more continuous rise of the hydrograph and withirgyls initial
threshold. The first major threshold in contribgtisrea coincides with
the first significant increase in outlet flow (Clet al., 2015) and is
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therefore analogous to the CT defined in the presterly. It must be
noted that the stepwise behaviour may also be taeffeby border
effects. As shown by Appels et al. (2011) and Pkiaeal. (2013),
when the size of depressions is large compareaetplbt size, border
effects can significantly affect connectivity. The&order effects
cause a large area of the field to be connecteldet@utlet right from
the start, i.e. a higl€o, producing a significant decrease of 25

Moreover, the plot size is not able to represehthed components
involved in the connectivity process (Pefiuela et 2013) causing
contrasting micro-topographies to have indistingaide connectivity
behaviours (Appels et al., 2011; Pefiuela et al 320

4.5.3 Maximum Depression Storage

DSmax has commonly been predicted on the basis of thelora

roughness value of the soil micro-topography whishgenerally
defined as the standard deviation of the point atleus (e.g.,
Kamphorst et al., 2000). Figure 4-9 and Figure &d0Equations 4-
4a and bconfirm thato greatly affectsDSmax for all the slopes. In
particular for a 0% slopdSmaxis a linear function of (Equation 4-
3, Figure 4-10. The slope coefficient of this linear equation3@)

reflects the proportion of the surface that stoseger but also the
difference in shape between the micro-depressionthe Gaussian
fields and the rectangular depressions of our quneg representation
of surface micro-topography.

However, a linear relation betwe®6max ando is not observed for
higher slope values (large), particularly for high values oR. As
discussed above f@oand RDST, the combination of high slopes and
low values ofs facilitates the connection of micro-depressionthwi
the bottom outlet and hence reduces their capazityore water. Yet,
as for RDSrT, the range of the variogranR)(also has an important
influence onDSmax, except for the 0% slope cadedure 4-1@). In
both cases, this effect can be explained satisijctioy the
relationship between the shape of micro-depresg@rnand the slope
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gradient ). As mentioned in Section 4.4, flatter surfacesv(alues

of f, in this case caused by high valuesRyfcombined with high

slope gradients reduce the relative differencdemation between the
bottom of the micro-depressions and the downstreaests that
disconnect them from either other depressionsebtitom outlet.

In general,Equations 4-4a and bt reasonably well the observed
values ofDSmax except for low slopes, smaR and highs values
(Figure 4-@&, b andFigure 4-1h). At 1% slope, low values & and

high values ofs, the conceptual depressions resemble deep, narrow
slots, a shape that is unlikely to be found in pcac The value ob

(0.3) is lower than the value obtained for the 0&pe& in Equation 4-3
(0.36). This may indicate that the proportion céaathat stores water

is higher for horizontal surfaces than for inclineafaces and hence
Equations 4-4a and b are not valid for the 0% stase.

In the literature, several empirical expressiongsehbeen proposed
that relate Df&ax and structural characteristics of the micro-
topography, e.g. Kamphorst et al. (2000) and Kirkbgl. (2002). The
expressions of Kamphorst et al. (2000) and Kirklbyake (2002),
which do not account for the horizontal componehtthe surface
roughness, perform less well (NSE = 0.86 and NSHEJ.53,
respectively) than the simple conceptual model psed here when
using the present dataset (NSE = 0.96; Figure 4-Moreover,
random roughness index-based equations imply tbataf given
random roughness value, s decreases linearly with increasing
slope and that a threshold slope exists at whichaldS equal to zero.
As opposed to the unrealistic zerohsthreshold slope implied in
the random roughness index-based equations (Ondia84;
Kamphorst, 2000), Equations 4-4b is able to refthet asymptotical
decrease of Dimx with slope also observed by Chu et al. (2012).
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4.5.4 General discussion

For Gaussian random fields at low slopes and halos of /2R
(deep/narrow depressions), overland flow conndgtisicontrolled by
an important process of depression filling and abi@rized by a
marked connectivity threshold. The spilling and idagonnection
process starts when micro-depressions are almibskfu these more
low connectivity cases, the link between functiocahnectivity and
structural connectivity is represented by a linedation between the
RSCf parameters and a single component (horizantadertical) of
the surface roughness: betwe€n and R (Equation 4-% between
RD<rTtandR (Equation 4-3 and between D&x ando (Equation 4-3).
On the other hand, as the slope increases in catdynwith low
o/2R ratios (wide shallow depressions), the filling apilling process
occurs more gradually with an earlier initiation ©@T. In these high
connectivity cases, all components of the surfameghlness, in the
form of g, are needed to define the RSCf parametegsigtion 4-74-
10 and 4-4 and b), except fo€ct. For cases with very low D,
the RSCf could not be characterized and hencelibveeaequations do
not apply. However, such surfaces essentially behigke fully-
connected, flat surfaces and hence can be modsdledch.

It should be noted that, sin€G andCctare border effects that tend to
0 as the plot length increagg®efiuela et al., 2013he RSCf could be
characterized only by RRS and DSwax for long plots. This would
greatly facilitate the use of the RSCf as a meanstégrate plot-scale
hydrological connectivity into hydrological modelad to improve the
representation of subgrid overland flow generatigh. similar
methodology to improve the representation of thiegad overland
flow process is implemented in the openLISEM md@e Roo et al.,
1996a,b and Baartman et al., 2012). This modektake account the
runoff that takes place before the excess rainfalthes the maximum
depression storage and reflects the gradual natucerland flow
generation. In order to do so it first assumes thabff generation
starts when 10% of the surface is ponded, the dsime storage at
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this point is referred to as Start Depressionatégj®. Second, as from
the Start Depressional Storage, it assumes thatffrisn generated
gradually in a nonlinear way as a function of tleprssion storage.
Finally, after all the depressions are completdled, i.e. DShax IS
reached, runoff increases linearly with water heighorder to set the
values of both parameters, Start Depressional §@oend D%ax,
openLISEM uses the random roughness which is atatal indicator
of the vertical variability of the micro-topograplwit which does not
consider the horizontal component of this vari@pillhis model also
does not consider explicitly the slope gradienth& soil surface to
predict the Start Depressional Storage, despitestifoeg interactions
observed between slope, sill and range in the ptesedy.

The results of this study are restricted to casesra&vthe RSCf has a
convex shape with a clearly identifiable connetyivhreshold, which
nevertheless covers a wide range of conditions. d¥ew the
combination of either high slopes and lewr high slopes and higR
leads to an RSCf with a straight or concave shapee gshe RSCf
increases very rapidly right froi@, (i.e. overland flow generation is
dominated by a rapid spilling and connection precaisthe earliest
stages of the process). This makes CT more diffimulbe visually
identified and even to disappear. Results are @dstricted to cases
where oriented roughness is not present and wheee nticro-
topography has not yet been substantially modifigdlowing water,
i.e. no preferential flow paths such as rills arespnt. At scales larger
than the minimal representative scale, i.e. whenpilot size is large
enough in relation t& (Appels et al. 2011; Pefiuela et al., 2013), the
RSCf and hence the equations presented in thisy stach be
potentially extrapolated to other scal€s.andCcr, as border effects
will tend to O as the scale of study increases RB&cT and D Shax
remain constant since they are only affected biescamaller than the
minimal representative scale.
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These equations were derived from Gaussian ranadg@wogtaphical
fields. Although real fields have also been shownfdllow this
distribution (Cremers et al., 1996), oriented rauggs is not
represented when generating random topographielalsfiand hence,
additional research on real fields with orientedgioness is needed to
confirm these results.

4.6 Conclusions

The results reveal that the range, the sill angeslbave marked
effects on the parameters defining the RSCf wighekception oCcr.

At low slopes and high sill/range ratios (deep depions), the
characteristic parameters of the RSCf are linkeal $o1gle component
of the surface roughness (range or sill), wherdasigh slopes and
low sill/range ratios (shallow depressions), bdté tange and the sill
are needed to explain and predict the RelativeasariConnection
function. Based on simple rectangular conceptualization of surface
roughnessmathematical expressions in function of the rarige,sill
and slope were derived in order to predist RDST and D$ax
These expressions were able to physically explaid @easonably
predict the slope, range and sill effects on thdatRe Surface
Connection function For the present dataset, they outperformed
relations proposed previously fDISnax

This study shows the potential of linking structuaad functional
connectivity and of predicting runoff-relevant fewds of overland
flow connectivity by the study of surface roughnebforeover it
opens a new way to predict the ®sof soils by a physical analysis of
the soil surface and not by empirical formulas whienerally do not
take into account the horizontal component of srf@ughness.
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Abstract

5 Evolution of overland flow connectivity in
bare agricultural plots.

5.1 Abstract

Soil surface roughness not only delays overland fiy@neration but
also strongly affects overland flow distributiondaconcentration.
Studies seeking to find the link between soil raouggs and overland
flow generation generally aimed at predicting thedagl in overland
flow generation by means of a single parameteractarizing soll
roughness. However, little work has been donertd & link between
soil roughness and overland flow characteristitss s made difficult
because soil roughness and hence overland flovacteaistics evolve
as a result of soil erosion processes, but thisudea may be very
different depending on whether diffuse or conceattaerosion
dominates. The present study examines the poteotialsing the
concept of structural and functional connectivity link roughness
characteristics to overland flow characteristiost this purpose, soil
roughness of three 2.5-m x 9.4-m agricultural ptposed to natural
rainfall was monitored for a 7-month and 6-monthigus in each of 2
years. Different initial roughnesses after tillagere applied each
year. Soil micro-topography was characterized lphatogrammetry
technique, initially and after each important ralhfevent. Soill
roughness was characterized by the flow directionaliogram,
overland flow connectivity by a functional connedl indicator
called the Relative Surface Connection function@R%nd overland
flow generation by FullSWOF_2D. Whereas the ovetlaitow
characteristics were found to be little or moddyaterrelated to the
variogram, the former was found to be highly catedl to the RSCH.
Very high correlations observed betweenmb&nd overland flow
generation delay not only confirms the importarie rof depression
storage on the delay of overland flow generationatso, it shows the
potential of improving the prediction of the overaflow hydrograph
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by the use of D&x However the results of this study show that soil
roughness cannot just be considered as a delagatgrffor overland
flow generation. The development of eroded flowhpaat the soil
surface not only produces a decrease imdwBut also an increase in
connectivity and a higher rate of increase of theff ratio, as well as

a higher Froude number and higher spatial conginwt flow
velocities. These results show the potential of RIZCf to serve as a
link between structural connectivity (soil roughslesand overland
flow dynamics.

5.2 Introduction

Overland flow generation is a dynamic process greatluenced by
the soil micro-topography (Govers et al., 2000;Hoarx et al., 2002b;
Frei et al., 2010). When micro-topography elemesush as clods,
crests and rills are of the same order of magnitudarger than the
water flow depth, the resultindjorm roughness(Abrahams and
Parsons, 1990; Govers et al., 2000) is a majoorfazdusing spatial
variations in overland flow depth, velocity, andedition (Zhang and
Cundy, 1989; Esteves et al., 2000).

On arable land, the initially tilled soil surface modified by erosion,
thereby affecting the process of overland flow gaten. When
micro-topography elements are randomly distribused,roughness is
typically characterized by a single parameter (@apdom roughness;
Hansen et al., 1999; Kamphorst et al., 2000; Sraifii4) and strong
links between standard roughness indicators (stralctonnectivity)
and functional connectivity are observed (Chapter Hor such
randomly distributed surfaces, the overland flowgasss consists of a
gradual and spatially distributed process of fglinspilling and
connection between micro-depressions (Onstad, 1D&8rhoux et al.,
2002b). In particular for low slope gradients andgh surfaces, this
process is mainly controlled by depression fillisgice this type of
surface has a high depression storage capacityg. filhdominated
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process delays runoff generation (Darboux and Hua0§5) and
increases overland flow re-infiltration (Puigdefagpas and Sanchez,
1996.

During rainfall, interrill erosion (sheet and sglasrosion) tends to
smoothen the surface roughness by eroding clods flatining

ridges, and by filling downstream micro-depressiowgh the

produced sediments (Kirkby, 2002; Guzha, 2004)aA®nsequence,
the capacity of micro-depressions to store watdrtardelay overland
flow generation is reduced progressively. For steapugh slopes
(Savat and De Ploey, 1982; Govers, 1987; Planchah,d.987), once
the micro-depression spilling process is initiatedpnnected
depressions tend to form continuous flow pathdhendirection of the
slope gradient. These preferential flow paths itatd the overland
flow process by routing and concentrating the wétawv (Nicolau,

2002; Darboux and Huang, 2005; Moreno-de las Hetad., 2010),
producing an increase in the local flow velocitypstve power and
sediment transport capacity (Govers et al., 2006k, 2002) and a
low potential for sediment deposition (Helming &f 4998; Bracken
and Croke, 2007). This erosive energy of concesdratverland flow
creates eroding flow paths that can be describemasional (rills

which are easily recognized on the soil surfacellispersive (wide
and shallow paths not so easily recognized on thk surface)

(Bracken and Croke, 2007). The initiation of ergdffow paths has
been related to the Froude number (Fr). Rill ititia has been
reported to occur in the transition from subcritiwasupercritical flow

(Savat, 1979; Torri et al., 1987; Slattery and Brya992) and as
consequence of local hydraulic jumps occurringhiese preferential
flow paths (Grant, 1997; Giménez et al., 2004)tuibulent overland
flow rill initiation has also been reported to dagdeon the spatial
variability of soil shear strength and the effetCtaindrop detachment
(Parsons and Wainwright, 2006). In particular, iieng process and
rill network can be modified by the sequence offil events which
determine the scour and fill processes in the (ilis et al., 1993). In
the presence of oriented roughness patterns, thie lbietween
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structural and functional connectivity may dependparticular details
and directional patterns which cannot be charasdriby standard
random roughness indicators (Darboux et al., 20@&hith, 2014).
Yet, these features must be taken into accountderdo determine
the overland flow characteristics (Parsons and WRdmes, 1992;
Bryan, 2000).

Although the processes described above have beensaxely studied
in the literature, their impact on overland flownoectivity has not,
especially in quantitative terms. The objective this study was
therefore twofold. The first objective was to intrgate the evolution
of overland flow connectivity on bare agricultupbts in response to
changes in surface micro-topography under natarafall conditions.

The second objective was to evaluate to what extesse changes in
the RSCf could be linked to the overland flow gatien process.

5.3 Materials and methods

5.3.1 Study area

The study site was located at the UCL experimefdah in the
Belgian province of Brabant Wallon (50°40'22.0"NB8°1.7.2"E). The
weather is maritime temperate with precipitationsndy distributed
along the year (800 mm/year) and occasional thghaiens in spring
and summer. The experiments were conducted betweeh 2013

and October 2014. The experimental plots were daidon silt loam
soils (17.4% clay, 73.0% silt and 10.7% sand) vidhg/kg of organic
carbon and derived from aeolian deposits.

5.3.2 Experimental Set-up

The experiments were conducted on freshly tilledl sofaces on an
agricultural hillslope in three replicate plots 3wide and 10 m long.
The soil surface was tilled with a rototiller talapth of 0.1 m, and it
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was kept free of vegetation by applying herbicidagularly. Tillage
was undertaken in May 2013 and in April 2014, aftbich the plots
were monitored for a period of 7 months in Yearnt & months in
Year 2. Table 5-1 summarizes the topographic chenatics of the
plots in both years.

Table 5-1 Slope and initial soil roughness of tlwg

Plot1 Plot2 Plot3
Slope gradient [%)] 9.4 6.9 10.7
Initial along-slope variogram
Year 1: Tillage - May 2013

Standard deviatiors] [mm] 9.3 7.3 8.7
Range R) [mm] 656,4 853.6 673.4
Year 2: Tillage - April 2014

Standard deviatiors§ [mm] 114 13.7 138
Range R) [mm] 438.2 538.4 516.0

The top and the lateral sides of the plots werentded with rigid
plastic sheets driven about 10 cm into the groumtextending 20 cm
above the surface. Overland flow was collectedhatlower end of
each plot in a gutter and discharge was measumy 0 s using a 1-
litre capacity tipping bucket (Giboire et al., 2003Rainfall was
measured with an electronic tipping bucket recaydain gauge, each
tip corresponding to 0.16 mm of rainfall depth. Base erosion and
changes in surface microtopography are better ledede with rainfall
erosivity than rainfall amount (Alberts et al., B9%Antoine et al.,
2011), rainfall erosivity (RE in MJ Hamm Hh') was calculated as
described by Verstraeten et al. (2006).

Cumulative outflow data from Plot 1 in Year 1 coulok be calculated

since data from three months (Table 5-2) were mgssiue to
technical problems.
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5.3.3 Photogrammetric Data Acquisition

Digital elevation models (DEM) of the soil surfasere obtained by
means of close range digital photogrammetry softwaailed Apero
and MicMac v1.0.1 (IGN, Institut Géographique Natf France)
(Ahmadabadian et al., 2013; Toschi et al.,, 2013gspite the
limitations of digital photogrammetry, it enabldgetmeasurement of
micro-topographic surfaces and the characterizatibrthe spatial
distribution of erosion and deposition and rill depment (Gessesse
et al., 2010). Images were taken on a monthly lasisore frequently
in case of extreme rainfall events. The photograplese taken
vertically from a height of approximately 2 m. A Blcamera with a
focal length of 20 mm was used during the studyehEsxperimental
plot including the borders on all sides was covebbgda block of
approximately 50 photos with an overlap of at 1e88% in three
strips. To exclude large relief displacements cdusg plot border
effects during pixel matching (Lane et al., 200Bg area for DEM
generation was reduced by 25 cm in advance alomgittes and by
30 cm along the top and bottom edges. In orderrdgigely set the
study area, four 20-mm diameter plastic pipes wiieen into the
ground at each corner of the plots, limiting thieetive study area to
a width of 2.5 m and length of 9.4 m. A verticataacy of £0.5 mm
was obtained with this technique. To reduce the pdational
requirements for analyzing the DEMs yet keepindiceht resolution
for proper characterization of the soil roughneé3gilyy and Foster,
1989), the DEMs were interpolated to a 1-cm grid.

5.3.4 Median polishing technique and wvariogram
calculation

Geostatistical characterization of the surface etopography can
only be performed after removing large-scale vemnst (or trends).
Consequently, data were detrended by using the amepolishing
technique (Cressie, 1993). The technique estintagegrid elevation
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(Yj) value as the sum of the overall mediam), (tfransect mediarr;j,
column mediand), a row-column interactiog(i-7)(j-/) and a residual

term ®;):
Yi=m+ri+ ¢+ g(i- (/) + R; Equation 5-1

where subscripts i and j are the row and columnbemnof the grid
andi andj are the average row and column number of the guichas
the slope of the row-column interaction compon@strecommended
by Cressie (1993 are used to calculate the variogram.

The variogramy(l) (Equation 2.1) was used as a means to chaiaeter
soil roughness and as a structural connectivitycatdr. Given the
high slope gradients of the three studied plotssien and sediment
transport are expected to most strongly modify thpatial
configuration of soil roughness in the slope ditt Especially with
the appearance of continuous and parallel roughredements
produced by tillage (Vazquez et al., 2005) or, mghis study, by
eroding flow paths in the direction of the slopadijent, the amplitude
of the horizontal variability is expected to reflélsis continuity by an
increase in the rang®&) For this reason the variogram will be studied
in the slope direction applying a directional talece of 30°.

5.3.5 Flow simulation, hydrographs and connectivity
length

It is difficult to discriminate between the effeat$ surface micro-
topography and the effects of spatial heterogerditsoil infiltration

on the measured hydrographs. Hence, to assessunfagesevolution
affects flow properties, overland flow was simuthteumerically for
each DEM using FullSWOF_2D v1.0.10 (Full Shallow téra
equations for Overland Flow; Delestre et al., 20F)IISWOF_2D
solves the 2D shallow water flow equations (fullifd&enant
equations) using finite volumes and numerical meshspecifically
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developed for hydrological applications with smalater heights.

Some of its main features are that it proposes fivetion models

(Manning and Darcy-Weysbach), that water infiliatis based on the
Green-Ampt equation and that DEMs can be directBduas input. In
this study the Mannning friction model was usednlist be noted that
the Saint-Venant equations assume that the fluidcitg is constant

along the vertical direction. The fluid velocity determined as a
function of the local gradient slope, given by tb&M, and the

friction force, which is a function of the frictiolactor and the water
depth. FullSWOF provides the water height and fl@locity for each

grid element.

In this study, since only excess-rainfall is neetiegstudy overland
flow, infiltration was not considered explicitly drthe application of
the model only required the friction factor of Mamyp as input
parameter, in addition to the DEM. According to @h@1959),
Manning values for bare soils are 0.02-0.025 umdemal conditions.
However, a lower value must be selected in orderefesent the
effect produced by the micro-roughness and notfah@ roughness
(Abrahams and Parsons, 1990) which is already septed by the
DEMs. A minimum Manning value was established bypgi€quation
5-2 (Strickler, 1923; Yen, 1992) which only consgl¢he grain size
effect:

n = 0.0474dsc"" Equation 5-2

whereds is the median sediment diameter expressed in mdigr a
silt loam, dsp = 26 um, giving approximatelyr = 0.01. Since the 10
mm spatial resolution of the DEMs is not able tpresent explicitly
the grain size, the friction factor should be sdale in order to
represent the effective roughness length (Cliffetd al., 1992).
Therefore, a Manning coefficient of 0.015, compmideetween the
maximum (0.02-0.025) and the minimum (0.01) valwess used for
the simulations. Up-scaling the friction factorieslon the assumption
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that the only effect of the micro-roughness notliekfy represented

is a momentum loss but it does not take into acctheneffect of the

micro-roughness on the routing of flow (Lane 2003)e consider

that the micro-roughness elements not explicittyesented by the 10
mm spatial resolution have a negligible influeneetbe routing of

flow compared to the influence of the form roughmedements

already represented in the DEMSs.

For illustration purposes, a constant 60 mm/h esccamfall intensity
was used to calculate the overland flow hydrogra@imulations
lasted until steady-state was reached. Hydrographslepicted as the
runoff ratio [-] vs. cumulative rainfall [mm]. Taatilitate comparison
of the hydrographs, five characteristic values wesed. Three to
characterize the timing or delay of overland floangration,l 1o, Iso,
andlgy and two to characterize the rate of increase @framoff ratio,
Si10,50 and Sso 90 |10, 150, @andlgp correspond to the cumulative rainfall
needed to reach 10%, 50% and 90% of the maximunoffiun
respectively. The maximum outflow occurs when tbeoff rate is
equal to the rainfall intensity, i.e. when the rfimatio equals 1. In
order to characterize the rate of increase of gfurdgraph, the slope
of the hydrograph betwedp, andli, Sios0 = (0.5 - 0.1)/(Isp - 110),
and betweelhyo andlso, Ss0.00= (0.9 - 0.5)/(190 - I50), were calculated.

The flow patterns at steady-state were charactérizsed on the
velocity fields provided by FullSWOF_2D. The contigty length

(&), as defined by percolation theory, was uséds defined as the
size-weighted average radius of gyration of coretecusters (Keitt
et al., 1997). A natural measure of the size oireular cluster is its
radius. However, in general, clusters are not rpuhdy can be
irregular, sinuous structures. The radius of ggrgtir [mm], is

measure of irregular cluster size used in peraniadind is defined as:

= n i —X)2 —¥y)?
r=1/n¥i, (- 02+~ ) Equation 5-3
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wherex andy are the meaw andy coordinates of lattice cells in the
cluster in mmyx andy; are the coordinates of th® grid cell in the
cluster in mm, ana is the total number of cells in the cluster. Irsth
study, in order to differentiate between conne@ed non-connected
clusters, flow velocity fields were first binarizaging a threshold
equal to the average flow velocity (calculated asrall the plots and
years). Thus¢ is a measure of the typical length of continuoigh h
flow velocity areas/paths. Each of the connectedtels was labelled
according to their size ¢ [mm] was calculated by using the following
equation:

£2 = Yt 57ng

2
Xs 5% Equation 5-4

wheres is in mnf, rs is the radius of gyration in mm of the connected
clusters of sizes and nr is the proportion of connected clusters of size
S.

The average Froude number for the whole plot sarfeas calculated
at steady state (maximum outflow) as an indicatdhe flow erosive
power which is expected to increase as overlanw fllecomes
concentrated in preferential and eroding flow paths

5.3.6 Uncertainty analysis of DEM

Given the importance of achieving repeatable reswlten studying
the evolution of the soil roughness, connectivityl daydrograph, the
uncertainty resulting from building the DEMs wasessed. In digital
photogrammetry, the quality of the DEM can be d#dcby the
process of acquisition of the reference points,|léms distortion and
by the process of identification of homologous p®imand DEM
extraction (Rieke-Zapp and Nearing, 2005; Gessessé, 2010). In
order to evaluate the uncertainty in scenarios wgtintrasting
hydrological characteristics and connectivity paitse 8 replicate sets
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of images of an eroded surface and then 6 replsmte of images of
the same plot (Plot 1) but freshly tilled surfasere taken at different
times of a single, rainless day and with differéight conditions.

These replicates were used to calculate the mednthen standard
deviation (SD) of the parameters defining the \gnamn, RSCf and
hydrograph. The SD compared to the range of vanabf the

calculated values of the parameters observed snstbdy will provide

a measure of the precision or repeatability ofrtte¢ghodology and the
results.

5.4 Results

5.4.1 Climatic conditions

In Year 1, for the first two months, the cumulatiraenfall (152 mm)
barely generated runoff (Figure 5-1a and Table.34®wever, at the
end of July, after a dry period, an intense thusiem (28.3 mm in
30 min; A RE = 219 MJ hd mm h?) produced considerable runoff
(Figure 5-1a and Table 5-2). In August, a secorsb lentense
thunderstorm (14mm in 40 min; RE = 45 MJ hd mm h?) produced
additional runoff. From this moment till Novembafmost no further
increase in the cumulative runoff was observedufedgp-1a and Table
5-2).

In Year 2, after a relatively dry period in Aprd, series of rainfall
events in May and especially a first thunderstatthhZ mm in 30 min;

A RE = 29 MJ hd mm H") produced runoff on the three plots (Figure
5-1b and Table 5-2). In early June, an intensedérstorm (24.1 mm
in 40 min; A RE = 152 MJ ha mm H") produced an important
increase in the cumulative runoff of the plots. arthis moment till
September, a series of intense rainfall eventsrgege an important
amount of runoff (Figure 5-1b and Table 5-2).
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Figure 5-1 Measured cumulative daily precipitatéord cumulative outflow
from each plot during (a) Year 1 and (b) Year 2rtidal arrows represent

the first two thunderstorms for each year. Cumwatiutflow data for Plot 1
in Year 1 could not be plotted because some dasawissing.
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Table 5-2 Increments of cumulative rainfall enemyyd rainfall and plot
outflow in between successive DEMs.

Plot 1 Plot 2 Plot 3

RE Date A rainfall A outflow A outflow A outflow
[MJ ha'

mm hY] [mm] [mm] [mm] [mm]
Year 1

1 8/05/2013 5.7 0 0.3 0.1
36 4/06/2013 83.2 1.2 0.6 1.2
52 17/07/2013 62.7 No data 1.5 1.6
286 2/08/2013  46.3 No data 9.2 30.6
346 6/09/2013  43.7 No data 5.1 9.7
406 21/10/2013 82.2 1.6 1.9 1.4
436 11/11/2013 103.5 2.9 35 3.9
Year 2

1 3/04/2014 O 0 0 0

10 4/05/2014  23.3 0.4 0.4 0.6
52 30/05/2014 68.0 12.6 4.2 11.2
204 17/06/2014 32.0 14.5 2.2 10.6
274 16/07/2014 67.7 34.8 9.5 18.3
404 2/08/2014  47.0 29.9 0.4 30.4
746 3/09/2014 122.7 57.1 24.1 49.1

5.4.2 Uncertainty of characteristic parameters

For the two contrasted micro-topographies, the rpatars defining
the variogram (Chapter 2), the RSCf (Chapter 2) ted overland
flow hydrograph show very low coefficient of varat (CV) values,
all of them being equal or below 0.091 (Table 5a8ith the only
exception ofCct for the freshly tilled surface ar@,, Ccr and RDSr
for the eroded surface (Table 5-3). This meansttieparameters are
reliably determined from the DEMs.
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Table 5-3 Uncertainty of the parameters definirggsthriogram, RSCf and overland flow hydrograph
for two contrasted micro-topographies

Freshly tilled surface Eroded surface
units  mean SD CcVv mean SD CVv
Along-slope o [mm] 9.4 0.1 0.015 9.7 0.1 0.014
variogram R [mm] 478.4 15.3 0.027 1057.6 17.2 0.016
Co 0.004 0.0003 0.091 0.019 0.003 0.134
Cer 0.072 0.020 0.278 0.054 0.026 0.469
RD& 0.500 0.042 0.084 0.080 0.037 0.463
RSt DSwax  [MM] 0315  0.010 0.031 0.011 0.001  0.074
l10 [mm] 0.9 0.022 0.024 0.23 0.004 0.019
Is0 [mm]  1.66 0.043 0.026 0.49 0.010 0.021
Overland
flow lgo [mm]  2.44 0.047 0.019 0.66 0.008 0.013
hydrograph 1050 [mm™] 0.53 0.029 0.055 1.54 0.059  0.038
Soe0 [mm?] 051 0.031 0.060 2.38 0.108  0.045
Fr 1.09 0.010 0.011 1.39 0.015 0.011
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5.4.3 Soil roughness

In Year 1, up to RE = 52 MJ flamm H, the soil roughness
distribution did not change and only a slight srhaaj of the soil
surface was observed (Figure 5-2a and b). Withottoeirrence of the
first thunderstorm, RE = 286 MJ hanm h', the DEMs showed a
slight change in the spatial soil roughness distiim, and wide and
shallow paths appeared on the surface (Figure 5F20)n RE = 286
MJ ha' mm H* till the end (RE = 436 MJ Hamm h?), the DEMs did
not show visual changes in roughness (Figure 5a8cd). The study
of the variogram reveals a continuous and slightekese ob with RE
along the year (approx. 1 mm) for the three pl&igure 5-4a) while
Rincreases (by 300-400 mm) linearly up to RE = 35DH&' mm h*
for all the plots (Figure 5-4b) except for Plot @ fwhich R slightly
decreases from RE = 286 MJ“heaam H* up to the end of Year 1.
From RE = 350 MJ hAmm H* till the end of Year 1R decreased (by
150 mm) for Plot 2 and remained approximately camtsfor Plot 1
(Figure 5-4b).

In Year 2, significant changes were observed inDEMs after the
occurrence of the first important rainfall everlRE(= 52 MJ ha mm
h?) (Figure 5-3a and b). Preferential flow paths, bot yet well
developed rills, were observed on the soil surfd&gure 5-3b). A
subsequent thunderstorm eventually produced thelaewent of a
rill network at the surface (Figure 5-3b and cpmrRE = 274 MJ Ha
mm h* till the end of Year 2 (RE = 745 MJ hanm h') the spatial
configuration of soil roughness barely changed (Feg 5-3d).
Additional rills were not observed, but the rilldremdy present
became deeper and showed local headcuts. Thelirdezas became
smoother. The variogram shows an initial pronoundecrease o
(by 2.8-3.5 mm) up to RE = 52 MJ hanm h' (Figure 5-4b). After
this point till the end of Year 2 (RE = 746 MJ*ham Hh'), & remains
fairly constant. A similar but opposite behaviosradbserved foR.
First, a pronounced increase®{by 280-320 mm) is observed up to
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RE = 52 MJ hd mm K. This is followed by a less pronounced
increase (by 160-200 mm) up to RE = 274 M3 ham K'. From this
point till the end, it remains fairly constant withe exception of Plot
1 that continues to increase up to the end of Zear
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Figure 5-2 Digital elevation models of Plot 1 inarel for (a) RE = 1, (b) RE = 52, (c) RE = 286 #d)RE = 436. RE in MJ ha
mm H*.
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Figure 5-3 Digital elevation models of Plot 1 in&¥'e for (a) RE = 1, (b) RE =52, (c) RE = 274 #dpRE = 404. RE in in MJ
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5.4.4 RSCf

In Year 1, for the three plots, a decrease of RS observed up to RE
= 286 (Figure 5-5a and Figure 5-6g). The shapehefrtormalized
RSCf barely changes, remaining convex for 0 < RB2<(Figure
5-5b). After the occurrence of the first thundemstqRE = 286), one
observes an important change in the shape of theatiazed RSCH,
from convex to concave (Figure 5-5b). This chargeeflected in a
decrease of RDS by approx. 0.2 units for Plot 2 and 3 and 0.5 units
for Plot 1 (Figure 5-6e). For 286 < RE < 346, theurf RSCf
parameters remained fairly constant (Figure 5-6& &nd g) and the
shape of the normalized RSCf stays concave (FigtBb). As from
RE = 346, a slight increase of RS is observed (Figure 5-5a and
Figure 5-6g) while the shape of the normalized R&@fls to a less
concave shape (Figure 5-5b). Again this changehiapes mainly
affects RDST which shows an increase of 0.1 to 0.2 units depegndi
on the plot (Figure 5-6e). Only small variationg abserved foCo
(Figure 5-6a) as well as f@ct (Figure 5-6¢) over the entire range of
RE values, with the exception of Plot 1 for whiCar decreases from
0.2 to 0.05.

In Year 2, similar variations were observed as a1, but they
occurred more rapidly and were more pronounced.tdJiR =52,
DShax decreases approximately linearly, after whicheinains fairly
constant and always below 0.01 mm (Figure 5-6hj).F#6 < 10, the
shape of the normalized RSCf remains convex (Fighfgd).
Thereatter, there is a rapid shift towards a coacstvape following
the first thunderstorm. As the season progresbesRSCf becomes
less concave. The behaviour of RBSs similar to that of DSmax,
with a rapid decrease for RE < 52 (Figure 5-6f)efHafter, RDSr
values are equal to 0, with the exception of PlowHich shows a
slight and linear increase up to 0.08 units. A¥é@ar 1, GandCcrare
small and not significantly affected by the RE (Kig 5-6b and d).
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5.4.5 Owverland flow

A value of 0.07 m/s, corresponding approximatelyhl®e mean flow
velocity at steady state calculated in FullSWOF faball the plots
and both years, was used to binarize the overland\felocity fields
at steady state (Figure 5-8 and Figure 5-9) andtaa#ly calculate the
connectivity lengtht (Figure 5-7).

In Year 1, after the occurrence of the first thustam (RE = 286 MJ
ha' mm H'), the continuity of the spatial distribution ofettflow
velocities increased, i.e. flow paths became betéfined and more
continuous (Figure 5-8c). This is also indicatedabyincrease af by
50-60 mm for all three plots (Figure 5-7). Untietend of Year 1 (RE
= 436 MJ hd mm hY), well defined continuous flow paths are still
observed (Figure 5-8d), argdvalues remain fairly constant, between
223 and 253 mm (Figure 5-7).

In Year 2, before the occurrence of the first tremstbrm (RE = 52
MJ ha' mm hY), the discontinuity of flow velocities is highdran for
Year 1 (Figure 5-9a); values are more than 100 mm lower in Year 2
than in Year 1 (Figure 5-7). Similarly to Year Iigrsficant changes
are observed in the flow velocity distribution aftee occurrence of
the first important rainfall event (RE = 52 MJham hY). Very well
defined and highly continuous preferential flow hsatppear on the
surface (Figure 5-9b), andncreases considerably from 47-87 mm up
to 224-242 mm. From RE = 52 MJ heam h* up to the end of Year 2
(RE = 746 MJ ha mm h%), the spatial configuration of the flow
velocities barely changes (Figure 5-9b, ¢ and djdi#onally, the
preferential flow paths are slightly wider for RE52 MJ h&d mm H*
(Figure 5-9b).

After the first thunderstorm, overland flow in Ye& is more
concentrated, with less numerous, less tortuous keeiter defined
preferential flow paths, compared to Year 1 (Fighf&c and d, and
Figure 5-9b, ¢ and d). Despite these visual diffees, values aof are
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fairly similar after the first thunderstorm for oyears, ranging from
224 to 259 mm, meaning the connectivity is similarterm of
distance for the three experimental plots in Yeand 2.
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For the first three DEMs of Year 1 (RE = 1, 36 &&MJ hd mm h

Y, the hydrograph shows an initial plateau (rumaffo up to 0.09 for
Plot 1; Figure 5-10a). This causes a delay in twwence ofg, Iso
andlgp as compared to the hydrographs of the later DEMs\(RE =
286 up to 436 MJ Kamm hY for which this plateau is barely
observed. The average valued@f Isp andlg range between 0.5 mm
(I10) and 1.5 mmlgg) of cumulative rainfall (Figure 5-10a and Figure
5-11a). The plateau is followed by a rapid increafsene runoff ratio,
approximately up tdgo, after which the rate of increase levels off as
the hydrograph approaches steady state (Figureap-For the first
three hydrographs, the rates of increase of theffuatio (S0s0and
S50,99 range between 2 and 3 (Figure 5-11c) and the rReamber
ranges between 1 and 1.3 (Figure 5-12a). Afteffiteethunderstorm
(RE = 286 MJ hd mm H'), a considerably faster runoff generation is
observed (Figure 5-10a). This faster runoff gemnenas reflected in a
short plateau and a decreasé;6flso, andlg, this decrease being the
largest forlgy (Figure 5-11a). After RE = 346 MJ hanm H!, this
trend changes andy, Isp andlg increase (Figure 5-10a and Figure
5-11a). ConverselySios0andSso goincrease for RE = 286 MJ hanm

h' up to approximately 3.2 and 4.2, respectively, dhereafter
decrease slightly down to 3 and 3.5, respectivieigure 5-11c). The
calculated mean Fr numbers increase slightly uREo= 286 MJ ha
mm H?, reaching values between 1.2 and 1.5, and thereakee up to
the end of Year 1 to reach values between 1.1 éh(Figure 5-12a).

In Year 2, similar but more pronounced variatiomre abserved
compared to Year 1. At the initial stages (REO MJ hd mm H') a
plateau is observed (runoff ratio up to 0.03 fartAl; Figure 5-10b).
This plateau extends up to 1 mm of cumulative edirdnd thereby
markedly delays the occurrencel@f Iso andlgo. The values ok, Iso
andlgpare larger than in Year 1 and range between 1.5amd mm
(Figure 5-10b and Figure 5-11bJios0 and Sspg0 are initially
approximately equal to 1 (Figure 5-11c), and thamiéroude number
ranges between 0.9 and 1.2 (Figure 5-12b). Aftee first
thunderstorm (RE = 52 MJ fianm H'), a considerably faster runoff
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generation is again observed (Figure 5-10b). Thégalinplateau
practically disappears and an important decrease,dfo, andlgg is
observed. The average values l@f, Iso, and lgo after the first
thunderstorm are very similar to Year 1 and rangeveen 0.25 mm
(I and 1 mm lgg). After RE = 52 MJ ha mm h* these values
remain constant up to end of Year 2. As for Yea&dso and S, 90
increase strongly after the first thunderstorm RE2 MJ hd mm H
1) up to approximately 3.8 and 3.5, respectivelyg(Fé 5-11d), and
remain fairly constant thereafter. An increase ofnember is also
observed after the first thunderstorm, this inceed®ing more
important than in Year 1. The maximum values amyfaimilar for
both years and range from 1.2 to 1.5. For bothsygamust be noted
that the highest Fr values are obtained for Plaind Plot 3 which
have the highest slope gradients and the lowe$brHPIot 2, which
has the lowest slope gradient (Figure 5-12 andel'ail).
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5.4.6 Correlation between wvariogram, RSCf and
hydrograph characteristic parameters

Whereas low correlations are observed betweengamo parameters
and Cp and Ccr, moderate, high and very high correlations are
observed between variogram parameters anddR&® DSax(Table
5-4), with the only exception of, which is weakly correlated to
RD&t. The parameters defining the overland flow hydapér
though little to moderately correlated to variogrparameters (Table
5-5), show good correlation with some of the RS&fameters. Very
high correlations are found betweenniaSand o, Isp andlg (Table
5-4 and Figure 5-13), and high correlations betwieBxsct or DSy ax
with S;050 and S99 With the exception of Ry and Sso,90 (Table
5-4). Low and very low correlations are observedween the
hydrograph parameters afig andCcr, with the only exception dE,
with S0 50 Ss090 @and Fr. Regarding the correlation between the RSCf
parameters andps0 and Spgo for each of the plots, the best
correlations are found between ®SandS;p oo (Plot 1p = 0.79, Plot 2

p = 0.85 and Plot 38 = 0.91), RDST andS;p 50 (Plot 1p = 0.88, Plot 2

p =0.90 and Plot 3 = 0.91; Figure 5-14a) and Rbfand Fr (Plot b
=0.79, Plot 2 = 0.95 and Plot 38 = 0.96; Figure 5-14b).

In this study, the parameter BS(see Section 2.1) is not considered

given the very high correlation observed betweeg#8d DSax(p =
0.97; Figure 5-15).
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Table 5-4 Coefficients aforrelation f), between the RSCf parameters and

the parameters defining
for both years.

the variogram and the amdrflow characteristics

Variogram Overland flow hydrogram

o R lic  Isc loc  Swosc  Sso0c Fr ¢
Co -0.09 0.19 -0.46 -0.49 -0.46 0.72 0.67 0.62 0.48
Cer 0.03 -042 0.14 0.14 0.14 -0.22 -0.16 0.00 0.22
RD&:t 0.18 -0.61 066 0.66 058 -0.75 -0.57 -0.55 0.71
DShas 0.72 -0.69 0.97 098 099 -0.76 -0.73 -0.64 0.94

Table 5-5Coefficients ofcorrelation p), between the variogram and the
overland flow characteristics for both years

Overland flow hydrogram

lic  Isg loc Siosc  Ssooc Fr §
o 0.67 0.62 0.65 -0.28 -0.49 -0.10 -0.64
R -0.69 -0.67 -0.67 048 054 0.14 0.75
v I90
6| * ls
o | y =3.38x+ 0.79
5 g, -
- - - -fitted line Igo ////r
41 | — -fitted line I, 7
— . . v =2.12x + 0.56
E al —fitted line '10 - v /Ay/‘ X
—_ v

O I I
0.4

Figure 5-13 Linear reg

0.8
[mm]

0.6
DS

max

ression between,RSand |, (R* =0.94), Is, (R?

=0.95) andg, (R* =0.98) for both years.

134



Results

5 e Plotl

—fitted line Plot1

@) 4 Plot2

— —fitted line Plot2
v Plot3

- -~ fitted line Plot3

e, y=-287x+393
y=-4.85x + 4.57
y =-4.00x + 3.17

0 0.2 0.4 0.6 0.8 1

v® y=_048x+151

T k- A . v v
'g 1 S y =-0.44x + 1.47
3 A — _ans
zZ ¢ Plotl _
9 — fitted line Plot1 y=-064x+123
3 || 4 Plot2 .
£ 05 fitted lire Plotz| ©
v Plot3
- - - fitted line Plot3
% 01 02 03 04 05 06 07
RDS_,
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Figure 5-15 Linear regression between-pahdDS,.« for both years (R
0.94).

These changes in overland flow generation and ativity were also

accompanied by changes in the spatial distribuiod the spatial
continuity of overland flow velocities (Figure 5a8d Figure 5-9). For
both years, the stages with the lowest continuftflaw velocities

(Figure 5-8a, b and Figure 5-9a) correspond tddivest connectivity
length and the highest values of RB&nd DSax On the contrary,
the highest continuity of flow velocities (Figure86 and Figure 5-9b)
corresponds to the highest connectivity length kwekst values of
RD&Tt and D&ax Among the RSCf parameters, RS shows the
highest correlation with the continuity of flow welties, as
represented bg (Plot 1» = 0.98, Plot 2 = 0.97 and Plot 3 = 0.96).
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5.5 Discussion

5.5.1 Uncertainty

The low CV of the calculated parameters defining ¥ariogram, the
RSCf and the overland flow hydrograph (Table 5e8)pled with the
high vertical accuracy (0.5 mm) demonstrate that methodology
that was used to generate the DEMSs is appropratthé study of the
evolution of soil roughness, overland flow genenatand overland
flow connectivity. Whenever higher values of CV afeserved, e.g.
Co, Ccr and RD%y (Table 5-3), this corresponds to cases for which
the mean value of the parameters was nearly Ghstill being very
low in comparison to the range of variation of #hgsarameters
(Figure 4-6, Figure 5-11 and Figure 5-12).

5.5.2 Soil roughness evolution

Despite similar total cumulative rainfall and ekatsi values for Year
1 and Year 2 (Table 5-2), important differences ev@bserved
between both years regarding the evolution of te#B, variograms
and outflows of the plots. This can be attributeditferences in intra-
annual rainfall distribution. In Year 1, most ruhafas produced after
the occurrence of the first thunderstorm in JuligFe 5-1a and Table
5-2). The DEMs did not show important changes (fégb-2). The
variogram parametersg @ndR) evolved linearly with cumulative RE,
this trend not being modified by the occurrence the first
thunderstorm (RE = 286 MJ hamm h') (Figure 5-4a and b). The
surface evolved mostly as a result of splash aeétsérosion, and no
marked rills developed. On the contrary, in Yeas&/eral important
runoff episodes occurred as from the first thunidenss in May
(Figure 5-1b and Table 5-2). This was accompanigdniportant
changes in the DEMSs, in particular the developneémcisional flow
paths (rills), which was reflected in a sharp dasesofo and increase
in R (Figure 5-4c and d). The occurrence of this shaeak in Year 2
but not in Year 1 does not seem to be related ® rtinfall
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characteristics of the first thunderstorm sincefirst thunderstorm in
Year 2 (10.2 mm in 30 miny RE = 29 MJ ha mm h') had a lower
total rainfall and RE than the first thunderstorhvear 1 (28.3 mm in
30 min;A RE =219 MJ ha mm H*; Figure 5-1 and Table 5-2). Given
that the soil type and slope gradient were the sanbeth years, two
factors are proposed to explain these differerem@msmoisture content
and initial roughness. As reported in the literafua low initial water
content increases aggregate slaking and breakdownhance soil
detachment and surface sealing, causing significamtre runoff and
erosion compared to initially wet soils (Le Bissaimet al., 1989;
Govers et al., 1990). However, the dry period pdeag the first
thunderstorm was longer in Year 1 (July; Figureay-¢ompared to
Year 2 (May, Figure 5-1b). Therefore this facton daardly explain
the observed differences between Year 1 and YeadRaighness
elements tend to concentrate the flow along dejmessincreasing
the erosion and sediment transport capacity ofltve (Govers et al.,
2000; Kirkby, 2002; Gomez and Nearing, 2005). Herthe higher
initial roughness of Year 2 (Table 5-1) comparedYtar 1 may
explain the observed differences in initial evalatiof the DEMs. A
practical implication obtained from these resulisthat the initial
tilage and hence soil roughness on an agricultiizdd may have an
important influence on the subsequent evolutiorthef soil surface.
Higher initial roughness may facilitate the occaae of rill erosion.
However, this statement must be taken carefullgessironger surface
sealing developed on initial low roughness surfa@salso facilitate
subsequent erosion processes.

In Year 2, the occurrence of high intensity railsfadnd significant
runoff after the second thunderstorm (Figure 5-4¢ @able 5-2) did
not significantly affect the soil roughness and titienetwork pattern
(Figure 5-3c and d). This may be because theetlivork density can
only increase up to a certain limit since the rétoaipturing dynamics
of existing rills impedes the formation of newsil[Favis-Mortlock et
al., 2000; Mancilla et al., 2005). Once rills anepiace, high intensity
rainfalls only deepen rills (Figure 5-3d) or creai# headcuts
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(Merritt, 1984). According to Luk et al. (1993),ds@ment deposition in
rills can potentially occur during low intensityiméall events, infilling
the rills and hence modifying the rill network.

5.5.3 Evolution of overland flow connectivity

These changes in soil roughness were accompaniechdnyges in
overland flow connectivity as reflected by the RS&id more
specifically by changes in xa« (Figure 5-5a, Figure 5-5c, Figure
5-6g and Figure 5-6h) and in the shape of the nlkizeth RSCf
(Figure 5-5b, Figure 5-5d, Figure 5-6e and Figw&f)5 In the first
stages, before erosion creates flow oriented elsmanh the soill
surface, roughness elements are randomly distdbétethese stages,
the decrease afis accompanied by a decrease oRQFigure 5-5a,
Figure 5-5c, Figure 5-6g and Figure 5-6h), andnd D%ax show a
good correlation (Table 5-4). When the roughnesteparemains the
same, but the mean random roughness or the meadastadeviation
of surface elevation changes, it is expected tmatvblume of stored
water needed to overflow depressions will changenrnm the way
overland flow is distributed over the surface. Ilthey words, the
overland flow connectivity process will change e@rms of absolute
time but not in terms of space. As for soil rougés)dor both years,
we observe the most significant variations on tisCRright after the
first thunderstorms with an important decrease DISR and DSnax
(Figure 5-6e, f, g and h). In both years this caiti change in
connectivity is accompanied by important changes the soil
roughness reflected in the variogram (Figure 5at) asually by the
development of dispersive flow paths in Year 1 (ffé&g5-2c) and
incisional flow paths in Year 2 (Figure 5-3b). Tkisows that a higher
connectivity and a change in the overland flow gratt(Figure 3-2)
does not always imply the presence of incisior@kfpaths, such as in
Year 2 (Figure 5-3), but that connectivity can als® produced by
dispersive flow paths, such as in Year 1 (Figu®.5-
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5.5.4 Link between the RSCf and overland flow

Whereas the overland flow hydrograph was found ¢olitile or
moderately correlated to the variogram (Table 5t former was
found to be highly correlated to the RSCf and dpmdly with DSmax
and RDST. The very high correlation between &&andl g, 150, and
lgo (0 =0.97,p =0.97 angp =0.99, respectively; Figure 5-13) indicates
that, as expected, the process of filling of midepressions is
strongly related to the delay of overland flow gatien (Darboux et
al, 2002b). The high correlation between RD&d bothS;p spand Fr,
shows that the shape of the RSCf can be linketidooverland flow
characteristics. Convex shapes of the normalize@fR® high values
of RD&cT can be related to a lower initial (first half biethydrograph)
rate of increase of overland flow generation (le$kashy”
hydrographs), and to lower values of Fr number hadce to less
erosive energy. On the contrary, concave shapdsvorvalues of
RD& can be linked to a higher initial rate of increaseoverland
flow generation (more “flashy” hydrographs) as wedl to higher Fr
numbers and hence to higher erosive energy.

This confirms that the study of connectivity aneé tise of functional
connectivity indicators, such as the RSCf, can tkertially used to
improve the prediction of the overland flow hydragh and that the
analysis of the soil roughness alone may not beigindNot only can
DSmax be used as predictor of the delay of overland fimmeration

but, given the strong link between Fr and RQShe change in the
shape of the normalized RSCf from a convex to a&aoe shape can
potentially be used for the identification of ememy connectivity,

more “flashy* runoff generation and increased aemsénergy. The
high correlation between & and§ also reveals a significant link
between overland flow connectivity and the spata@itinuity of flow

velocities. It must be noted that given the différ@ nature of the
Saint-Venant equations, FUllSWOF_2D may not be &bleproduce
abrupt breaks in the flow velocity fields. Hence ttontinuity of the

simulated flow velocities may be higher than inlitgaNevertheless,
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we consider that this artefact do not affect thelgtof the evolution
of continuity on the flow velocity fields in relat terms.

5.6 Conclusions

This study investigated the evolution of overlatwvf connectivity as
a function of the cumulative rainfall erosivity wardthe influence of
different erosion processes in bare agriculturatspland how this
connectivity is linked to soil roughness and ovedidlow generation.
Overland flow connectivity was characterized by R8Cf (RDST
and D&, soil roughness by the variogram paramete@@dR) and
overland flow generation by characteristic poinfstlte simulated
hydrograph I(io, 150, 190, S10,50 Ss0.90and Fr). The very high correlation
between,l1o, Isp, andlgg and DSax not only confirms the important
role of depression storage on the delay of overfémd generation
but also, it shows the potential of improving thedction of the
overland flow hydrograph by the use of &35 However the results of
this study show that soil roughness cannot solelgdnsidered as an
attenuation factor for overland flow generation.eTdevelopment of
eroded flow paths at the soil surface not only poas$ a decrease in
DSmax but also a higher concavity of the normalized RS&ziich is
reflected in the first half of the hydrograph bizigher rate of increase
of the runoff ratio, as well as a higher Froude bamand a higher
spatial continuity of the flow velocities, refledtdy the connectivity
length. The high correlation between the shapehefRSCf, mainly
influenced by RDS&r, and both Fr an&, 5o shows the potential of the
RSCf to serve as a link between structural conwiggti(soll
roughness) and overland flow generation by progdimformation
about overland flow characteristics, such as erositergy and rate of
increase of the overland flow hydrograph.
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6 General conclusions and perspectives

6.1 General conclusions

Distributed hydrological models typically estimatgpatial and
temporal distribution of water fluxes between elataey grid
elements. For computational reasons, the spatstitlition of soil
properties, such as the micro-topography, cannot ekplicitly
represented at the subgrid scale and thus is erass®g into effective
simplified functions or parameters. However, thepresentation is
generally oversimplified and hydrological modelsceptualize these
soil properties as a single constant parameteh) siscthe random
roughness value. However, a single parameter isletto represent
the subgrid spatial variability of the roughnessttgras. As a
consequence, the effect produced by these soibepiep on the water
fluxes is also oversimplified not only spatiallyttaiso temporally.

In hydrological models the random roughness vatueelated to the
overland flow generation process by the maximunrekson storage,
which is assumed to determine the moment when fwugurs. By
only considering the maximum depression storage, pgtocess of
overland flow generation is conceptualized as &gs® of filling and
spilling of a bucket. The filling is assumed todgatially uniform and
the spilling to be temporally instantaneous. Howgewa the subgrid
scale, water flows from one depression to anotpeogressively
connecting them to each other and eventually todtmet of the
system. In order to represent the spatial and temhmlstribution of
this process in a simplified manner but still caipig and quantifying
the runoff relevant features of the process, thmeept of hydrological
connectivity must be applied. Hydrological connétyi can be seen
as a concept in between the oversimplified reptasien of a process
by a single parameter and the complete representafithe process.
This concept, and more specifically the use of gssebased subgrid
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connectivity indicators, could potentially improttee performance of
hydrological models in an efficient way.

Among the different connectivity indicators, a ftinnal overland
flow connectivity indicator, the so-called the Rela Surface
Connection function (RSCf) based on the concept'volume to
breakthrough” has shown to perform better than rothdicators
(Antoine et al., 2009). It expresses the ratio hd area of the grid
connected to the outlet as a function of the dejwasstorage. The
RSCf has shown a great potential to be integratedhilislope or
watershed models as a descriptive function of tiegsd overland
flow dynamics in order to improve their predictiahility (Antoine et
al., 2009, 2011). Yet several issues needed toddeessed before it
can successfully be integrated. Some of thesegdsaee been dealt
with in this thesis and the main outcomes are betdielow.

1) How do changes in spatial scale affect the R$Clffapter 3)

As a process-based connectivity indicator, the R3$Cfscale-

dependent, therefore extra attention must be paatder to select an
appropriate size of the grid cell. The size mustabge enough to fully
represent the process of overland flow connectivitg. all the

components and the relationships between them beustpresented,
and to minimize border effects. Depending on theetpf micro-

topography, the RSCf was affected in both its steaqmethe maximum
depression storage by changes in grid cell sizés dapendence on
grid cell size, mainly produced by border effeatslicates that there
is @ minimal scale to study overland flow conneattivAt scales lower
than this minimal scale, virtual boundaries altee bverland flow

process either by blocking or by facilitating thennection of the
different parts of the micro-topography to the eutlAt scales larger
than the minimal one and as we increase the sdatudy, these
border effects tend to disappear and the maximupnedsion storage
tends asymptotically to a constant value. Moreotrer, RSCf tends to
a particular shape common for all the contrasting@rtopographies
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tested in Chapter 3. As we increase the scaleudysthe first part of
the function (up to approx. 50-70% of the maximumprssion
storage) tends to disappear (the ratio of areaemiad tends to 0) and
in the last part (starting at approx. 50-70% ofrtreximum depression
storagethe RSCf increases approximately linearly up toehd. The
decrease of the ratio of area initially connectedhte outlet as the
scale of study increases indicates that for largrigh areas this first
part would tend to O (Figure 6-1). Therefore, tlaeapmeterization of
the RSCf could be reduced to two values, the dejmesstorage
needed to reach the initiation of the overland floannectivity
process (RD&r; Figure 6-1) and the maximum depression storage.

A (1,1)

Ifncrease of
the plot size

v ‘l'

(0,0) RDS 1

Figure 6-1 Parameterization of the normalized R$Ef the plot size
increases.

Once the border effects become negligible, diffenstant values
of maximum depression storage were observed betweetrasting
micro-topographies. One could also have expectitfeaent shape of
the normalized RSCf representing a different evwotutof the
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overland flow connectivity process for each of tdoamtrasting micro-

topographies. However, despite having contrastadhoess patterns,
this was not observed, probably because the mopographies that
were tested in Chapter 3 all had randomly distadutoughness and
hence did not present predominant flow orientedraricpography

elements. As shown in Chapter 5, flow oriented elets as well as
high slope gradients strongly modify the overlatawf connectivity

process by facilitating the overland flow processl aouting water
flow to the outlet and hence (Figure 3-2).

For high slopes and when flow oriented elementslgorenate on the
soil surface, one can expect different scale effbéeticause the flow
connectivity process is modified. We expect the spnee of
preferential flow paths in the direction of the mdoto attenuate the
scale effect produced by reducing the plot widtthew preferential
flow paths are predominantly parallel to the sl@gmel hence to the
lateral boundaries, these boundaries are lessyliteelobstruct the
connecting paths for narrower plots and hence tadiiyjothe
connectivity process and the maximum depressiomagto value
(Figure 6-2).
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a)

Figure 6-2 Schematic representation of the predantispilling process and
overland flow pattern predominantly parallel to #iepe (a) for the original
plot size and (b) after reducing the plot widthdReing the width does not
modify the connections that existed before redutinegwidth. Stored water
in micro-depressions in dark blue. Preferent@ahfpaths in light blue.

2) How is the RSCf affected by surface roughnessstope? (Chapter
4)

In order to facilitate the future integration of ethRSCf into
hydrological models, the RSCf was parameterizedia¥ians of these
parameters were evaluated and quantified as aidunof variations
of the variogram, a structural indicator that cleteazes both the
vertical and horizontal variability of the poineghtions.
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In randomly distributed synthetic surfaces, the rabgeristic
parameters of the RSCf are greatly influenced kyDEM variogram
and slope. At low slopes and with deep depressibiescharacteristic
parameters of the RSCf appear linked to a singlepoment of the
surface roughness. On the contrary, more complégractions
between the slope and the vertical and horizordalponent of the
variogram are observed for high slopes and shatlepression. This
indicates that for scenarios with lower connedgjivite. overland flow
dominated by depression filling, there is simpl@&kli between
structural and functional connectivity. An exampliesuch a simple
link is the often reported link between random tougss and
maximum depression storage, which does not tale antount the
horizontal variability of the surface roughness. tBa other hand, for
high connectivity scenarios, i.e. depression sgHiominated
processes, this simplification is not valid andistral and functional
connectivity are linked by more complex interactidmetween both
components of the variogram, vertical and horizipaismwell as slope.

3) Can the RSCf be predicted on the basis of stralctndicators of
soil micro-topography and slope? (Chapter 4)

Based on a simple conceptualization of surface hoags as
rectangular depressignsnathematical expressions in function of
variogram and slope were derived in order to ptetiie characteristic
parameters of the RSCf. These expressions weretalpdysically
explain and reasonably predict the effect of soilghness and slope
on the RSCI, not only in low connectivity scenarimg also in high
connectivity ones. Moreover, they performed bettean previous
empirical expressions found in the literature @&t based on random
roughness and which do not account for the spaaaability of
surface roughness.

This not only shows the value of the RSCf in lirkistructural and
functional connectivity, but also highlights the t@atial of using
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physically-based yet simple conceptualizationshefgurface as a new
way to predict functional characteristics of flowopesses instead of
using purely empirical formulas. Based on the tssulhe DEM
variogram can be used as a means to predict rueleffant features
of overland flow connectivity, such as the maximwapression
storage or the connectivity threshold, in randonibtributed subgrid
micro-topographies. Several technologies exist €mriving the
variogram for real surfaces, including the photogreetric technique
used in the present thesis.

4) How does the RSCf evolve on eroding surfacesjer 5)

Before erosion starts creating preferential flowthpaat the soil
surface, i.e. when the soil roughness elementssallerandomly
distributed, the normalized RSCf is characterizgdabconvex shape
that remains pretty much the same even when loensitly rainfall
events produce a decrease in the maximum depressicge. This
convex shape, characterized by an initial low iaseeof connectivity
followed by a sharp increase in connectivity at t@nnectivity
threshold, is indicative of a poorly connected aceffor which runoff
generation and transfer is dominated by depreddlong and where
patterns of flow are not well defined. After erasicreates directional
flow paths on the surface, not only is a decreaSanaximum
depression storage observed but also a changeeishhape of the
normalized RSCf, from convex to concave. The cotivigcthreshold
occurs earlier, i.e. for a lower value of depresstorage. This can be
interpreted as a change in the process of ovefflamdconnectivity,
from a depression filling-dominated, low connedfivécenario, to a
spilling-dominated high connectivity one where flpatterns are well
defined.

5) To what extent do these changes in the RSGdatefhanges in the
hydrological response? (Chapter 5)
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Very high correlations observed between the maxindepression
storageand the delay in overland flow generation confirhe t
important role of micro-depression storage capamityoverland flow
generation. However, the results of this study stwat soil roughness
iIs not simply an attenuating factor but that it ca@so act as an
intensification factor for overland flow generatiotWhen the
maximum depression storage decreases but the shépthe
normalized RSCf barely changes, a shorter delagvierland flow
generation is observed. However, when this decrefadee maximum
depression storages is accompanied by a chandeiR$Cf shape
from convex to concave, not only is a shorter delaserved but also
a higher rate of increase of the runoff ratio, ghler Froude number
and higher spatial continuity of the flow velocityeld. The high
correlation between the shape of the RSCf and bo#nd the rate of
increase of the hydrograph confirms the RSCf’s @dr serving as a
link between structural connectivity (soil roughslesand overland
flow generation even when flow oriented elementpeap on the
surface. Therefore integrating the RSCf in hydra@algmodels may
not only improve the overland flow prediction atyilof such models
but it also provides hydrological models with infation about
overland flow characteristics, such as flow velesitcontinuity and
erosion energy.

Surprisingly, high connectivity overland flow scea characterized
by a concave normalized RSCf have been observdd fboteroded

surfaces characterized by flow oriented elementgftr 5) and for
surfaces characterized by randomly distributed IeWwablepressions
and high slopes (Chapter 4). This indicates thatpite strong

differences in structural connectivity between mitwpographies
(one randomly distributed and the other one flowerded), the effect
of high slope gradients can “hide” the effect ofl goughness on
water flow. As observed by Abrahams et al. (1988gxperimental
rainfall experiments, the slope gradient and maoecsically the

existence of a slope threshold can greatly modiértinoff generation
process. In this study, high slope gradients doamby decrease the
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capacity of the depressions to store water but asmlify the

interaction between depressions and their conmegbiattern. Soil
roughness, when the slope is steep enough, insteadting as a
barrier, concentrates the flow in the slope dimttiand hence
increases the connectivity (Figure 3-2). Therefombether a soill
surface is well connected or not would depend md¢ on the spatial
organization of the roughness elements but alstherslope and the
interaction between roughness and slope. Thesardgsdhat cannot
be captured by standard roughness indicators dteamured by the
RSCH.

6.2 Limitations and Perspectives

Although being very promising, there are a numieopen research
guestions and issues that needs to be addrestwalfuture before the
RSCf can successfully be integrated in hydrologicatlels.

While mathematical expressions were derived tHawaio predict the
RSCf in function of the variogram parameters andpa) these
equations are limited to homogeneous (no largeeswaliations)

random topographical fields characterized by a Gauasvariogram.
Although some real fields have also been showmltoW a Gaussian
distribution, they may present different types afisgrams, possibly
making the obtained equations invalid. Moreoveditamhal equations
should be derived in order to predict the RSCf wharented

roughness elements appear at the surface.

In order to quantify and facilitate the integratioh the RSCf into
hydrological models, the RSCf was parameterized imgakan
important assumption, the existence of only one neotivity
threshold. This assumption, observed in the studiedtro-
topographies (uniform surfaces without importantrgéascale
variations), may not be valid as we increase tladesof study and
large-scale variations or elements appear on tHacgu These large
elements, such as large depressions, may discolangetparts of the
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field, which when connected may produce successiagp increases
in the ratio of area connected (stepwise behaviaaftgr the
occurrence of the considered connectivity threshold

Therefore, additional research on real fields, vdifferent types of
variograms, large-scale variations and orientedmoass is needed to
confirm and improve these results.

Another important limitation that may appear asim@ease the scale
of study is the existence of internal and latetapess. This is not

treated by the RSCf, which is calculated assumiag & single and
general slope exists and that this slope is orieateh that the lower
points are located at the outlet. Therefore thegmee of internal and
lateral slopes, at the subgrid scale, may proden®itant changes in
the RSCf. In order to solve this limitation, we wawsuggest, for

future studies, to account for connectivity notyoat the bottom but
also at the lateral boundaries of the study area.

There is also the issue of infiltration. The twaswasptions used to
calculate the RSCf, rainfall intensity is alwaysgter than the
infiltration capacity and that rainfall is spatialiniform, ensures that
runoff is generated uniformly and that depressidoragie never
decreases. But in practice, infiltration and rdinéae highly variable
in time and space and likely to affect the runaghgration process.
For instance, soil crusting can modify the infilioa capacity of the
soil and create spatial patterns. In addition, esitlce process of
crusting is affected by soil roughness, infiltraticapacity would be
spatially correlated to the spatial distribution tfe roughness
elements, such as depressions or rills. This waiffielct the micro-
depressions filling and spilling process both mdiand space, and
hence the calculation of the RSCf. Therefore trasability should
ultimately be taken into account.

Another limitation that needs to be overcome to rionp the
prediction of overland flow hydrographs is the auuction of the
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surface detention component into the RSCf. Althoughod
correlations are observed between the RSCf parasneted the
overland flow hydrograph, the obtained linear regiens are
dependent on boundary conditions, such as theaspeatriability of
infiltration and rainfall and the rainfall intengitThe results obtained
in this study were limited to constant and unifercess rainfall of 60
mm/h and infiltration uniformly distributed.

As mentioned above, similar connectivity scenacioaracterized by a
concave normalized RSCf have been observed bafoded surfaces
characterized by flow oriented elements (Chaptear) in surfaces
characterized by randomly distributed shallow desgiens and high
slopes (Chapter 4). However, it is unknown if tHhmyth also have
similar hydrological responses, i.e. similar hydegghs, despite their
strong differences in structural connectivity. Irder to clarify this

question, overland flow hydrographs of surfacef witnilar RSCf, in

terms of shape and maximum depression storagecdmirasting

structural connectivity should be calculated anchpared.

Whereas a previous attempt to introduce the detemmponent into
the RSCf, the weighted-surface procedure (Antoiheale 2011),
showed promising results, it considered soil roggisnonly as a
delaying factor. This procedure consisted in didithe micro-
topographical field into parallel independent srigith the same
slope. Each time a rainfall increment induces atrease of the
depression storage, an additional strip is activateose size is given
by the RSCf. Thus this procedure assumes that enatbsence of
depression storage, i.e. a flat surface, the wisoidace will be
activated at the same time. The fastest runoff g¢iom would
therefore be generated on flat surfaces, whenrsoghness does not
produce any delay. However, soil roughness camhbatansification
factor for overland flow generation. The hydrograytPlot 1 in Year
2 and RE = 274 MJ Hamm h' (maximum depression storage = 0.01
mm), when eroded preferential flow paths developédr the first
two important thunderstorms, was compared to thdrdgraph of a
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flat surface with the same size, slope and exaasfall intensity (60
mm/h) and the weighted-surface procedure hydrographe
comparison shows a quicker runoff generation indhmled surface
(Figure 6-3. Therefore, the weighted-surface procedure must b
improved in order to reflect the increase in cotingyg produced by
the presence of preferential flow paths at thesailace.

1- 7
0.8~
L 0.6-
g
B
c
S 04
0.2 & weighted-surface procedure
(¢ — Plot 1 Year 2 RE=274
#% === Flat surface
O 1 1 |
0] 0.5 1 15

curruiative rainfall [
Figure 6-3Comparison of the simulated overland flow hydrograp a flat
surface, a hydrograph based on the weighted-sugemeedure applied to
the DEM for Plot 1 in Year 2 and RE = 274 and timeutated hydrograph
based on the DEM for Plot 1 in Year 2 and RE = 2lMthe three
hydrographs the same slope gradient, the samespet and the same
constant rainfall excess is used. RE in MJ tren H.

Another possible approach to introduce the RSGF imgdrological
models could be to implement the subgrid variapoit overland flow
in a similar manner as for instance the Probabilgnsity Model
(PDM; Moore, 2007), which implements the subgridiaaility of the
“soil absorption capacity” as a probability densitgurve.
Alternatively, one may use the parameters defirtimg RSCf as a
means to reflect the progressive non-linear natdreverland flow
generation, similar to the openLISEM model, whehe trunoff
initiation (‘Start Depressional Storage’) would @spond to the here
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defined connectivity threshold and where the steathte would
correspond to the here predicted maximum depresstwage.

Though technological developments have made itilplesto obtain
high resolution DEMs and to calculate the resultiR§Cf fairly
easily, the application of the results and findirgdsthis study on
agricultural fields by farmers remains still compleln order to
facilitate the use of the RSCH, it would be dedeato identify easily
measurable properties of the soil surface thatdcbalused in order to
predict the RSCf. As shown in Chapter 4, the sizé shape of the
micro-depressions and the slope gradient of thikel fage strongly
related to the maximum depression storage andhidygesof the RSCf
in Gaussian random topographical fields. Therefatemay be
possible to predict these two RSCf parameters bgsméng the
average size and shape of the micro-depressiotige dteld surface
and the general slope of the field. However, thég/ine not applicable
when oriented roughness elements, such as rillgamn the surface.
In this case, we propose to investigate the inflteeaf other easily
measurable properties characterizing the rill netwe.g. rill density,
on the RSCf. Another possible approach could leectieation of a
database and a guide including images of diffetgpes of soil
roughnesses, which could be used to identify tipe ©yf soil in-situ,
and their characteristic RSCf as a function ofglope gradient.
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Appendices

A.Effect soil roughness and slope on the RSCf

In this section, we show the effect of the soilgloness (sille and
rangeR of the variogram) and slope on the RSCf. For thigpose,
Gaussian surface elevation fields (6 m x 6 m) wesed. The results
shown correspond to 6 values®{50 to 400 mm), 6 values of(2 to
40 mm) and 3 slopes (0%, 2%, 5% and 15%) being RBEf
calculated for 10 realizations of each combinati®ee chapter 4 for
details.
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slope. Error bars = standard deviation (n=10). Bainrrespond to observed
values. Lines correspond to the values calculasety(a) Equation 4-7, (c)
Equation 4-10 and (d) Equation 4-4. Red lines apoed to Equation 4-4a
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Figure A-4 Effect of sill on (af, (b) Ccr, () RD&r and (d) DSax at 2%
slope. Error bars = standard deviation (n=10). Baiorrespond to observed
values. Lines correspond to the values calculasinhug (a) Equation 4-7,
(c) Equation 4-10 and (d) Equation 4-4. Red lin@sespond to Equation 4-
4a and blue lines to Equation 4-4b.
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Figure A-5 Effect of range on (&, (b) Ccr, (¢) RDSt and (d) DSy at 5%
slope. Error bars = standard deviation (n=10). Banrrespond to observed
values. Lines correspond to the values calculasgg(a) Equation 4-7, (c)
Equation 4-10 and (d) Equation 4-4. Red lines apwad to Equation 4-4a
and blue lines to Equation 4-4b.
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Figure A-6 Effect of sill on (af, (b) Ccr, () RD&r and (d) DSax at 5%
slope. Error bars = standard deviation (n=10). Baiorrespond to observed
values. Lines correspond to the values calculasgg(a) Equation 4-7, (c)
Equation 4-10 and (d) Equation 4-4. Red lines spoad to Equation 4-4a
and blue lines to Equation 4-4b.
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Figure A-7 Effect of range on (&, (b) Cct, (¢) RDSt and (d) DS at
15% slope. Error bars = standard deviation (n=E®jnts correspond to
observed values. Lines correspond to the valuesileédd using(a) Equation
4-7, (c) Equation 4-10 and (d) Equation 4-4. Reaukdi correspond to
Equation 4-4a and blue lines to Equation 4-4b.
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Figure A-8 Effect of sill on (al, (b) Ccr, () RDSr and (d) DSax at 15%

slope. Error bars = standard deviation (n=10). Baiorrespond to observed
values. Lines correspond to the values calculasgg(a) Equation 4-7, (c)
Equation 4-10 and (d) Equation 4-4. Red lines spoad to Equation 4-4a

and blue lines to Equation 4-4b.
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B. Uncertainty of the parameters defining the
variogram, the RSCf, the overland flow
hydrograph and Fr

In this section, we show the values of the pararaatethe variogram,
the RSCf and the overland flow hydrogram obtaimethe uncertainty
analysis for two contrasting micro-topographiestit 1. . The DEM

was acquired by photogrammetry on 8 (eroded surfae 6 (freshly

tiled surface) occasions within a single, non-yaiday for each

surface. See Section 5.3.6 for details. We shmwalues obtained
for each replicate as well as the mean value, téwedard deviation
(SD) and the coefficient of variability (CV).

Table-B-1 Values of the parameters defining theioggam for each
replicate DEM and mean value, SD and CV for eachwaf contrasted
micro-topographies

Eroded Freshlytilled
surface R[mm] o[mm] surface R[mm] o[mm]

Replicate 1 1039.9 95 Replicate 1 498.9 9.2
Replicate 2 1084.8 9.8 Replicate 2 492.6 9.3
Replicate 3 1064.5 9.8 Replicate 3 471.8 9.4
Replicate 4 1051.2 9.6 Replicate 4 459 9.4
Replicate 5 1054.3 9.6 Replicate 5 480.5 9.6
Replicate 6 10785 9.8 Replicate 6 467.6 9.5
Replicate 7 1050.7 9.5

Replicate 8 1036.5 9.6

Mean 1057.6 9.7 Mean 474.3 94
SD 17.2 0.1 SD 12.8 0.1
CvVv 0.016 0.014 cv 0.027 0.015
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Table B-2 Values of the parameters defining the RBCeach replicate and mean value, SD and C\eémh of two contrasted
micro-topographies

Freshlytilled DSnax  Eroded DShax
surface Co Cer RDSy [mm] surface Co Cecr RD&y [mm]

Replicate 1  0.004 0.043 0.440 0.315 Replicate 1210.0 0.054 0.120 0.009
Replicate 2 0.004 0.055 0.480 0.306 Replicate 21%.0 0.052 0.080 0.011
Replicate 3 0.004 0.077 0.520 0.319 Replicate 319.0 0.044 0.080 0.011
Replicate 4 0.004 0.088 0.560 0.310 Replicate 4 210.0 0.000 0.000 0.012
Replicate 5 0.003 0.096 0.480 0.332 Replicate 518.0 0.075 0.120 0.011
Replicate 6 0.004 0.076 0.520 0.306 Replicate 6 23.0 0.084 0.080 0.012
Replicate 7 0.017 0.063 0.080 0.012
Replicate 8 0.022 0.065 0.080 0.012

Mean 0.004 0.072 0.500 0.315 Mean 0.019 0.054 0.080.011
SD 0.000 0.020 0.042 0.010 SD 0.003 0.026 0.037 010.0
Cv 0.091 0.278 0.084 0.031 Cv 0.134 0.469 0.463 74.0
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Table B-3 Values of the parameters defining thelawnd flow hydrograph and Fr for each replicate en&hn value, SD and CV
for each of two contrasted micro-topographies

Freshlytilled l10 I50 lgo Eroded l10 Iso l90
surface [mMm] [mm] [mm] Sposc Ssooc  Fr surface [mm] [mm] [mm] Sposc Ssooc  Fr

Replicate1 0.88 158 242 057 047 110 Replitat®.23 047 064 162 232 140
Replicate2 093 166 239 055 055 1.08 Repligat®.23 049 065 155 250 1.39
Replicate 3 091 1.67 245 0.52 0.51 1.08 RepliBat®.22 050 0.65 1.44 2.54 141
Replicate4 092 168 241 053 055 1.08 Repldat®.23 049 066 153 239 1.38
Replicate5 089 169 250 050 050 110 Replat®.23 049 066 153 238 1.39
Replicate6 0.89 169 250 050 050 1.09 Repliéat®.22 047 065 161 222 140
Replicate 7 0.23 050 066 150 243 1.37
Replicate 8 0.23 049 0.67 152 2.28.37

Mean 090 166 244 053 051 1.09 Mean 0.23 04966 0 1.54 238 1.39
SD 0.022 0.043 0.047 0.029 0.031 0.010 SD 0.004100.®.008 0.059 0.108 0.015
Cv 0.024 0.026 0.019 0.055 0.060 0.010 CV 0.0192D.00.013 0.038 0.045 0.011
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C.Digital elevation models

In this section, we show the evolution of the dif& digital elevation
models (DEM) for Plot 1, Plot 2 and Plot 3 in Ydaand Year 2. See
chapter 5 for details.
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Figure C-1 DEMs of Plot 1 in Year 1 for (a) RE li) RE = 36, (c) RE = 52 and (d) RE = 286. RE il " mm h*
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Figure C-2 DEMs of Plot 1 in Year 1 for (a) RE =634b) RE = 406 and (c) RE = 436. RE in MJ'Inam h'
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Figure C-3 DEMs of Plot 2 in Year 1 for (a) RE (i) RE = 36, (c) RE = 52 and (d) RE = 286. RE il h&" mm H*
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Figure C-4 DEMs of Plot 2 in Year 1 for (a) RE =634b) RE = 406 and (c) RE = 436. RE in MJ fnam H*
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Figure C-5 DEMs of Plot 3 in Year 1 for (a) RE (i) RE = 36, (c) RE = 52 and (d) RE = 286. RE il h&" mm H*
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Figure C-6 DEMs of Plot 3 in Year 1 for (a) RE =634b) RE = 406 and (c) RE = 436. RE in MJ'mam H"
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Figure C-7 DEMs of Plot 1 in Year 2 for (a) RE (i) RE = 10, (c) RE = 52 and (d) RE = 204. M3 han h'
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Figure C-8 DEMs of Plot 1 in Year 2 for (a) RE =42{b) RE = 404 and (c) RE = 746. RE in MJ'mam H"
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Figure C-9 DEMs of Plot 2 in Year 2 for (a) RE 1) RE = 10, (c) RE = 52 and (d) RE = 204. RE if h\&" mm h*
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Figure C-10 DEMs of Plot 2 in Year 2 for (a) RE 742 (b) RE = 404 and (c) RE = 746. RE in MJ nam h'
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Figure C-11 DEMs of Plot 3 in Year 2 for (a) RE A1) RE = 10, and (c) RE = 204. RE in MJ'mam H*
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Figure C-12 DEMs of Plot 3 in Year 2 for (a) RE 742 (b) RE = 404 and (c) RE = 746. RE in MJ Inam h'
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D.Spatial distribution of overland flow
velocities

In this section, we show the evolution of the sgatiistribution of
overland flow velocities for Plot 1, Plot 2 and PBin Year 1 and
Year 2. See chapter 5 for details.
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Figure D-1 Spatial distribution of binarized ovexdaflow velocities of Plot 1 in Year 1 for (a) RElx (b) RE = 36, (¢) RE = 52 and
(d) RE = 286. RE in MJ Hamm h'. Flow velocities above 0.07 m/s represented irtevéand below 0.07 m/s represented in black.
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Figure D-2 Spatial distribution of binarized overdeflow velocity fields at steady state of Ploin1Year 1 for (a) RE = 346, (b) RE =
406, (c) RE = 436 and (d) RE = 436. RE is in M3 han h*. Flow velocities above 0.07 m/s represented irtevéand below 0.07 m/s
represented in black.
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Figure D-3 Spatial distribution of binarized ovexdiaflow velocities of Plot 2 in Year 1 for (a) RElx (b) RE = 36, (c) RE = 52 and
(d) RE = 286. RE in MJ Hamm K. Flow velocities above 0.07 m/s represented irtavtand below 0.07 m/s represented in black.
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Figure D-4 Spatial distribution of binarized overdaflow velocities of Plot 2 in Year 1 for (a) RE346, (b) RE = 406 and (d) RE =
436. RE in MJ hamm H. Flow velocities above 0.07 m/s represented irtevand below 0.07 m/s represented in black.
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Figure D-5 Spatial distribution of binarized ovexdaflow velocities of Plot 3 in Year 1 for (a) RElx (b) RE = 36, (¢) RE = 52 and
(d) RE = 286. RE in MJ Hamm h'. Flow velocities above 0.07 m/s represented irtevéand below 0.07 m/s represented in black.
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Figure D-6 Spatial distribution of binarized overdaflow velocities of Plot 3 in Year 1 for (a) RE346, (b) RE = 406 and (d) RE =
436. RE in MJ ha mm H. Flow velocities above 0.07 m/s represented irtevand below 0.07 m/s represented in black.
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Figure D-7 Spatial distribution of binarized ovexdaflow velocities of Plot 1 in Year 2 for (a) RElx (b) RE = 10, (¢) RE = 52 and
(d) RE = 204. RE in MJ Hamm K. Flow velocities above 0.07 m/s represented irtevéand below 0.07 m/s represented in black.
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(a) RE=274 (b) RE=404 (c) RE=746
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Figure D-8Spatial distribution of binarized overland flow @eities of Plot 1 in Year 2 for (a) RE = 274, (dER 404 and (c) RE =
746. RE in MJ hamm H'. Flow velocities above 0.07 m/s represented irtavdnd below 0.07 m/s represented in black.
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Figure D-9 Spatial distribution of binarized ovexdaflow velocities of Plot 2 in Year 2 for (a) RElx (b) RE = 10, (¢) RE = 52 and
(d) RE = 204. RE in MJ Hamm K. Flow velocities above 0.07 m/s represented irtevéand below 0.07 m/s represented in black.
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Figure D-10Spatial distribution of binarized overland flow @eities of Plot 2 in Year 2 for (a) RE = 274, (df R 404 and (c) RE =
746. RE in MJ ha mm H". Flow velocities above 0.07 m/s represented irtavdnd below 0.07 m/s represented in black.
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Figure D-11 Spatial distribution of binarized owerl flow velocities of Plot 3 in Year 2 for (a) REL, (b) RE = 10, and (c) RE =
204. RE in MJ ha mm H". Flow velocities above 0.07 m/s represented irtavdnd below 0.07 m/s represented in black.
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(a) RE=274 (b) RE=404
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Figure D-12 Spatial distribution of binarized owerdi flow velocities of Plot 3 in Year 2 for (a) RER274, (b) RE = 404 and (c) RE =
746. RE in MJ hamm h*. Flow velocities above 0.07 m/s represented irtevland below 0.07 m/s represented in black.
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Appendices

E. RSCf evolut

ion

In this section, we show the evolution of the R&EZPlot 2 and Plot

3in Year 1 and Year 2.
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Figure E-1Evolution of the RSCf (a, c) and the nalieed RSCf (b, d) as a
function of the cumulative rainfall erosivity (RE)r Plot 2 in Year 1 (a, b)
and Year 2 (b, c). Cross markers represent theextivity threshold (CT).

RE is in MJ hd mm hth
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F. Overland flow hydrographs evolution

In this section, we show the evolution of the ozed flow
hydrographs for Plot 2 and Plot 3 in Year 1 andrZa

XX

o
Q@

[oc]

runoff ratio
o

B

Py

mm

o

Qr

(@ | RE=286

[0} 1 2 3 4 5 6 7 8
cumulative rainfall [mm]

RE=1

RE=10
—RE=52
®) | —RE=204
—RE=274
— RE =404
—RE=746

O 1 1 1 1 1 1 1
0] 1 2 3 4 5 6 7 8

cumulative rainfall [mm]

Figure F-1Evolution of the overland flow hydrograiph Plot 2 in Year 1 (a)
and Year 2 (b) simulated on the basis of DEMs dtar&zed after increasing
amounts of rainfall erosivity (RE). Cross markegpresent,,, open circles
lso and Xlgo. RE is in MJ hd mm ht.
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Figure F-2 Evolution of the overland flow hydrognafor Plot 3 in Year 1
(8 and Year 2 (b) simulated on the basis of DEMaracterized after
increasing amounts of rainfall erosivity (RE). Grawsarkers represeihy,
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