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Abstract

A major challenge in present-day hydrological sciences is to enhance the
performance of existing distributed hydrological models through a better
description of subgrid processes, in particular the subgrid connectivity of flow
paths. The relative surface connection function (RSCf) was proposed by Antoine
et al. (2009) as a functional indicator of overland flow connectivity. This function
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
addressed, which was the subject of the present research. First, it was as yet
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 sciences is to enhance 
the performance of existing distributed hydrological models through a 
better description of subgrid processes, in particular the subgrid 
connectivity of flow paths.  The relative surface connection function 
(RSCf) was proposed by Antoine et al. (2009) as a functional indicator 
of overland flow connectivity. This function 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 
addressed, which was the subject of the present research.  
 
First, it was as yet 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 be extrapolated to larger scales. 
 
Secondly, it was also unknown how the RSCf is affected by surface 
roughness and slope and whether these effects can be predicted. 
Results showed that the characteristic parameters of the RSCf are 
greatly influenced by surface roughness and slope. Based on a simple 
rectangular conceptualization of surface roughness, predictive 
equations relating the RSCf in function of slope and roughness were 
established. 
 
Finally, it was still unknown how the RSCf evolves after erosion 
processes and to what extent changes in the RSCf reflect changes in 
overland flow generation. The RSCf showed important changes in 
terms of both maximum depression storage and shape. These changes 
were found to be highly correlated to the delay and the rate of increase 
of the hydrograph, flow velocities continuity and erosion energy. 
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1 Introduction 

1.1 Overland flow 

Overland flow generation is a discontinuous process that needs the 
presence of water on the surface to initiate. During a rainfall event, 
water appears on the surface when the soil gets saturated, either from 
above, when the rainfall intensity exceeds the infiltration capacity of 
the soil, or from below, when the groundwater table or when the sub-
surface flow reaches the soil surface. Surface runoff is generated by 
these two mechanisms, the first one being known as infiltration excess 
or Hortonian surface runoff (Horton, 1933) and the second one as 
saturation-excess runoff (Dunne and Black, 1970). Traditional 
research on runoff processes has focused on the identification and 
differentiation of runoff mechanisms. The Hortonian mechanism is 
usually considered as characteristic of arid or semi-arid regions, but it 
can also be present in temperate regions on crusted soils, and only 
from certain areas in the watershed (Partial area theory; Betson, 1964). 
However, it is also the dominant process on sealed (crusted) soils, 
which are common in many regions including agricultural land in 
temperate regions. On the other hand, the saturation excess 
mechanism is considered as characteristic of humid regions, at scales 
of tenths of metres, becoming dominant as the scale of study increases 
(Blöschl and Sivaplan, 1995). Because the saturated areas vary in 
extent during rainfall events and from one rainfall event to another, 
saturation excess runoff is associated with variable source areas 
(VSA; Hewlett and Hibbert, 1967). Typically, saturation-excess runoff 
initially spreads up low-order tributaries, then up unchanneled swales 
and gentle footslopes (Dunne et al., 1975). The position and expansion 
of the saturated areas is related to geology, topography, soil type, 
rainfall characteristics and vegetation (Dunne and Black, 1970). 
 
The relative importance of the different runoff mechanisms depends 
on specific thresholds that are conditioned by rainfall and soil 
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characteristics. During a low-intensity rainfall event, it is assumed that 
runoff can only be generated by saturation excess. For high intensity 
rainfalls, runoff can also be produced at non-saturated areas when the 
rainfall rate is higher than the infiltration capacity of the soil. 
Therefore, for moderate and high intensity rainfalls, runoff can be 
produced by a combination of both mechanisms. Moreover, 
infiltration capacity of the soil is variable in time and space due to soil 
degradation processes such as compaction and surface sealing (Deasy 
et al., 2009). Saturation levels are also variable due to groundwater 
fluctuations in time and space (Heathwaite et al., 2005), and 
precipitation dynamics are also heterogeneous in time and space. Due 
to these sources of heterogeneity, runoff thresholds and hence runoff 
mechanisms are variable in space and time, in terms of extent, 
volume, rate and timing. This temporal and spatial heterogeneity 
creates variable sources areas which are heterogeneously distributed 
over the surface. 

1.2 Hydrological connectivity 

Regardless of the runoff mechanism, in a catchment one can identify 
“active” and “contributing” source areas. The former generate runoff 
and the latter also generate runoff but they are necessarily spatially 
connected to the channel network and hence contribute to the outlet 
output and to the hydrological response of the system (Ambroise, 
2004). Therefore, in order to better understand and to predict the 
hydrological response of a system, we need to move forward from the 
traditional view, which focuses on identifying the different runoff 
mechanisms and sources areas, and to determine whether and how 
source areas get connected and contribute to the hydrological response 
of the system. While this connection process could be explicitly 
treated by hydrological models, it would strongly increase the input 
data and the computation time requirements. Therefore, new concepts 
able to provide hydrological models with relevant information about 
this connection process without critically increasing input data and 
computation time requirements must be defined. A new concept, 
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increasingly applied in a diverse range of disciplines (Figure 1-1), is 
connectivity. The concept of connectivity aims at characterizing the 
behaviour of heterogeneous systems according to the intrinsic 
organization of the heterogeneities. In geomorphology and hydrology 
we can distinguish three general types of connectivity: (a) landscape 
connectivity, defined as the degree to which the landforms facilitate or 
impede movement between resource patches (Taylor et al., 1993), (b) 
hydrological connectivity, which refers to the movement of water 
from one part of the system to another; and (c) sedimentological 
connectivity, which refers to the movement of sediments and attached 
pollutants through the system (Bracken and Croke, 2007). In 
hydrology, connectivity is used across a wide variety of scales 
(catchment, hillslope, plot) and processes (surface and subsurface 
flow), and for different purposes (develop a better understanding of 
hydrological processes, improvement of the prediction of hydrological 
processes, flood risk management, characterization of hydrological 
systems). 
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Figure 1-1 Number of publications containing the word "connectivity" in 
title, abstract or keywords. 

By analogy to landscape connectivity, hydrological connectivity can 
be conceptualized into ‘structural’ and ‘functional’ connectivity 
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(Tischendorf and Fahring, 2000; Turnbull et al., 2008). Structural 
connectivity refers to spatial patterns in the landscape and the spatial 
adjacency and continuity of landscape elements. Structural 
connectivity is not necessarily static since these patterns can change 
over time under the influence of the hydrological processes taking 
place. Functional connectivity refers to the influence of the landscape 
patterns on hydrological processes such as the dynamics of overland 
flow (Larsen et al., 2012). This process-based nature of functional 
connectivity makes it dependent on the initial and boundary 
conditions of the system and hence more difficult to measure and 
quantify than structural connectivity (Bracken and Croke, 2007; 
Lexartza-Artza and Wainwright, 2009). Moreover, the lack of 
measureable key parameters characterizing functional connectivity 
limits its practical application (Bracken et al., 2013). 
 
In a catchment one can identify “active” and “contributing” 
hydrological areas. The former generate runoff and the latter also 
generate runoff but they are necessarily spatially connected to the 
channel network and hence contribute to the outlet output (Ambroise, 
2004). Similarly, connectivity has also been assessed by partitioning 
the catchment into “wet” and “dry” areas according to their soil 
moisture (Ali and Roy, 2010a). This has led to new ways of 
conceptualizing hydrological processes, such as the “fill” and “spill” 
concept (Tromp-Van Meerveld and McDonnell, 2006b) and the use of 
percolation theory (Darboux et al., 2002a; Lehmann et al., 2007). This 
conceptualization divides the system into different units with varying 
characteristics and thresholds that need to be exceeded before these 
units get activated. The spatial-temporal pattern of these activated 
units reflects the hydrological connectivity and determines the 
hydrological response of the system. It has been applied to sub-surface 
flow at the watershed scale (James and Roulet, 2007; Ali et al., 2011), 
sub-surface flow at the hillslope scale (Tromp-van-Meerveld and 
McDonnell, 2006a; 2006b; Lehman et al., 2007; Hopp and 
McDonnell, 2009), surface flow at the watershed scale (Spence, 
2007,2010; Shaw et al., 2012) and surface flow at the plot scale 
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(Darboux et al., 2002a; Antoine et al., 2009; Frei et al., 2010; Peñuela 
et al., 2013; Yang and Chu, 2013). 
 
Before an area becomes activated and hence starts generating runoff, 
infiltration and surface storage thresholds must be reached. During a 
rainfall event an area starts to store water on the surface when either 
the topsoil becomes saturated or when the rainfall rate exceeds the 
infiltration capacity of the soil. When this stored water at the surface 
reaches a certain depth or threshold the water surplus overflows and 
the area becomes activated, i.e. generates runoff. Thus these 
thresholds, and hence whether an area becomes activated, depend on 
structural characteristics such as soil type, soil moisture, land use and 
topography. These thresholds can also evolve in time under the 
influence of natural processes or under the human influence. Natural 
processes such as surface sealing or erosion can facilitate the 
activation of areas by reducing the infiltration capacity or reducing 
soil roughness, respectively. Land use changes or land management 
practices can also produce major effects on the thresholds, e.g. 
impervious urban surfaces such as roads (Hairsine et al., 2002) or 
increased soil roughness in freshly tilled agricultural fields (Takken et 
al., 2001a, b). However, whether an area becomes a contributing area 
depends not only on the interaction of these thresholds and the rainfall 
characteristics but also on the spatial pattern and interaction between 
contributing areas (Cammeraat, 2002). Cammeraat (2002) 
demonstrated that, whatever the scale, in order to understand these 
complex interactions it is necessary to apply the concept of 
connectivity. 
 
Because functional connectivity is not easily measurable, hydrological 
connectivity has been mainly characterized by the use of structural 
connectivity indices (Smith et al., 2010; Bracken et al., 2013). Some 
studies use purely structural approaches, i.e. terrain connectivity, in 
order to assess the effect produced by agricultural dams and terraces 
(Callow and Smettem, 2009; Meerkerk et al., 2009) or roads and 
tracks (Haisine et al, 2002; Heathwaite et al., 2005) on hydrological 
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connectivity. However, the study of structural connectivity only infers 
potential runoff sources and connections, i.e. active areas, and hence, 
only infers potential hydrological connectivity (Bracken et al., 2013). 
Other studies analyze structural elements of the landscape in order to 
identify sensitive areas, to characterize qualitatively the effect of 
structural connectivity on flow patterns or as a means to understand 
the hydrological response of a system (Kirkby et al., 2002; Lane et al., 
2004; Heathwaite et al., 2005; Fryris et al., 2007). Many studies have 
emphasized the importance of characterizing the soil moisture patterns 
in order to understand the hydrological response of catchments 
(Western et al., 2001, Grayson et al., 2002; Ali and Roy, 2010a) and 
hillslopes (Tromp van Meerveld and McDonnell, 2006a,b; Lehmann 
et al., 2007). In order to do so, different approaches have been used, 
from approaches where connectivity areas are characterized by 
statistical indicators (Western et al., 2001), to approaches where “dry” 
and “wet” areas are defined by experimental criteria (Ali and Roy, 
2010a). Although the study of patterns, such as soil moisture, can 
develop a better understanding of the hydrological processes, its 
ability to predict the hydrological response and the nonlinearity of the 
hydrological system is limited (Zehe and Bloschl, 2004; James and 
Roulet, 2007). 
 
As argued by Bracken et al. (2013), for effective catchment 
management a conceptual and process-based rather than an empirical 
understanding of hydrological connectivity is required in order to 
predict the functioning of hydrological system and to understand how 
continuous flow fields develop in the system. At a smaller scale, a 
conceptual and process-based understanding of overland flow 
connectivity is necessary to interpret the process of overland flow 
generation and better predict the hydrological response of a system. 
 
As mentioned previously, hydrological connectivity can also be 
addressed through the use of functional connectivity, and more 
precisely through the interaction between structural and functional 
connectivity. Functional connectivity, by definition, is related to 
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structural connectivity and this relationship determines the dynamics 
and nonlinear behaviour of a system, which cannot be explained by 
the sole study of structural connectivity (Bracken and Croke, 2007; 
Smith et al., 2010). In other words, whereas the physical adjacency 
between two points at the soil surface, i.e. structural connectivity, does 
not automatically imply the occurrence of water fluxes between them, 
functional connectivity does imply water fluxes and hence the 
existence of structural connectivity. Therefore, the study of the 
hydrological response of a system solely by means of structural 
connectivity is incomplete and a linkage between them to identify 
process-relevant features is necessary. This linkage is thus the 
functional or process-based connectivity. Research in process-based 
connectivity has shown the importance of representing the spatial 
variability and patterns of single processes such as flow resistance and 
infiltration both at the catchment (Mueller et al, 2007) and at the 
hillslope scale (Reaney et al., 2007; Smith et al., 2010) to better 
understand the hydrological response of the system. 
 
Besides using hydrological connectivity for explaining catchment 
response, a major challenge in hydrology resides in applying 
connectivity for predictive purposes and thus to improve the response 
of hydrological models. From the hillslope to the small watershed 
scale, distributed hydrological models frequently use “plot size” (1–
1000 m2) elementary cells allowing for an explicit analysis of inter-
grid connectivity. However, such hydrological models do not 
explicitly treat connectivity below the grid cell scale. Yet, the 
conceptualization of runoff source areas as a dynamic ‘spatial mosaic’ 
also applies at the subgrid scale. As for the catchment scale, at small 
scales, a conceptual and process-based understanding of overland flow 
connectivity, rather than an empirical one, is necessary to better 
predict the hydrological response of a system (Bracken et al., 2013). 
At this scale, spatial variability and arrangement of flow resistance, 
infiltration capacity (Langhans et al., 2011) and depression storage 
(Darboux et al., 2002a; Chu et al, 2013; Yang and Chu, 2013) are still 
important and governed by surface roughness (Appels et al., 2011; 
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Smith et al., 2011) and vegetation pattern (Cerdà, 1998; Ludwig et al., 
2005). Regarding roughness, models generally simplify the 
hydrological representation of the micro-topography using two 
parameters, the maximum depression storage (i.e. maximum volume 
of water that the soil is able to store in surface depressions) and the 
effective friction factor (i.e. resistance to flow) (Singh and Frevert, 
2002; Smith et al., 2007). These parameters are estimated from tables 
or from regressions linking them to easily measured indices 
characterizing the surface roughness, such as the random roughness 
(RR), defined as the standard deviation of point elevations 
(Kamphorst et al., 2000). By using these two factors hydrological 
models, such as WEPP (Lane and Nearing, 1989; Flanagan and 
Nearing, 1995), EUROSEM (Morgan et al., 1998) or HEC-HMS 
(Hydrologic Engineering Center, 1998), consider that overland flow is 
uniformly distributed within the grid and that overland flow 
generation only starts after the cumulative excess rainfall becomes 
equal to the maximum depression storage (bucket model; Figure 1-2; 
Singh, 1995; Singh and Frevert, 2002). In some cases, surface storage 
is ignored altogether (no storage model; Figure 1-2). It has been 
shown, however, that these simplified representations fail to predict 
satisfactorily overland flow initiation at the grid level as well as the 
gradual nature of the overland flow generation process (Antoine et al., 
2011). 
 
Overland flow is a spatially distributed process of gradual filling and 
connection of depressions (Onstad, 1984; Darboux et al., 2002b). In 
order to explicitly take this process into account, it would be necessary 
to provide hydrological models with subgrid micro-topographical 
information. The use of high resolution digital elevation models (mm–
cm resolution) in hydrological models would strongly increase the 
input data and the computation time requirements. However, the use 
of functional connectivity indicators, able to differentiate between 
different surface morphologies and to link them to their hydrological 
responses, could potentially improve the prediction of flows without 
critically increasing computation time and topographical data 
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requirements of distributed hydrological models (Antoine et al., 
2011). 
 
In a general context, Bracken and Croke (2007) proposed the use of 
the concept of "volume to breakthrough", which means the necessary 
cumulative runoff volume per unit width at a point before flow 
appears at the downslope outlet, as a means to quantify functional 
connectivity. Functional connectivity indicators based on this concept 
have shown to perform better than other connectivity indicators in 
both subsurface hydrology (Knudby and Carrera, 2005) and surface 
hydrology (Antoine et al., 2009). Based on this concept, Antoine et al. 
(2009) proposed an overland flow functional connectivity indicator 
called the Relative Surface Connection function (RSCf). This 
indicator is based on a simplification of the runoff hydrograph 
(surface detention dynamics are not considered) and expresses the 
percentage of the surface connected to the bottom outlet of the field 
plot as a function of the degree of filling of the depression storage. 
The main advantages of this indicator are: 1) as a simplified 
representation of the runoff hydrograph it can provide essential 
information about the distribution of flow paths since it explicitly 
integrates the flow network at the soil surface, 2) it can be calculated 
much faster than the full resolution of the St. Venant equations, 3) it 
has shown good results in capturing runoff-relevant connectivity 
properties compared to other connectivity indicators (Antoine et al., 
2009) and 4) it allows simulated and experimental hydrographs to be 
mimicked in a simple way by adding surface detention dynamics to 
the RSCf (Antoine et al., 2011). 
 

The RSCf can be potentially integrated in hillslope or watershed 
models as a descriptive function of subgrid overland flow dynamics 
(Antoine et al., 2009, 2011). Yet several issues must be addressed 
before it can be successfully integrated. Whereas the RSCf showed 
very promising results at the square meter scale as a functional 
connectivity indicator, it may be scale-dependent and affected by 
border effects. However, it is as yet unknown how changes in scale 
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affect the RSCf and whether and how the RSCf can be extrapolated to 
other scales. It is also unknown how the RSCf is affected by surface 
roughness and slope and whether these effects can be predicted. 
Furthermore, the approach of Antoine et al. (2011) was based on the 
full knowledge of the RSCf. Obtaining the RSCf requires detailed 
knowledge of the surface micro-topography. For a generalization of 
the approach proposed by Antoine et al. (2011), it would be beneficial 
to parameterize the RSCf, and to investigate whether these 
characteristic parameters can be estimated from more easily 
quantifiable indices of surface roughness and from slope. Besides it is 
still unknown how the RSCf evolves after erosion processes and to 
what extent these changes in the RSCf reflect changes in the 
hydrological response. 
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Figure 1-2 Comparisons of different simplified representations of overland 
flow generation as a function of (a) excess rainfall normalized by maximum 
depression storage and (b) depression storage normalized by maximum 
depression storage. The no-storage model assumes zero depression storage. 
The bucket model assumes that runoff occurs only after all depressions have 
been filled. The simplified hydrograph is based on the gradual filling of 
depressions and spilling of water as determined through a conditional walker 
technique applied to a 3-D representation of the surface micro-topography 
(Antoine et al., 2009). (1 = runoff from areas initially 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 develop a better understanding 
of overland flow connectivity at the subgrid scale in order to enhance 
the performance of distributed hydrological models in predicting 
surface flow hydrograms. More specifically, the objectives of the 
present study are: 

 
Objective 1, to determine the effect of spatial scale on the Relative 
Surface Connection function (RSCf), including the minimal scale at 
which to study overland flow connectivity and the potential of the 
RSCf to be extrapolated to larger scales. 
 
Objective 2, to quantify the effect of soil random roughness and slope 
on overland flow connectivity, the latter being characterized by the 
RSCf. 
 
Objective 3, to determine to what extent the RSCf can be predicted on 
the basis of slope and structural indicators of soil micro-topography. 
 
Objective 4, to determine how temporal changes in micro-topography 
affect overland flow connectivity. 
 
Objective 5, to evaluate to what extent changes on the RSCf can be 
linked to the overland flow generation process. 

1.4 Outline of the thesis 

After this first chapter presenting the general context, the state of the 
art of the research and the research needs, a second chapter presents 
the general methodology used to study overland flow connectivity. It 
includes the description of the structural connectivity indicator used to 
characterize soil roughness and the RSCf, including its main 
advantages and the issues remain to be addressed in order to 
effectively use the RSCf in distributed hydrological models. In chapter 
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three, the scale effect on the RSCf is studied. Chapter four is dedicated 
to the study of the effect soil roughness and slope gradient on the 
RSCf and the prediction of such effect. Finally, in chapter five we 
look at the temporal evolution of the RSCf and at the link between the 
RSCf and the overland flow generation. The present study focuses on 
the hydrological connectivity at the plot scale, considering no 
interferences from infiltration, i.e. the infiltration capacity of the soil 
is assumed to be spatially homogeneous, constant over time and lower 
than the rainfall intensity. These assumptions, which do not take into 
account the effect of the spatial heterogeneity of the soil hydraulic 
conductivity on surface runoff (Langhans et al., 2011), facilitate the 
study of the effects of the surface morphology. 
 

 
 
Figure 1-3 Outline of the thesis, showing the correspondence between the 
objectives and the chapters. The chapters are classified according the type of 
digital elevation models used (synthetic or real fields). 
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2 Material and methods 

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

2.1 The Relative Surface Connection function 

Different theories and concepts, such as the graph theory, the percolation 
theory, the queuing theory or the volume to breakthrough, are applied to 
characterize hydrological connectivity and to define connectivity indicators. 
The graph theory consists of reducing the complexity of a system into 
understandable elements represented graphically. Sources areas are 
represented as nodes and flow paths as links which join different pairs of 
nodes following a number of rules. Indicators based on this theory, such as 
the directional connectivity index (DCI; Larsen et al., 2012), are suitable to 
identify source areas or barriers, evaluate their importance and to reveal 
patterns of interaction between nodes. They are not suitable for predictive 
purposes, since they are based on inferring processes from measured 
catchment characteristics (Bracken et al., 2015). Another theory applied in 
hydrological connectivity is the percolation theory. This theory is based on 
the probability that certain points within the system are connected and on 
the percolation phenomenon, defined as “the special property of the system 
which emerges at the onset of macroscopic connectivity within it” 
(Berkowitz and Balberg, 1993). This theory has been successfully applied to 
characterize the transition between spatially random to spatially connected 
soil moisture patterns (Di Domenico, 2007), to model the critical point at 
which the system triggers rapid drainage in subsurface fill-and-spill 
mechanisms (Lehmann et al., 2007) and to describe Hortonian runoff on 
rough surfaces (Darboux et al., 2002a). However, the applicability of the 
percolation theory for predictive purposes can be limited if critical features 
are not considered (Tromp-van Meerveld and Weiler, 2008), such as the 
topography or the soil depth (Lehmann et al., 2007). A more realistic 
approach is the directed percolation (Janzen and McDonnell, 2015), in 
which the movement of flow is based on features such as topography or soil 
depth. Thus, this approach is able to represent flow paths along 



The Relative Surface Connection function 
 

20  
   

heterogeneous surfaces following not only the general slope gradient but 
also the local gradients produced by the heterogeneities. Another theory 
applied on connectivity is the queueing theory. This theory, based on the 
conceptualization of the reinfiltration process as the customers waiting time 
in a single server queue (Jones et al, 2013; Harel and Mouche, 2013), 
provides a theoretical link between the statistical description of soil 
infiltration heterogeneity, reinfiltration and runoff generation. In order to 
establish this link, some important simplifying assumptions must be 
considered: steady-state conditions, rainfall intensity and infiltration 
capacity exponentially distributed, slope and surface roughness effects not 
considered, mean rainfall intensity lower than mean infiltration capacity and 
infinite slope length. While this theory seems to be consistent with runoff 
observations, these simplifications limit the applicability of this theory to 
heterogeneous and more realistic areas (Jones et al, 2013). The “volume to 
breakthrough” is another concept applied in connectivity. This concept is 
defined as the necessary cumulative runoff volume per unit width at a point 
before flow appears at the downslope outlet. Therefore, connectivity is a 
function of the runoff produced, transmission losses due to factors such as 
infiltration or depression storage, slope length and gradient, and the 
existence of topographical features that either facilitate connectivity, e.g. 
rills, or impedes connectivity, e.g. crests and depressions. Thus, connectivity 
is controlled by both precipitation and soil characteristics. Functional 
connectivity indicators based on this concept have shown to perform better 
than other connectivity indicators in both subsurface hydrology (Knudby 
and Carrera, 2005) and surface hydrology (Antoine et al., 2009) and its use 
has been proposed as a means to quantify functional connectivity (Bracken 
and Croke, 2007).  
 
Given the better performance of indicators based on the “volume to 
breakthrough” concept an overland flow connectivity indicator based on this 
concept and proposed by Antoine et al. (2009) was used in this present 
thesis. This indicator is based on a simplification of the runoff hydrograph 
(surface detention dynamics are not considered) and expresses the 
percentage of the surface connected to the bottom outlet of the field plot as a 
function of the degree of filling of the depression storage. The main 
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advantages of this indicator are: 1) it provided essential information about 
the distribution of flow paths since it explicitly integrates the flow network 
at the soil surface, 2) it can be calculated much faster than the full resolution 
of the St. Venant equations, 3) it has shown good results in capturing runoff-
relevant connectivity properties compared to other connectivity indicators 
(Antoine et al., 2009) and 4) it allows simulated and experimental 
hydrographs to be mimicked in a simple way by adding surface detention 
dynamics to the RSCf (Antoine et al., 2011).  
 
The RSCf is calculated by means of a filling algorithm that simulates a 
simplified process of overland flow generation over the Digital Elevation 
Model (DEM) of the soil surface assuming infinite surface water velocity. 
Infiltration is not considered explicitly, which is equivalent to considering 
excess rainfall for spatially homogeneous and temporally constant 
infiltration. At every time step, a certain volume of water is applied in every 
pixel of the DEM. This volume of water “walks” over the DEM to the 
lowest pixel selected by an 8-neighbour scheme until they reach a 
depression or the outflow boundary. In a depression, this volume of water is 
stored as depression storage. Once the depression overflows, any excess of 
water flows to the next depression or to the outflow boundary. When a drop 
reaches the outflow boundary it is added to the hydrograph.  At any given 
time, it is thus possible to determine the plot area that is hydraulically 
connected to the outlet (‘contributing area’) as a function of the degree of 
filling of the depression storage (DS). The resulting RSCf can be 
assimilated to a simplified hydrograph where the vertical axis represents the 
instantaneous overland flow rate at the bottom outlet normalized by the 
instantaneous rainfall rate, yielding the ratio of area connected to the bottom 
outlet (C; 0≤C≤1; Figure 2-1). The horizontal axis represents the depression 
storage depth which can be also normalized by the maximum depression 
storage value (DSmax), yielding the Relative Depression Storage (RDS; 
0≤RDS≤1).  
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Figure 2-1 (a) Connectivity process and RSCf (area connected to the bottom 
outlet represented in red) and characteristic points of (b) the RSCf and (c) 
the normalized RSCf. 
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In order to quantify the effects of roughness and slope on the RSCf, 
three characteristic points defining the RSCf were considered (Figure 
3-1b and c and Table). First, the ratio of area connected to the outlet 
when DS is equal to 0 (C0). This is the plot area already connected to 
the outlet before any water is added (Darboux et al., 2002a; Yang and 
Chu, 2013). Second, the connectivity threshold (CT) where C 
increases sharply for a small increase in depression storage. It 
represents the threshold phenomenon commonly observed in overland 
flow generation (Darboux et al., 2002a; Yang and Chu, 2013; Chu et 
al., 2015). In practice, CT was defined as the point where the rate of 
increase of C is equal to the rate of relative filling of depressions, 
namely, when the slope of the normalized RSCf equals 1. In order to 
minimize the effect of small local variations of the slope of the RSCf 
on the identification of CT, we used an interval of calculation of 5% 
of relative depression storage to calculate the slope of the RSCf. CT is 
characterized by its two coordinates, the ratio of surface connected 
and the relative depression storage at the connectivity threshold, CCT 
and RDSCT respectively. The third characteristic point of the RSCf is 
the maximum depression storage of the soil micro-topography (Figure 
3-1b). At this point all the depressions are completely filled and hence 
the whole surface is connected to the outlet (C=1). In total four 
characteristic parameters will thus be used to characterize the RSCf: 
C0, CCT, RDSCT and DSmax (Table 2-1). 
 

Table 2-1 Coordinates of the characteristic points defining the RSCf. 

Characteristic points of the RSCf  

Ratio of 
surface 
connected 
(C)  

Depression 
Storage 
(DS)  

Relative 
Depression 
Storage 
(RDS) 

 [m²/m²] [mm] [mm/mm] 

Initial ratio of surface connected C0 0 0 
Connectivity threshold CCT DSCT* RDSCT 
Maximum depression storage 1 DSmax 1 

* This variable was not used in this study since it is highly correlated 
to DSmax (see Section 5.4.6). 
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In order to calculate the RSCf we considered the following 
simplifications or assumptions: rainfall and infiltration are uniform in 
space, rainfall intensity is always higher than the infiltration capacity 
of the soil, existence, existence of a single and general slope gradient, 
the lateral and top boundaries of the DEM are closed and hence no 
runon is considered. 

2.2 Variogram 

The variogram γ(l) was used as a means to characterize surface 
roughness and as a structural connectivity indicator. In a stationary 
field, it is defined as:  
 

                                                 Equation 2-1 

where σ² is the variance [mm²] of the difference between two 
elevation points z [mm] separated by l, l is the Euclidean distance 
between points [mm]. The variogram is characterized by two 
parameters: the sill and the range. The sill [mm²] is the limit of γ(l) 
when the lag distance tends to infinity. It is indicative of the amplitude 
of variation (total variance) of the point elevation of the soil surface. 
In this study, the standard deviation σ [mm] of the point elevation was 
used instead of the variance. The range [mm] is the minimum lag 
distance at which a correlation between elevation measurements is no 
longer observed. It is a measure of the amplitude of the horizontal 
variability of the soil surface. R and σ convey information about the 
frequency distribution of the topography and thus on the size and 
shape of micro-depressions. 
 
Two types of variograms were used in this study, the Gaussian 
variogram and the exponential variogram. The Gaussian variogram 
exhibits a stronger continuity at short distances compared to the 
exponential one. The Gaussian variogram was used to generate 
synthetic topographical fields (Chapter 3 and 4) following the work of 
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Antoine et al. (2009). It results in smoother surfaces compared to the 
exponential variogram. The exponential variogram is characteristic of 
noisier surfaces, i.e. with higher spatial variability at the micro-scale 
(mm-cm). It was used for real fields in Chapter 3 and 5. The smoother 
surface of the synthetic fields facilitates the identification of the main 
surface roughness elements, i.e. micro-depressions and crests (see 
Section 3.3.1). However, the lower micro-scale spatial variability 
present in the synthetic fields may decrease their DSmax since the 
heterogeneities present in real fields may be able to store water. 
Nevertheless, the connectivity process is not expected to be affected 
significantly by the differences on the variogram type, since this 
process is mainly controlled by the vertical and horizontal variability 
of the meso-scale elements (cm-dm) of the micro-topography (micro-
depressions, rills and crests) characterized by the sill and the range of 
the variogram, respectively. 

2.3 Goodness-of-fit statistics 

In order to evaluate the goodness-of-fit between observed and 
predicted values, three statistics were used: 
 
- The root-mean-square error (RMSE): 

             Equation 2-2 
 
- The normalized root-mean-square error (NRMSE): 

                 Equation 2-3 
 
- The Nash–Sutcliffe model efficiency coefficient (NSE): 

                       Equation 2-4 
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where Pi and Oi are the predicted and observed values, respectively, n 
is the total number of data and Ō is the mean of the observed values. 
 

 
Figure 2-2 (a) Gaussian variogram and (b) exponential variogram. 
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CHAPTER 31

                                                 
1 Based on: Peñuela, A., Javaux, M., Bielders, C.L., 2013. Scale effect on overland 
flow connectivity at the plot scale. Hydrol Earth Syst Sci 17, 87–101. 
doi:10.5194/hess-17-87-2013 
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3 Scale Effect on Overland Flow 

Connectivity at the Plot Scale 

3.1 Abstract 

A major challenge in present-day hydrological sciences is to enhance 
the performance of existing distributed hydrological models through a 
better description of subgrid processes, in particular the subgrid 
connectivity of flow paths. The Relative Surface Connection function 
(RSCf) was proposed by Antoine et al. (2009) as a functional indicator 
of runoff flow connectivity. For a given area, it expresses the 
percentage of the surface connected to the outflow boundary (C) as a 
function of the degree of filling of the depression storage. This 
function explicitly integrates the flow network at the soil surface and 
hence provides essential information regarding the connectivity of 
flow paths. It has been shown that this function could help improve 
the modeling of the hydrograph at the square metre scale, yet it is 
unknown how the scale affects the RSCf, and whether and how it can 
be extrapolated to other scales. The main objective of this chapter is to 
study the scale effect on overland flow connectivity (RSCf). For this 
purpose, digital elevation data of a real field (9×3 m) and three 

synthetic fields (6×6 m) with contrasting hydrological responses were 
used, and the RSCf was calculated at different scales by changing the 
length (l) or width (w) of the field. To different extents depending on 
the micro-topography, border effects were observed for the smaller 
scales when decreasing l or w, which resulted in a strong decrease or 
increase of the maximum depression storage, respectively. There was 
no scale effect on the RSCf when changing w, but a remarkable scale 
effect was observed in the RSCf when changing l. In general, for a 
given degree of filling of the depression storage, C decreased as l 
increased, the change in C being inversely proportional to the change 
in l. However, this observation applied only up to approx. 50–70 % 
(depending on the hydrological response of the field) of filling of 
depression storage, after which no correlation was found between C 
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and l. The results of this study help identify the minimal scale for 
studying overland flow connectivity. At scales larger than the minimal 
scale, the RSCf showed a great potential to be extrapolated to other 
scales. 

3.2 Introduction 

As subgrid functional connectivity is expected to be scale-dependent, 
special attention must be paid in order to select an appropriate size of 
the grid cell. Some studies have reported the existence of a 
representative elementary area (Wood et al., 1988) or length scale 
(Julien and Moglen, 1990) that could serve to determine the grid cell 
scale in hydrological models. First, the grid cell must be sufficiently 
large to be representative of the process of overland flow connectivity 
at the plot scale, i.e. all the connectivity relevant components and the 
relationships between them must be represented (Ali and Roy, 2009). 
Secondly, the size must be selected so as to minimize border effects, 
i.e. relevant components should neither be missed nor be modified. In 
addition, slope length has been observed to influence the response of 
the overland flow, showing a lower runoff coefficient with increasing 
length (Van de Giessen et al., 2000; Cerdan et al., 2004). It has 
generally been assumed that this results from the spatial variability of 
rainfall and infiltration capacity (Yair and Lavee, 1985). Yet this 
effect has also been observed on homogenous hillslopes, in which 
case it was attributed to a change in residence time (Stomph et al., 
2002). According to the definition of overland flow connectivity (see 
Section 1.2), connectivity is expected to decrease with increasing 
slope lengths, since the probability for the water flow to encounter 
depressions is higher. However, the effect of slope length on overland 
flow connectivity and the runoff coefficient is still unclear. 
 
The objective of this study is twofold. The first objective is to study 
the effect of changing scale on the RSCf for scales ranging from 0.18 
m² to 36 m². And the second objective is to investigate the potential of 
the RSCf to be extrapolated to larger scales. For that purpose, the 
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RSCf will be calculated and compared at different scales and for 
different micro-topography types. Comparison of the RSCfs should 
allow us to find a relationship between scale and overland flow 
connectivity. 

3.3 Materials and methods 

3.3.1 Characteristics of the micro-topographies 

Two types of DEMs were used, real and synthetic ones. First, we used 
the DEM from a field located near Fort Collins, Colorado (USA), 
obtained by laser scanning (courtesy of the USDA-ARS Agricultural 
Systems Research Unit in Fort Collins). The field had been under 
grassland but the grass had been killed chemically and left to decay 
before scanning. The total size of the DEM is 9.5 m × 4.8 m, the spatial 
x-y resolution is 1.5 mm and the vertical resolution is 0.1 mm. The 
natural slope of the field is 6.6 %. In order to avoid border effects that 
may have been generated during the process of obtaining the DEM, 

this study focuses on the central area, with a size of 9 m × 3 m. This 
was also guided by the need to have three square replicate areas of the 
largest possible size (in this case, 3 m × 3 m). For computational 
reasons, the spatial x-y resolution of the DEM was reduced to 3 mm. 
The semi-variograms of the three replicates had a range of 
approximately 600 mm and a sill of 80–110 mm2 (Table 3-1).  
 
Secondly, in order to evaluate the scale effect in scenarios with 
different hydrological characteristics and connectivity patterns, 
synthetic fields with contrasting micro-topographies were generated 
using a method developed by Zinn and Harvey (2003) and adapted by 
Antoine et al. (2009). The synthetic fields present identical statistics in 
terms of mean elevation, standard deviation and variogram. However, 
they have different connectivity patterns. In this study a Gaussian 
variogram model was used (see Section 2.2). This method also 
allowed us to study the scale effect at larger scales compared to the 
real field case, though the size of the fields was nevertheless limited 
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for computational reasons. Three different types of micro-
topographies were generated using this method: (a) “river”, (b) 
“crater” and (c) “random” type (Figure 3-1; Antoine et al., 2009). The 
“river” type micro-topography presents high areas connected by a 
system of rills. On the other hand, the “crater” type, which is the 
reverse of the river type, presents a system of crests that isolate the 
depressions from each other. The “random” type micro-topography is 
an intermediate scenario represented by a standard multi-Gaussian 
synthetic field. The three synthetic fields are characterized by values 

of sill (100 mm2) and range (100 mm) of the variogram also observed 
in real fields (Vidal Vazquez et al., 2005) and experimental plots 
(Darboux et al., 2002b). A slope equal to the natural slope (6.6 %) of 
the real field was also added. This slope was considered appropriate to 
contrast the process overland flow connectivity between the different 
micro-topographies. Using considerably higher slopes would have 
dissimulated the effect of micro-topography. At low and moderate 
slopes, flow connectivity is mainly due to a micro-depressions filling 
and spilling process. While at high slopes, in which the general slope 
gradient is higher than local gradients produced by the soil surface 
elements, such as depressions, the connection mechanism consists in 
the development of preferential flow paths parallel to the general slope 
gradient, regardless the micro-topography (Figure 3-2). 
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Figure 3-1 Detail of the four micro-topography types (2 m × 2 m) with 
depressions partially filled with water (in blue) in order to highlight the 
contrasting connectivities. 
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Figure 3-2 Schematic representation of the overland flow connectivity 
mechanism: (a) predominant filling process for low to moderate slopes and 
(b) predominant spilling process for high slopes. Stored water in micro-
depressions in dark blue. Preferential flow paths and micro-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, i.e. changing the width of 
the plot area and changing the length of the plot area. Therefore, the 
area was first divided into narrower areas (from 1/2 up to 1/32 of the 
initial width) keeping the initial length constant (Figure 3-3a), and 
secondly the area was divided into shorter areas (from 1/2 up to 1/32 
of the initial length) keeping the initial width constant (Figure 3-3b).  
The process of fragmentation of the areas and the calculation of the 
RSCf was exactly the same for all the fields. After the plot areas were 
divided, the filling algorithm was run in each of these sub-areas in 
order to obtain their RSCf (Chapter 2.1). Finally, for a given scale, the 
RSCfs obtained in each sub-area were averaged in order to compare 
overland flow connectivity at different scales. 
 
Table 3-1 Characteristics of the micro-topographies 

  Synthetic Fields 

  Real 
field 

River Random Crater 

Size [m × m] 3 × 3 6 × 6 6 × 6 6 × 6 
Spatial resolution [mm pixel-1] 3 10 10 10 
Slope [%] 6.6 6.6 6.6 6.6 
Standard deviation of elevation [mm] 1.8 1.3 1.3 1.3 
Variogram – sill [mm²] 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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Figure 3-3 Division pattern when changing (a) width and (b) length of the 
plot 

3.3.3 Representative width and length 

In order to identify the minimal scale at which overland flow 
connectivity can be studied, a threshold width and a threshold length 
must be defined. Since border effects are expected to mainly cause 
variations in the DSmax of the field, the threshold width and length will 
be defined in function of the observed change in the DSmax. These 
thresholds were arbitrarily set at 10 % deviation of the DSmax when 

w→∞ and l→∞ in the present study. The value of the corresponding 
width and length will be referred to as the “representative width” and 
“representative length”, and will be used to quantify and compare the 
scale effects between the four micro-topography types. 
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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 width in the same graph 
(Figure 3-4a), a gradual shift of the RSCf to the left is observed, 
indicating a gradual decrease of the DSmax with increasing width. This 
decrease in DSmax is inversely proportional to the width, tending 
asymptotically to a constant value (Figure 3-4b). This can be 
represented adequately by the following expression: 
 

              Equation 3-1 
 
where DSmax 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 decrease of the DSmax 
when increasing the width of the plot, and v represents the DSmax 
when w tends to infinity (DSmax,w→∞). 
 
A “representative width” can be defined based on an arbitrary 
threshold at 10 % deviation from DSmax,w→∞ (Table 3-2). This arbitrary 
threshold is represented in Figure 3-4b as dashed lines. 
 
In order to compare the shape of the different RSCfs, the depression 
storage was normalized by the value of the maximum depression 
storage for each scale (Figure 3-5). This way of representing the RSCf 
shows that the shape is little affected by width except for the two 
smallest scales (width = 0.188 m and 0.09 m), which present a strong 
deviation in the last third of the function (relative depression storage 
approximately > 2/3). These two curves show a displacement to the 
right, i.e. for the same value of relative depression storage the 
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connectivity is lower for the two smallest scales as compared to the 
larger scales. 
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Figure 3-4 Real field – effect of plot width (a) on the RSCf and (b) on the 
maximum depression storage (DSmax). The number in parentheses indicates 
the number of RSCf used for calculating the average RSCf. Vertical bars = 
standard deviations. The arrow indicates the representative width. All the 
plots are 3 m long. 
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Figure 3-5 Real Field - effect of plot width on the average normalized RSCf 
(Depression storage (x axis) scaled by the maximum depression 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 3 m, the average 
RSCfs show the opposite trend than was observed when changing the 
width. The RSCf shows a gradual shift to the right as the plot length 
increases (Figure 3-6a), i.e. a gradual increase of the DSmax with 
increasing length. This increase in DSmax with plot length can also be 
fitted adequately by Equation 3-1, after replacing w by l and with k < 0 
(Figure 3-6b). The corresponding parameters are provided in Table 
3-3. In this case, v represents the DSmax when l tends to infinity 

(DSmax,l→∞). 
 
A reduction in length not only causes a decrease in DSmax but also a 
change in the shape of the RSCfs. For a given value of the relative 
depression storage, a decrease in connectivity is observed as the 
length increases (Figure 3-13). The RSCf tends from a convex shape 
for the largest plot lengths to a straighter or even concave shape, 
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especially for the smallest scales (length = 0.375 m and 0.188 m). The 
change in the shape of the RSCf is least pronounced for the river type 
and most pronounced for the crater type. 
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Figure 3-6 Real field – effect of plot length (a) on the RSCf and (b) on the 
maximum depression storage (DSmax). The number in parentheses indicates 
the number of RSCf used for calculating the average RSCf. Vertical bars = 
standard deviations. The arrow indicates the representative length. All the 
plots are 3 m wide. 
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Figure 3-7 Real field – effect of plot length on the average normalized RSCf. 
Depression storage (x-axis) was scaled by the maximum depression storage. 
The numbers in parentheses indicate the number of connectivity curves used 
for calculating the average normalized RSCfs. All the plots are 3 m wide. 

3.4.2 Synthetic fields 

Scale effect produced by changing only the width 
 
As for the real field, when increasing the plot width, a gradual shift of 
the RSCf to the left is observed (Figure 3-8), reflecting a gradual 
decrease of the DSmax. DSmax decreases asymptotically towards a 
constant value as the width is increased (Figure 3-9), which can be 
represented adequately by Equation 3-1. The corresponding 
parameters are provided in Table 3-2. DSmax,w→∞ increases gradually 
from the river to the crater topography. As indicated by the k-values, 
the asymptotic decrease of DSmax with increasing widths is most 
pronounced for the crater micro-topography. However, as the 
representative width is determined based on an threshold of 90 % on 
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the estimation of DSmax,w→∞, the river micro-topography is 
characterized by a higher representative width (2500 mm) as 
compared to the random and crater micro-topographies that show 
smaller yet similar representative widths (1100 mm and 900 mm, 
respectively). 
 
The shape of the RSCf, as for the real field, is little affected by a 
change in width, except for the smallest values of width (Figure 3-10). 
For the random and river types, this deviation is only observable at the 
two smallest scales (width = 0.375 m and 0.188 m) in the last third of 
the RSCf. For the crater type, a deviation is also noticeable in the last 
third of the RSCf for the intermediate widths (width = 0.75 m and 
1.5 m). 
 
Scale effect produced by changing only the length 
 
When reducing the length and keeping the initial width (6 m), the 
average RSCfs show the opposite effect compared to when changing 
the width, just like the real field. Again, there is a gradual shift of the 
RSCf to the right with increasing length (Figure 3-11). The DSmax 
increases asymptotically towards a constant value as the length 
increases (Figure 3-12), which can be fitted by Equation 3-1 after 
replacing w by l. The corresponding values of k (k < 0) and v are given 
in Table 3-3. As indicated by the k-values, the river micro-topography 
tends more rapidly to its asymptotic value than the random or crater 
micro-topographies. The representative length increases from the river 
(300 mm) to the crater type (950 mm). 
 
As for the real field, a reduction in length not only causes a decrease 
in DSmax but also a change in the shape of the RSCfs. For a given 
value of the relative depression storage, a decrease in connectivity is 
observed as the length increases (Figure 3-13). The RSCf tends from a 
convex shape for the largest plot lengths to a straighter or even 
concave shape, especially for the smallest scales (length = 0.375 m and 
0.188 m). The change in the shape of the RSCf is least pronounced for 
the river type and most pronounced for the crater type. 
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Table 3-2 Parameters of Equation 3-1 when changing width (w), goodness of 
fit expressed as the sum of squares (SS) and the pseudo R2, and 
representative width for the four micro-topography types 

 
       Sum of   Rep. 
 DSmax k v squares Pseudo width 
  [mm] [mm] [mm²] [mm] R2 [mm] 

Real 0.53 60 0.51 0.00036 0.9986 1200 
River 0.5 145 0.47 0.00451 0.96952 2500 
Random 1.275 129 1.26 0.00102 0.99131 1100 
Crater 2.55 222 2.52 0.00145 0.97064 900 

 
 
 
Table 3-3 Parameters of Equation 3-1 when changing length (l), goodness of 
fit expressed as the sum of squares (SS) and the pseudo R2, and 
representative length for the four micro-topography types 

 

        Sum of   Rep. 
 DSmax k v squares Pseudo length 

  [mm] [mm] [mm²] [mm] R2 [mm] 

Real 0.53 −23 0.55 0.00059 0.93334 400 

River 0.5 −16 0.5 0.00009 0.95344 300 

Random 1.275 −71 1.29 0.00026 0.98167 600 

Crater 2.55 −237 2.57 0.00385 0.99702 950 
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Figure 3-8 Synthetic fields – effect of plot width on the average RSCf for the (a) river, (b) random and (c) crater type micro-
topographies. The numbers in parentheses indicate the number of connectivity curves used for calculating the average RSCfs. All plots 
are 6 m long. 
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Figure 3-9 Synthetic fields – effect of plot width on the maximum 
depression storage for the river, random and crater type micro-topographies. 
Vertical bars = standard deviations. The arrows indicate the representative 
widths. All the plots are 6 m long. 
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Figure 3-10 Synthetic fields – effect of plot width on the average normalized RSCf for the river, random and crater type micro-
topographies. Depression storage (x-axis) was scaled by the maximum depression storage. The numbers in parentheses indicate the 
number of connectivity curves used for calculating the average normalized RSCfs. All plots are 6 m long. 
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Figure 3-11 Synthetic fields – effect of plot length on the average RSCf for the river, random and crater type micro-topographies. The 
numbers in parentheses indicate the number of connectivity curves used for calculating the average RSCfs. All plots are 6 m wide. 
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Figure 3-12 Synthetic fields – effect of plot length on the average RSCf for 
the river, random and crater type micro-topographies. The numbers in 
parentheses indicate the number of connectivity curves used for calculating 
the average RSCfs. The arrows indicate the representative lengths. All plots 
are 6 m wide. 
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Figure 3-13 Synthetic fields – effect of plot length on the average normalized RSCf for the river, random and crater type micro-
topographies. Depression storage (x-axis) was scaled by the maximum depression storage. The numbers in parentheses indicate the 
number of connectivity curves used for calculating the average normalized RSCfs. All plots are 6 m wide. 
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3.5 Discussion 

3.5.1 Scale effect on the DSmax 

For all the cases studied, a gradual increase or decrease of the DSmax 
has been observed when decreasing the width or the length, 
respectively. This can be explained by the increasing influence of the 
lateral and bottom boundaries when reducing the scale, i.e. by two 
border effects. On the one hand, the reduction of the width causes the 
interruption of the connecting paths between depressions (Figure 3-4b, 
Figure 3-9 and Figure 3-14). Below a certain scale, the deviation of 
the DSmax from the DSmax,w→∞ starts to be considerable. The 
connections between depressions are not completely included in this 
area and consequently water has to find new paths to reach the 
outflow boundary (Figure 3-14). These new paths require higher 
levels of stored water, i.e. the depth of water needed to overflow the 
depressions gets higher, and consequently the value of DSmax 
increases. On the other hand, when the plot length is reduced below a 
certain scale (Figure 3-6b and Figure 3-12), the resulting area 
becomes less and less representative of all the components that cause 
the accumulation of water in the depressions (i.e. barriers in the 
direction of flow). In other words, as the length decreases, a larger 
proportion of depressions get crossed by the virtual downstream 
outflow boundary, and hence they get more easily connected to it and 
do not store water (Figure 3-15). 
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Figure 3-14 Schematic representation of the overland flow pattern for a 
predominant micro-depressions filling process (a) for the original plot size 
and (b) after reducing the plot width. Stored water in micro-depressions in 
dark blue. Preferential flow paths and micro-depressions initially connected 
in light blue. Increase of micro-depressions area and new preferential flow 
paths after plot width reduction in red. Original size of micro-depressions 
and preferential flow paths before reducing the plot length in gray. 
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Figure 3-15 Schematic representation of the scale effect on the first stage of 
the depression filling process produced by changing only the plot length. (a) 
Original size of the plot and (b) after reducing its length. Stored water in 
micro-depressions in dark blue. Area connected to the bottom boundary in 
red. Micro-depressions initially connected and crossed by the bottom 
boundary in light blue. 

 
These two border effects affect all the micro-topography types 
similarly in a qualitative way but differently in a quantitative way. In 
order to quantify and compare these effects between the different 
micro-topography types, a representative scale was defined based on 
an acceptable deviation of the DSmax by 10 % from its asymptotic 
value (Figure 3-4b, Figure 3-6b, Figure 3-9, and Figure 3-12). This 
representative scale represents the width or length below which the 
border effects start to be considerable, i.e. the plot is neither long 
enough nor wide enough to be representative of the process of 
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overland flow connectivity occurring at larger scales. A 10 % 
deviation from DSmax,w→∞ or DSmax,l→∞ was selected since smaller 
deviations of the DSmax would barely affect results in hydrological 
modeling. Indeed, in our study, DSmax,w→∞ or DSmax,l→∞ values ranged 
from 0.5 mm to 2.5 mm, such that a 10 % deviation would lead to an 
absolute variation comprised between 0.05 mm and 0.25 mm. We 
believe that having a greater accuracy on the DSmax would not be 
relevant for most practical applications, whereas accepting a higher 
deviation, especially in fields with high values of DSmax, might lead to 
a substantial bias in hydrograph estimation. 
 
The proposed representative scale provides a measure of the 
sensitivity of the different micro-topographies to these two border 
effects. It is calculated using Equation 3-1 (Table 3-2 and Table 3-3). 
When plotted as a function of DSmax,w→∞ or DSmax,l→∞ (Figure 3-16a 
and b), the sensitivity of the four micro-topography types to scaling 
can be compared. 
 
On the one hand, Figure 3-16a shows a decrease of the representative 
width as the DSmax,w→∞ increases. This decrease seems to follow a 
linear trend except for the river micro-topography whose 
representative width is approximately double of the real micro-
topography, even though they both have approximately the same value 
of DSmax,w→∞. This shows a higher sensitivity of the DSmax to changes 
in width for the river micro-topography compared to the other micro-
topographies. On the other hand, Figure 3-16b shows an increase of 
the representative length as the DSmax,l→∞ increases. This increase 
seems to be approximately linear and, as opposed to the width border 
effect, the length border effect shows the highest sensitivity to 
changes in length for the crater micro-topography and a lowest 
sensitivity for the river one. 



Discussion 
 

53 
 

0 0.5 1 1.5 2 2.5 3
0

500

1000

1500

2000

2500

DS
max,w� ∞

 [mm]

R
ep

re
se

nt
at

iv
e 

w
id

th
 (

D
S

m
ax

,w
�

∞
 +

10
%

) 
[m

m
]

Real

River

Random

Crater

(a)

 

0 0.5 1 1.5 2 2.5 3
0

200

400

600

800

1000

DS
max,l� ∞

 [mm]

R
ep

re
se

nt
at

iv
e 

Le
ng

th
 (

D
S

m
ax

,l �
∞

 -
10

%
) 

[m
m

]

Real

River

Random

Crater

(b)

 
Figure 3-16 (a) Representative width as a function of the DSmax value for 
w→∞ for the four micro-topography types and (b) representative length as a 

function of the DSmax value for l→∞ for the four micro-topography types. 
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These differences between the width and the length border effects and 
between different micro-topographies can be explained by the 
preferential directions of flow and the different mechanisms of 
overland flow connectivity. Since a constant slope of 6.6 % was 
applied to all the micro-topographies, the preferential direction of flow 
is expected to follow the maximum slope direction, parallel to the 
lateral boundaries, until the bottom boundary. However, flow paths in 
the direction perpendicular to the lateral boundaries may also be 
important for the overland flow connectivity. This is the case of the 
river micro-topography, which is the most sensitive to the width 
border effect. The mechanism of overland flow connectivity in this 
micro-topography type is based on connections by a system of narrow 
rills which do not follow a preferential direction. When these rills are 
blocked by the virtual lateral boundaries, water must overflow higher 
areas of the plot to flow either to other rills or down to the bottom 
boundary. As a consequence, the overland flow process changes from 
a connectivity-driven process to an overflow-driven process as width 
decreases, causing a higher storage of water inside the disconnected 
areas, i.e. an increase of the DSmax. On the contrary, connectivity in 
the crater micro-topography, which is the least sensitive to the width 
border effect, is already driven by an overflow mechanism, meaning 
that water stored in depressions must overflow the system of crests to 
flow either to other depressions or down to the outflow boundary. In 
this case, water overflows the crests located at the lower part of the 
depressions, thus overland flow tends to follow the maximum slope 
direction, which is parallel to the lateral boundaries. Since water tends 
to flow parallel to the lateral boundaries, the latter are less likely to 
block connections between depressions, and as a consequence, 
reducing the width has a lower impact on the connectivity process and 
on the DSmax. 
 
Conversely to the width border effect, as the length is decreased the 
mechanism of connectivity becomes less based on the overflow of 
depressions since a larger proportion of depressions gets crossed by 
the downstream outflow boundary, and consequently the DSmax 
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gradually decreases. In the crater micro-topography, which is the most 
sensitive to the length border effect, connectivity is driven by an 
overflow process for large lengths, as explained above. Nevertheless, 
depressions located downstream and crossed by the outflow boundary 
get directly connected since water does not need to overflow the 
system of crests. On the contrary, in the river micro-topography, 
which is the least sensitive to the length border effect, overland flow 
from higher areas is stored in the system of rills. This mechanism of 
connectivity stores a very low volume of water since most rills are 
interconnected. Only locally disconnected areas, which need to 
overflow to get connected, store a significant volume of water. 
Therefore, the length border effect is considerable only when the 
downstream outflow boundary crosses a large fraction of these 
isolated areas, which only occurs when the length of the plots 
becomes very small (i.e. ≤300 mm for the river micro-topography). 
 
For the two other micro-topography types, real and random, the 
sensitivity to the two border effects is, as expected, situated between 
the two extreme cases, river and crater (Figure 3-16). The width 
border effect affects the real and random types to a slightly higher 
extent than the crater type but considerably less than the river type. 
This suggests that the preferential direction of flow is parallel to the 
lateral boundaries. In addition, the connectivity mechanism for the 
real and random micro-topographies appears to be intermediate 
between the overflow of depressions and the connection through rills. 
However, since the representative length of the real micro-topography 
is closest to the river type, the connectivity mechanism may be 
predominately based on rill connections rather than the overflow of 
depressions. 
 
As shown above, the sensitivity to border effects depends on the 
preferential direction of flow and the hydrological response of the 
field. Even micro-topographies with the same statistical properties 
(Table 3-1) showed different sensitivities to border effects and 
“representative” scales. This is explained by the fact that these 
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statistics can be considered as structural indicators whereas the RSCf 
is a functional indicator. Structural indicators such as the variogram 
can be useful to describe the spatial heterogeneity (Western et al., 
1998), and as a heterogeneity index they can be interpreted as a link 
between pattern and process (Gustafson, 1998). As opposed to 
functional indicators, they are, however, not able to adequately 
account for the complexity of overland flow patterns. In the case of 
the synthetic fields, spatial statistics such as the variogram are 
furthermore scale-insensitive. Functional connectivity indicators like 
the RSCf are needed to study how connectivity is affected by the 
border effects. Not only do functional connectivity indicators help 
identify the sensitivity to border effects but they may also help 
understand the connectivity process and discriminate between 
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 DSmax when changing width, the 
shape of the RSCf does not seem to be considerably affected by a 
change in width (Figure 3-5 and Figure 3-10). Only when the width of 

the sub-areas of study is less than a certain scale (≤ 0.375 m) do border 
effects get more noticeable. In that case, they not only have an effect 
on the DSmax but also a non-negligible impact on the shape of the 
RSCf. As width increases, this border effect becomes less and less 
noticeable both on the DSmax and on the shape of the RSCf. Therefore, 
regions of a field wider than the minimal representative width may be 
considered representative of the functional connectivity of 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 decrease in the DSmax 
but also a considerable increase of the connectivity, as can be seen 
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from a comparison of the normalized RSCfs (Figure 3-7 and Figure 
3-12). In order to quantify the change in shape of the normalized 
RSCf, the connectivity value of the largest field C(lref), taken as a 
reference, was divided by the connectivity value of the other scales 
C(l) for each value of relative depression storage (Figure 3-17a and 
3-15a). For the first part of the graphs (RDS < 0.5–0.7), the 
connectivity ratios appear to oscillate around a mean value without 
any clear increasing or decreasing trend. In this interval the separation 
between two successive curves remains approximately constant, 
whilst for larger DSmax values, the C(lref)/C(l) ratio increases rapidly 
and the separation between the curves progressively decreases until 
they all meet when the field is completely connected (relative 
depression storage = 1). 
 
Since for a given scale the ratio C(lref)/C(l) appears to oscillate 
around a mean value as long as RDS < 0.5–0.7, the values of 
C(lref)/C(l) for this part of the function were averaged and compared 
to the ratio l/lref, where lref=3 m for the real field (Figure 3-17b) and 
lref=6 m for the synthetic fields (Figure 3-18b). In this interval of 
RDS, both ratios show a direct correlation, implying that the rate of 
change of the ratio C(l)/C(lref) is inversely proportional to the rate of 
change of the length ratio (l/lref). Since connectivity is the ratio of 
area connected to the outflow boundary and it increases at the same 
rate as the length decreases, the size of the area connected (in absolute 

units, m2) must be approximately the same for all the length scales. 
This is supported by Figure 3-20, and can be explained as follows. For 
the first part of the RSCf, which represents the first stage of the 
depression filling process, the depressions that are most likely to be 
already connected are the ones located closest to the bottom boundary. 
These depressions, which occupy a specific area (Figure 3-15a), 
behave independently with regard to the rest of the depressions, 
further away from the bottom boundary. This connected area keeps 
the same size independently of the plot length (Figure 3-15) except for 
plots shorter than this area (Figure 3-20 and Figure 2-1a). Therefore, 
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the connectivity C 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 changing the length: (a) ratio of 
connectivities at different scales as a function of the relative depression 
storage. Horizontal dashed lines correspond to the mean value of the 
connectivity ratio calculated over the range RDS = 0 to RDS = 0.62. (b) 
Correlation between the scale ratios and the ratios of connectivities for the 
first two thirds of the RSCf. Vertical lines = standard deviation. All the plots 
are 3 m wide. 
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Figure 3-18 Synthetic fields – scale effect when changing the length for the river, random and crater micro-topographies: (a) ratio of 
connectivities at different scales as a function of the relative depression storage. Horizontal dashed lines correspond to the mean value 
of the connectivity ratio calculated over the range RDS = 0 to RDS = 0.5–0.7. (b) Correlation between the scale ratios and the ratios of 
connectivities for the first two thirds of the RSCf. Vertical lines = standard deviation. All the plots are 6 m wide. 
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After this first stage of the depression filling process (RDS < 0.5–0.7), 
a quick process of connection of the depressions starts and depressions 
located further from the outflow boundary get connected. This “jump” 
or sharp threshold in the RSCf, which has been observed in all four 
micro-topographies, is more noticeable for the longer plots (> 3 m) 
(Figure 3-20). This threshold is consistent with percolation theory 
(Berkowitz and Ewing, 1998), whose applicability on overland flow 
was demonstrated by Darboux et al. (2002a) and Lehman et al. (2007). 
It relies on the existence of a threshold relationship between rainfall 
and overland flow, caused by variations in the storage capacity and 
connectivity. Below a certain threshold, preferential pathways that go 
from the top to the bottom boundary are still not connected and the 
overland flow remains very low. But when this threshold is exceeded, 
the pathways become connected and a sharp increase in the overland 
flow occurs. Applying this concept, the percolation threshold can be 
calculated as the value of relative depression storage needed to 
connect the bottom boundary with the top boundary (Table 3-1). The 
values obtained for the four micro-topography types are slightly 
higher than the threshold observed in the RSCf. This observed 
threshold can be assumed to represent the initiation of the connection 
between the bottom and the top boundary of the plot just before the 
complete percolation threshold is reached. 
 
Assuming that for RDS < 0.5–0.7 only the depressions close to the 
bottom boundary are connected, it may be possible to relate this stage 
to specific characteristics of the structural connectivity of the field, 
such as the average size of the depressions (puddles) or the range and 
sill of the variogram. It may then be possible to predict this first stage 
of the RSCf. 
 
For the last part of the RSCf, which represents the last stage of the 
depression filling process, the depressions that are less likely to be 
connected are the ones located closest to the top boundary. Since no 
runon is considered, these depressions barely receive water from the 
upslope area and the main contributor to the filling process is rainfall. 
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Therefore, these depressions start to overflow and hence get connected 
later than the rest of depressions closer to the bottom boundary 
(Figure 3-19a). Since the rate of filling for the depressions closest to 
the top boundary is lower than for the rest of the depressions, the 
connection of the entire plot surface is delayed in time and a higher 
cumulated rainfall volume is needed. As for the depressions closest to 
the bottom boundary, the depressions closest to the top boundary, 
which occupy a specific area (Figure 3-19a), behave independently 
with regard to the downslope depressions. This unconnected area 
keeps the same size independently of the plot length (Figure 3-19b) 
except for plots shorter than this area. For longer areas, this effect 
does not affect DSmax, but in terms of time, the delay caused by the 
slower filling process of the micro-depressions closest to the top 
boundary is likely to become relatively more important for the 
overland flow hydrogram as the length decreases.  Since the area of 
the unconnected area becomes relatively larger compare to the size of 
the plot, the connection of a relatively larger part of the plot would be 
delayed. 
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Figure 3-19 Schematic representation of the scale effect on the last stage of 
the depression filling process produced by changing only the plot length. (a) 
Original size of the plot and (b) after reducing its length. Stored water in 
micro-depressions in dark blue. Area connected to the bottom boundary in 
red. Micro-depressions initially connected and crossed by the bottom 
boundary and preferential flow paths in light blue. Original size of micro-
depressions and preferential flow paths before reducing the plot length in 
gray.  

 
These results show a great potential for the RSCf to be extrapolated 
from small scales to larger scales on fields with a constant slope such 
that a spatial autocorrelation (range) can be observed in the variogram. 
At scales larger than the minimal representative scale, once the 
percolation threshold is identified and predicted, we can divide the 
RSCf in two parts. The first part, before the percolation threshold, can 
be directly extrapolated by applying the inverse correlation between 
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length and connectivity. The second part, after the percolation 
threshold, in which no correlation between scales has been found, may 
be obtained by assuming a linear relationship between depression 
storage and connectivity. Given that the DSmax converges to a constant 
value for a given micro-topography and that border effects become 
negligible beyond the minimum representative length and width 
(Figure 3-4b, Figure 3-6b, Figure 3-9 and Figure 3-12), it may be 
possible to apply the present results to scales larger than the ones used 
in this study. However, the present results may not be applicable in the 
absence of a spatial autocorrelation in the variogram since 
connectivity may then be affected by the effect of variable slope or 
variable random roughness inside the plot. Further research is needed 
to assess and confirm this. 
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Figure 3-20 Surface of the area connected to the outflow boundary, in 
absolute units (m2), as a function of the relative depression storage for the 
four micro-topography types. 

 

3.6 Conclusions 

In this study we investigated the behaviour of overland flow 
connectivity using the RSCf when changing the scale (length or 
width) of the area of study. The results reveal that both scale effects 
and border effects affect overland flow connectivity at the plot scale. 
The changes in the RSCf with scale were consistent across four 
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different surfaces with contrasting micro-topography patterns. 
However, the magnitude of the scale and the border effects differed 
according to the hydrological response of the micro-topography but 
could not be related to spatial statistics (e.g. the variogram). 
 
No scale effect but a border effect was observed when changing the 
width of the plots. Hence, regions of a field with fairly short widths 
could be considered representative of the functional connectivity of 
the whole field. Based on the study of the sensitivity of the RSCf to 
width and length border effects, preferential direction of flows and 
different predominant mechanisms of connectivity on different micro-
topography types could be inferred. This sensitivity to border effects 
also allowed determining the minimal representative scale (width or 
length) needed to study the overland flow connectivity, in this study 
between 0.3 m and 2.5 m depending on the micro-topography type. 
 
A remarkable scale effect was observed in the RSCf when changing 
the length of the plots. At scales larger than the minimal representative 
scale, the RSCf showed a great potential to be extrapolated to other 
scales. For a given degree of filling of the depression storage, 
connectivity (C) decreased as the plot length increased and the rate of 
this change of connectivity was inversely proportional to the rate of 
change in length. This latter observation applied only to the first stage 
of the RSCf (up to approx. 50–70 % of filling of the maximum 
depression storage), after which no correlation was found between C 
and length. 
 
At this first stage of the RSCf, it has been observed that only the 
depressions close to the outflow boundary are connected. After this 
first stage, the RSCf shows a quick linear increase of the connectivity 
of the field, which is consistent with percolation theory. These two 
well-differentiated stages can potentially not only help extrapolate the 
whole RSCf to larger scales but also obtain information about the 
structural connectivity of the field. 
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Additional research is needed in order to predict the percolation 
threshold and to test the applicability of extrapolating the whole RSCf 
to other scales. In order to do so, a larger number of DEMs obtained 
from a greater variety of real soils and synthetic fields with larger 
sizes, different boundary conditions and connectivity characteristics 
must be studied. 
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CHAPTER 42

                                                 
2 Based on: Peñuela, A., Javaux, M., Bielders, C. L., 2015. How do slope and 
surface roughness affect plot-scale overland flow connectivity? J. Hydrol. 528,192-
205. 
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4 How do slope and surface roughness affect 
plot-scale overland flow connectivity? 

4.1 Abstract 

Surface micro-topography and slope drive the hydrological response 
of plots through the gradual filling of depressions as well as the 
establishment of hydraulic connections between overflowing 
depressions. Therefore, quantifying and understanding the effects of 
surface roughness and slope on plot-scale overland flow connectivity 
is crucial to improve current hydrological modeling and runoff 
prediction. This study aimed at establishing predictive equations 
relating structural and functional connectivity indicators in function of 
slope and roughness. The Relative Surface Connection function 
(RSCf) was used as a functional connectivity indicator was applied. 
Three characteristic parameters were defined to characterize the RSCf: 
the surface initially connected to the outlet, the connectivity threshold 
and the maximum depression storage (DSmax). Gaussian surface 
elevation fields (6 m × 6 m) were generated for a range of slopes and 
roughnesses (sill σ and range R of the variogram). A full factorial of 6 
slopes (0 to 15%), 6 values of R (50 to 400 mm) and 6 values of σ (2 
to 40 mm) was considered, and the RSCf calculated for 10 realizations 
of each combination. Results showed that the characteristic 
parameters of the RSCf are greatly influenced by R, σ and slope. At 
low slopes and high ratios of σ/2R, the characteristic parameters of the 
RSCf appear linked to a single component of the surface roughness (R 
or σ). On the contrary, both R and σ are needed to predict the RSCf at 
high slopes and low ratios of σ/2R.  A simple conceptualization of 
surface depressions as rectangles, whose shape was determined by R 
and σ, allowed deriving simple mathematical expressions to estimate 
the characteristic parameters of the RSCf in function of R, σ and slope. 
In the case of DSmax, the proposed equation performed better than 
previous empirical expressions found in the literature which do not 
account for the horizontal component of the surface roughness. The 
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proposed expressions allow estimating the characteristic points of the 
RSCf with reasonable accuracy and could therefore prove useful for 
integrating plot-scale overland flow connectivity into hydrological 
models whenever the RSCf presents a well-defined connectivity 
threshold. 

4.2 Introduction 

Surface micro-topography strongly affects the spatio-temporal 
distribution of overland flow at the plot scale (Helming et al., 1998; 
Darboux and Huang, 2005; Antoine et al., 2009; Frei et al., 2010; 
Appels et al., 2011; Chu et al, 2013; Yang and Chu, 2013). Overland 
flow is a spatially distributed process whereby depressions 
progressively overflow and connect to either nearby depressions or to 
the outflow boundary (Onstad, 1984; Darboux et al., 2002b; Antoine 
et al., 2011; Chu et al, 2013). During a rainfall event this process starts 
when the infiltration capacity becomes lower than the rainfall 
intensity. On rough micro-topographies and ignoring surface detention 
(i.e. live water) (Figure 1-2a), the excess rainfall is at first mostly 
stored in depressions. In this first stage, depressions do not overflow 
and thus are not yet connected. However, some outflow may occur 
due to border effects. This initial and limited flow is generated from 
the depressions directly connected to the system’s outlet and from 
nearby upstream depressions connected to these initially connected 
depressions (Peñuela et al., 2013). In a second stage, additional 
upstream micro-depressions get filled, and start to overflow and 
connect either to nearby depressions or to the outlet.  This process 
results in a gradual and non-linear filling, spilling and connection 
process. This stage is characterized by a particular phenomenon which 
consists of a threshold relationship between rainfall excess and 
overland flow (Figure 1-2a). When the cumulative rainfall excess 
volume exceeds a certain threshold value, a sharp increase in the 
generated overland flow is observed as a consequence of the rapid 
establishment of hydraulic connections between different parts of the 
system. This threshold phenomenon, which is consistent with 
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percolation theory (Berkowitz and Ewing, 1998) and characteristic of 
random media (Berkowitz and Ewing, 1998), has been observed in 
overland flow at the plot scale (Darboux et al., 2002a; Frei et al., 
2010; Peñuela et al., 2013; Yang and Chu, 2013). Around this 
threshold, the overland flow process evolves from a predominant 
filling process to a predominant spilling process. This second stage 
finishes when all the micro-depressions are completely filled. The 
whole soil surface is then connected to the outlet and overland flow 
consists exclusively in a spilling process. Neglecting surface detention 
dynamics, steady state overland flow is reached at this point (Figure 
1-2a). 
 
The spatio-temporal distribution of the overland flow process is 
affected by structural features of the soil micro-topography. For 
instance, when increasing surface roughness and thus the maximum 
amount of water that can be stored in surface depressions, the runoff 
threshold is delayed (Darboux and Huang, 2005; Chu et al., 2013) and 
total runoff is decreased (Kamphorst et al., 2000; Chu et al., 2013). 
Surface slope gradient is another important terrain attribute that may 
interact with surface roughness to affect functional hydrological 
connectivity. On rough surfaces particularly, slope gradient can 
dramatically affect the depression storage (Onstad, 1984; Kamphorst 
et al., 2000), runoff and the development of preferential flow paths 
(Bracken and Croke, 2007). Changing the slope gradient modifies the 
balance between water fill and water spill processes and therefore also 
changes the dynamics and spatial distribution of overland flow. Low 
slopes favor the filling of depressions. Overland flow is therefore less 
likely to occur and the occurrence of the above mentioned threshold in 
runoff is delayed (Yang and Chu, 2013).  As slope increases, the 
volume of water stored in depressions decreases and a higher number 
of parallel flow paths connecting upslope areas to downslope areas 
can be identified. This results in higher drainage efficiency, i.e. a spill-
dominated regime and an earlier occurrence of the runoff threshold 
(Yang and Chu, 2013). 
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Models generally simplify the hydrological representation of the 
micro-topography using two effective parameters, the maximum 
depression storage (i.e. maximum volume of water that the soil is able 
to store in surface depressions; DSmax) and the friction factor (i.e. 
resistance to flow) (Singh and Frevert, 2002; Smith et al., 2007). It has 
been shown, however, that these simplified representations fail to 
predict satisfactorily overland flow initiation as well as the gradual 
nature of the overland flow generation process (Antoine et al., 2011). 
Moreover, DSmax is generally predicted on the sole basis of the 
vertical variability of surface elevation (random roughness) and 
sometimes the slope gradient of the soil surface (Cremers et al., 1996; 
Kamphorst et al., 2000; Kirkby et al., 2002), even though it has been 
found to be dependent on the micro-topographical configuration of the 
soil (Antoine et al., 2009). 
 
The objectives of this study were twofold. First, to quantify the effect 
of soil random roughness and slope on overland flow connectivity, the 
latter being characterized by the RSCf. Secondly, to determine to what 
extent the RSCf can be predicted on the basis of structural indicators 
of soil micro-topography and slope. In order to facilitate the study of 
the effect of surface morphology on overland flow, infiltration 
capacity was assumed to be spatially homogeneous and temporally 
constant and lower than the rainfall intensity. In order to simplify the 
physical interpretation and identification of the effects produced by 
the combination of horizontal and vertical variability of surface 
roughness with slope gradient, the study was performed on Gaussian 
surface micro-topographies. 

4.3 Materials and methods 

In order to facilitate discrimination between slope and roughness 
effects, this study relied on numerically generated topographical fields 
(see Section 3.3.1). Since surface elevation has been reported as 
normally distributed (Cremers et al., 1996), synthetic Gaussian fields 
with different variograms and slopes (Table 4-1) were generated. 



Materials and methods 

73 
 

4.3.1 Characteristics of the micro-topographies 

The method developed by Zinn and Harvey (2003) and adapted by 
Antoine et al. (2009) was used to generate the topographical fields. 
The range of values of σ and R were selected so as to reflect extreme 
but still realistic values observed in real fields (Table 4-1; Onstad, 
1984; Zobeck and Onstad, 1987; Darboux et al., 2002a; Vidal 
Vázquez et al., 2005). The fields were 6 m x 6 m size and the 
maximum R was 400 mm in order to minimize scale and boundary 
effects (Appels et al., 2011; Peñuela et al., 2013). R values lower than 
50 mm were not considered in order to avoid large inaccuracies 
caused by the 10 mm/pixel horizontal spatial resolution of the digital 
elevation models (DEM). In total 216 combinations of R, σ and slope 
were considered, i.e. 36 flat Gaussian micro-topographical fields x 6 
slope gradients. For each combination, 10 replicate fields were 
generated. 
 
Table 4-1 Characteristics of the Gaussian micro-topographical fields 

Size [m x m] 6 x 6 
Spatial resolution [mm/pixel] 10 
Slope gradient 
[%] 

    0, 1, 2, 5, 10 and 15 

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

  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 topographical features 
and connectivity, a schematic representation of the soil surface was 
used.  The soil surface was geometrically conceptualized as a 
longitudinal profile with rectangular depressions sized according to 
the variogram of the Gaussian fields (Figure 4-1a). From its definition 
R represents the minimal distance between points where the difference 
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of elevation is more likely to be maximal. Therefore, we consider R to 
be a measure of the mean horizontal distance between the highest 
points (crests) and the lowest points (depressions) of the micro-
topography, i.e. R can be viewed as a measure of the typical size of 
depressions. σ is a measure of the amplitude of the vertical variations 
and can therefore be viewed as a proxy for the depression depth. The 
angle β, given by arctan(σ/2R), is a measure of the shape of micro-
depressions. Based on this, the dimensions of the rectangular 
depressions were defined by a half-length R and height σ. The slope of 
the profile (α) represents the mean slope of the field (Figure 4-1a). 
The stored water is represented as an area (A). 1) If β>α, water stored 
in the depression is bounded by the base and the two vertical walls of 
the rectangular depressions (Figure 4-1b). Therefore, A depends not 
only on σ but also on R. 2) If β<α, stored water is bounded only by the 
base and the lower vertical wall of the depressions (Figure 4-1b). 
Therefore, A depends only on σ. 
 
Based on this schematic representation of the micro-depressions 
(Figure 4-1), DSmax [mm] at 0% slope is given by: 
 

          Equation 4-1 
 
where A [mm²] is the area occupied by stored water (shadowed areas 
in Figure 4-1b), L [mm] is the length of the longitudinal profile 
(Figure 4-1a), and n is the number of depressions which can be 
calculated as follows: 
 

              Equation 4-2 
 
where b is a constant representing the proportion of the field occupied 
by actual depressions, i.e. a correction factor that takes into account 
the area in between depressions that do not store water and the actual 
shape of micro-depressions. 
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Figure 4-1 Longitudinal profile in the slope direction of soil depressions 
conceptualized as rectangles. Stored water is represented by the shadowed 
area (A). 

 
Once a certain slope value is applied on the field, using trigonometry 
to calculate A, and after combining Equations 4-1 and 4-2, we obtain 
the following expressions for DSmax [mm]: 
 

                                       Equation 4-3 
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�� � > � →  DSmax, = � ∗ �� − � ∗ tan �� DSmax, α=0 ∗ �1 − tan �
2 ∗ tan �� 

 
                                                                                          Equation 4-4a 
 

�� � < � →  DSmax = � ∗ �²/�2 ∗ tan ��
2 ∗ � = DSmax, α=0 ∗ � tan �

2 ∗ tan �� 
 

                                                                                          Equation 4-4b 
 
where α is the slope angle [rad], R and σ are in mm, β is in rad and b 
will be obtained after fitting Equation 4-3, Equation 4-4a and 
Equation 4-4b, to the data.  

4.4 Results 

For reasons of clarity, only the results of two slope gradients, 1% as 
representative of low slopes and 10% as representative of high slopes, 
will be shown in the majority of the graphs. 
 
For high slopes and low surface roughnesses, DSmax is very small and 
hence the surface tends to behave like a flat plane, i.e. the whole 
surface is initially connected (C0 ≈ 1). Hence the gradual process of 
filling, spilling and connection of micro-depressions cannot be 
characterized by the RSCf. Consequently, the combinations for which 
the mean DSmax was smaller than 0.01 mm were not further 
considered (Table 4-2). 
 
Keeping σ constant, one observes a gradual decrease of DSmax as R 
increases (Figure 4-2a and c). In addition, a gradual change in shape 
of the RSCf is observed as R increases (Figure 4-2b and Figure 4-2d). 
For high slopes (10% and 15%), this change in shape is quite 
pronounced. As R increases, the RSCf evolves from a convex to a 
straighter shape and even becomes concave for the highest values of 
R.  
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For all the slope values, one observes a gradual increase of DSmax 
when σ increases, at constant R (Figure 4-3a and c). For low slope 
values (0%, 1% and 2%), the shape of the normalized RSCf barely 
changes when σ increases at constant R (Figure 4-3b), indicating that 
C0, CCT and RDSCT remain fairly constant. Conversely to low slope 
values, for high slope values (10% and 15%) a strong change in the 
shape of the normalized RSCf is observed as σ decreases (Figure 
4-3d). This indicates that, when increasing σ, a higher RDS is 
necessary to reach the CT. Note that for the lowest σ value (2 mm), C0 
is much larger than for all other cases and that CT cannot be defined 
since the rate of increase of C is higher than the rate of increase of DS 
as from C0. 
 
Table 4-2 Combinations of R, σ and slope that were discarded because 
DSmax< 0.01 mm 
 

Slope σ R 

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

5 mm 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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Figure 4-2 Example of effect of range at 1% (a, b) and 10% (c, d) slope on the RSCf (a, c) and the normalized RSCf (b, d). σ is 
equal to 10 mm. Each curve is the average of 10 replicates. The scales of the x-axes are different in (a) and (c). 
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Figure 4-3 Example of effect of sill at 1% (a, b) and 10% (c, d) slope on the RSCf (a, c) and the normalized RSCf (b, d).R is 
equal to 100 mm. Each curve is the average of 10 replicates. The scales of the x-axes are different in (a) and (c). 
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4.4.1 Ratio of initially connected surface 

A gradual increase of C0 is observed when R increases (Figure 4-4a 
and Figure 4-4c). This indicates that the fraction of area initially 
connected to the outlet increases as the horizontal component of the 
surface roughness increases. The relationship between C0 and R is 
approximately linear for low slope values (0%, 1% and 2%) and 
independent of σ (Figure 4-4b). Since at 1% slope C0 shows the 
highest linearity with R and the lowest dependency on σ, the observed 
values of C0 for this slope are used to derive an equation relating C0 

and R by means of a linear regression. The equation of this linear 
regression is given by: 
 

                                                            Equation 4-5 
 
where C0,α=1 is C0 at α = 1% slope, R is in mm and L is the total length 
of the field in mm. 
 
For high slope values (5%, 10% and 15%), the rate of increase of C0 

with R becomes higher when the slope increases. For all the slope 
values, the mean values of C0 remain fairly constant for low values of 
R irrespective of σ (Figure 4-4d). However, especially for high R and 
high slope values, an asymptotic decrease of C0 is observed when 
increasing σ, tending towards approximately 0.03-0.04 (Figure 4-4d). 
The asymptotic values of C0 observed for slopes higher than 1% 
(Figure 4-4d) seems to tend to the values of C0 at 1% (Figure 4-4b). 
 
Based on our conceptual representation of surface topography and in 
order to take into account the trends observed for high slope values as 
well as the higher values of C0 observed for low ratios of σ/2R (= 
tanβ), a generalization of Equation 4-5 is proposed. This 
generalization, similar to the generalization of Equation 4-3 into 
Equation 4-4a, incorporates in its second term the relationship 
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between the slope and the shape of the conceptualized micro-
depressions (tanα / tanβ). The proposed expression for C0 is as 
follows: 
 

 
C0 = C0,α=1 ∗ �1 + tan � − 0.01

2 ∗ tan � � 
                                     Equation 4-6 

 
where C0,α=1 is given by Equation 4-5, α is the slope gradient [rad] and 
β is in rad. The constant value of 0.01 in the second term on the right 
corresponds to the tangent of the 1% slope. It is used in order to only 
consider the first term on the right of Equation 4-6 when the slope is 
equal to 1%. After expressing tan β as σ/2R and replacing C0,α=1 by 
Equation 4-5, Equation 4-6 becomes: 
 

C0 = 0.24 ∗ � ∗ �� + � ∗ �tan � − 0.01��
$ ∗ � = 0.24 ∗ �

$ ∗ �1 + �
� �tan � − 0.01�� 

                                                                                            Equation 4-7 
 
where σ is in mm. With the exception of C0 at high slope and high σ 
values, Equation 4-7 allows predicting C0 with reasonable accuracy 
over the entire range of R, σ and slope values (NSE = 0.75; Figure 4-4 
and Figure 4-5a). 
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Figure 4-4 Effect of range (a, c) and sill (b, d) on C0 at (a, b) 1% slope and at (c, d) 
10% slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using Equation 4-7   
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4.4.2 Connectivity threshold 

CCT 
 
CCT appears fairly independent of σ, R and slope (Figure 4-6). CCT 
values show an important variability that increases with high slope 
and R values and low σ values. 95% of the observed mean values are 
comprised between 0.05 and 0.15. 
 
RDSCT 

 

An approximately linear decrease of RDSCT is observed when R 
increases (Figure 4-7a and c), this decrease being more pronounced 
for both low σ and high slope values (Figure 4-7c). As R tends to 0, 
RDSCT converges to a common value which is approximately equal to 
0.85. For a given R and for slopes higher than 0%, RDSCT tends to 
increase asymptotically to a constant value as σ increases (Figure 4-7b 
and d). This effect is particularly noticeable for high R values. 
However, RDSCT is not affected by σ in the absence of slope (Figure 
4-8b). The values of RDSCT at 0% slope seem to correspond to the 
asymptotic values observed for slopes higher than 0% (Figure 4-7b). 
 
Since at 0% RDSCT shows the lowest dependency on σ and a linear 
decrease with increasing R values, the observed values of RDSCT for 
this slope are used to derive an equation relating RDSCT and R by 
fitting a linear equation to the observed values: 
 

                                       Equation 4-8 
 
where RDSCT,α=0 is the RDSCT at the 0% slope in mm and R is in mm.  
Based on our conceptual representation of surface topography and in 
order to take into account the trends observed at slopes higher than 0% 
and the lower values of RDSCT observed for low ratios of σ/2R (= 
tanβ), a generalization of Equation 4-8 is proposed. This 
generalization, similar to the generalization of Equation 4-3, 
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incorporates in its second term the relationship between the slope and 
the shape of the conceptualized micro-depressions (tanα/tanβ). The 
proposed expression for RDSCT is as follows: 
 

RDSCT = RDSCT,α=0 − ( ∗ tan �
tan � 

                                      Equation 4-9 
 
where RDSCT,α=0 is given by Equation 4-8, α is the slope gradient [rad] 
and β is in rad. c is obtained after fitting Equation 4-9 to the data. 
After expressing tan β as σ/2R, fitting Equation 4-9 to the data and 
replacing RDSCT,α=0 by Equation 4-8, Equation 4-9  becomes: 
 

RDSCT = 0.87 − 0.725 ∗ �
1000 − 0.1 ∗ tan �

�/2� 
                 Equation 4-10 

 
where α is the slope angle [rad], R and σ are in mm and c was found to 
be equal to 0.1. Equation 4-10 is able to efficiently predict the 
observed values of RDSCT for all the combinations of R, σ and slope 
(NSE = 0.95; Figure 4-5b, Figure 4-7 and Figure 4-8). 
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Figure 4-5 Observed versus predicted values for all slope, R and σ 
combinations for (a) C0 (Equation 4-7; R² = 0.803; RMSE = 0.008; NRMSE 
= 0.63; NSE = 0.75), and (b) RDSCT  (Equation 4-10; R² = 0.960; RMSE = 
0.039; NRMSE = 0.07; NSE = 0.95). Each point is the average of 10 
replicates.
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Figure 4-6 Effect of range (a, c) and sill (b, d) on CCT at (a, b) 1% slope and at 
(c, d) 10% slope. Error bars = standard deviation (n=10). Points correspond to 
observed values. Gray lines link points of constant R or σ for better 
visualization of variability. 
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Figure 4-7 Effect of range (a, c) and sill (b, d) on CCT at (a, b) 1% slope and 
at (c, d) 10% slope. Error bars = standard deviation (n=10). Points 
correspond to observed values. Lines correspond to the values calculated 
using Equation 4-10. 
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4.4.3 Maximum depression storage 

For DSmax an approximately linear decrease is observed when R 
increases for low slope values (Figure 4-9a), while a more curved and 
asymptotic decrease of DSmax is observed for high slope values 
(Figure 4-9b). This decrease, which is more pronounced for low 
values of R, tends asymptotically to DSmax = 0 as R increases. 
 
A clear increase of DSmax with σ is observed (Figure 4-9b and d), 
which seems to start at (0, 0) and to be approximately linear for low R 
and low slope values (Figure 4-9b). In particular for the 0% slope the 
observed linear increase (Figure 4-10b), can be fitted by Equation 4-3 
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Figure 4-8 Effect of (a) range and (b) sill on RDSCT at 0% slope. Error bars = 
standard deviation (n=10). Points correspond to observed values. Lines 
correspond to the values calculated using Equation 4-8 or Equation 4-10. 
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with b equal to 0.36 (Figure 4-10a and b). This linear relation between 
σ and DSmax is, however, not observed for higher slope values and in 
particular for high values of R. Therefore Equation 4-3 is not able to 
predict the values of DSmax for slopes > 0%. 

For slopes > 0%, after fitting Equation 4-4a and Equation 4-4b to the 
data, we obtain b equal to 0.3 (Figure 4-9). A good correlation 
between observed and predicted values (NSE=0.96) is obtained for all 
the combinations of R, σ and slope with the exception of DSmax at low 
slopes, small R and high σ values(Figure 4-11a). 
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Figure 4-9 Effect of range (a, c) and sill (b, d) on DSmax at (a, b) 1% slope 
and at (c, d) 10% slope. Error bars = standard deviation (n=10). Points 
correspond to observed values. Red lines correspond to Equation 4-4a and 
blue lines to Equation 4-4b. 
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Figure 4-10 Effect of (a) range and (b) sill on DSmax at 0% slope. The dashed 
black line corresponds to Equation 4-3. Error bars = standard deviation 
(n=10). 
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Figure 4-11 Observed versus predicted values of DSmax for the different 
combinations of slope, R and σ using (a) Equation 4-4a and Equation 4-4b 
(R² = 0.975; RMSE = 0.733 mm; NRMSE = 0.17; NSE = 0.96), (b) 

Kamphorst et al. (2000) (R² = 0.892; RMSE = 1.429 mm; NRMSE = 0.34; 
NSE = 0.86) and (c) Kirkby et al. (2002) (R² = 0.698; RMSE = 2.675 mm; 
NRMSE = 0.63; NSE = 0.53). Each point is the average of 10 replicates. 
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4.5 Discussion 

The results indicate that both the range and sill of the variogram have 
an important influence on the RSCf, and that the effects depend on the 
slope of the field. With the exception of CCT, these variations follow 
clear trends represented by Equation 4-7, Equation 4-10, and Equation 
4-4a and Equation 4-4b. In this section we will provide a physical 
interpretation for the observed effects based on the geometrical 
conceptualization of the soil surface (Figure 4-1). 
 

4.5.1 Ratio of initially connected surface 

C0 is the area of the depressions connected to the bottom outlet before 
depressions start filling. This area results from a border effect caused 
by the bottom outlet (Peñuela et al., 2013). C0 includes depressions 
directly connected to the outlet but also upstream depressions 
connected to the latter depressions. At low slopes, upstream 
depressions are disconnected from the outlet by crests, and even low 
crests suffice to block them off from the outlet. At 1% slope Equation 
4-5 indicates proportionality between C0 and R, i.e. between C0 and 
the size of depressions. The larger the depressions, the larger the area 
initially connected to the outlet. The slope of Equation 4-5 (0.24) may 
be understood conceptually as the proportion of an imaginary 
rectangular area, 6000 mm wide and R mm long located immediately 
upstream of the bottom outlet, that is initially connected to the bottom 
outlet.  
 
In this study, Equation 4-5 was found to also provide a good fit for 
high slope values but only for high values of σ (Figure 4-4c and 
Figure 4-4d). With a higher vertical roughness, and hence higher 
crests surrounding depressions, even at high slope values the wall 
effect produced by these crests is sufficient to disconnect the upstream 
areas from the bottom outlet. As the slope further increases, the 
elevation of the bottom of the upstream depressions becomes higher 
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than the crests immediately below, and consequently these 
depressions become connected, resulting in an increase in C0. This 
will occur faster for small crests than for large crests. This is reflected 
in Equation 4-7, which is a generalization of Equation 4-5 based on 
our conceptual representation of surface topography and which takes 
into account the relationship between C0 and 1) the shape of the 
depressions (β) and 2) the slope of the field (α). 

4.5.2 Connectivity Threshold 

CCT represents the proportion of area connected to the outlet when the 
generalized overland flow process starts. CCT values appear fairly 
independent of σ, R and slope (Figure 4-6). However, this apparent 
independence might be caused by the high variability of CCT which 
makes it impossible to identify clear trends. CCT values range between 
0.05 and 0.15 with the exception of the combinations of high values of 
slope and R and low values of σ. Most of the latter combinations were 
not considered in this study since they correspond to cases where the 
soil surface barely stores water in depressions (DSmax<0.01 mm) and 
behaves like a flat surface (Table 4-2). Since CCT represents a relative 
area (connected area at the connectivity threshold divided by total 
study area) and it is a border effect along the bottom outlet (Peñuela et 
al., 2013), CCT will tend to 0 as the length of the study area increases. 
 
RDSCT corresponds to the height of stored water needed to initiate the 
overland flow process. Figure 4-8 and Equation 4-8 and Equation 4-10 
indicate that RDSCT is not affected by σ in the absence of slope. A 
certain slope gradient is needed to facilitate the spilling and 
connection process of the micro-depressions and hence the occurrence 
of the connectivity threshold. However, for high σ values when the 
slope is not high enough to facilitate the spilling process, the system 
behaves similarly to a 0% slope case. For high σ values and low 
slopes, Equation 4-10 tends asymptotically to Equation 4-8. Hence, 
values of RDSCT observed at low slopes are also observed in high 
slope cases combined with high values of σ. 
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At first, one might not expect the average horizontal size of the 
depressions to affect RDSCT. However, Figure 4-7 and Figure 4-8 and 
Equations 4-8 and 4-10 show a clear decrease of RDSCT with R. This 
decrease, which is linear, becomes more pronounced for high slope 
values. The increase of slope of the field together with the increase of 
R facilitates the connection between depressions and reduces their 
capacity to store water. As a consequence, a lower RDS is needed to 
initiate CT. Surprisingly, this decrease is also observed for the 0% 
slope case (Figure 4-8a), indicating that an increase in R alone is 
sufficient to decrease the value of RDS needed to initiate the overland 
process. This can be explained by the fact that as R increases, the 
number of micro-depressions decreases and so the probability that the 
overland flow gets trapped in poorly connected micro-depressions 
decreases. 
 
The existence of a single connectivity threshold may appear to 
contradict previous studies where the hydrograph, especially for rough 
surfaces characterized by a small number of large depressions, showed 
a stepwise increase, i.e. the initial flow threshold was followed by a 
number of other flow thresholds (Chu et al., 2013; Yang and Chu, 
2013; Chu et al., 2015; Yang and Chu, 2015). These multiple 
thresholds resulted from the spilling and connection of individual 
depressions (Yang and Chu, 2013). In contrast to the present study, 
the depressions of the rough surfaces were considerably larger in 
relation to the plot size and fewer, which may explain their marked 
effect on the hydrograph. Similar to the present study, a more gradual 
increase of hydrologic connectivity was, however, observed on 
smooth surfaces with smaller depressions after the first threshold (Chu 
et al., 2015). We therefore believe that as the size of the study area 
increases in relation to the size of depressions, and hence a higher 
number of depressions are present, this stepwise increase will tend to a 
more continuous rise of the hydrograph and with a single initial 
threshold. The first major threshold in contributing area coincides with 
the first significant increase in outlet flow (Chu et al., 2015) and is 
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therefore analogous to the CT defined in the present study. It must be 
noted that the stepwise behaviour may also be affected by border 
effects. As shown by Appels et al. (2011) and Peñuela et al. (2013), 
when the size of depressions is large compared to the plot size, border 
effects can significantly affect connectivity. These border effects 
cause a large area of the field to be connected to the outlet right from 
the start, i.e. a high C0, producing a significant decrease of DSmax. 
Moreover, the plot size is not able to represent all the components 
involved in the connectivity process (Peñuela et al., 2013) causing 
contrasting micro-topographies to have indistinguishable connectivity 
behaviours (Appels et al., 2011; Peñuela et al., 2013). 

4.5.3 Maximum Depression Storage 

DSmax has commonly been predicted on the basis of the random 
roughness value of the soil micro-topography which is generally 
defined as the standard deviation of the point elevations (e.g., 
Kamphorst et al., 2000). Figure 4-9 and Figure 4-10 and Equations 4-
4a and b confirm that σ greatly affects DSmax for all the slopes. In 
particular for a 0% slope, DSmax is a linear function of σ (Equation 4-
3, Figure 4-10). The slope coefficient of this linear equation (0.36) 
reflects the proportion of the surface that stores water but also the 
difference in shape between the micro-depressions in the Gaussian 
fields and the rectangular depressions of our conceptual representation 
of surface micro-topography. 
 
However, a linear relation between DSmax and σ is not observed for 
higher slope values (large α), particularly for high values of R. As 
discussed above for C0 and RDSCT, the combination of high slopes and 
low values of σ facilitates the connection of micro-depressions with 
the bottom outlet and hence reduces their capacity to store water. Yet, 
as for RDSCT, the range of the variogram (R) also has an important 
influence on DSmax, except for the 0% slope case (Figure 4-10a). In 
both cases, this effect can be explained satisfactorily by the 
relationship between the shape of micro-depressions (β) and the slope 
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gradient (α). As mentioned in Section 4.4, flatter surfaces (low values 
of β, in this case caused by high values of R) combined with high 
slope gradients reduce the relative difference in elevation between the 
bottom of the micro-depressions and the downstream crests that 
disconnect them from either other depressions or the bottom outlet. 
 
In general, Equations 4-4a and b fit reasonably well the observed 
values of DSmax except for low slopes, small R and high σ values 
(Figure 4-9a, b and Figure 4-11a). At 1% slope, low values of R and 
high values of σ, the conceptual depressions resemble deep, narrow 
slots, a shape that is unlikely to be found in practice. The value of b 
(0.3) is lower than the value obtained for the 0% slope in Equation 4-3 
(0.36). This may indicate that the proportion of area that stores water 
is higher for horizontal surfaces than for inclined surfaces and hence 
Equations 4-4a and b are not valid for the 0% slope case. 
 
In the literature, several empirical expressions have been proposed 
that relate DSmax and structural characteristics of the micro-
topography, e.g. Kamphorst et al. (2000) and Kirkby et al. (2002). The 
expressions of Kamphorst et al. (2000) and Kirkby et al. (2002), 
which do not account for the horizontal component of the surface 
roughness, perform less well (NSE = 0.86 and NSE = 0.53, 
respectively) than the simple conceptual model proposed here when 
using the present dataset (NSE = 0.96; Figure 4-11). Moreover, 
random roughness index-based equations imply that for a given 
random roughness value, DSmax decreases linearly with increasing 
slope and that a threshold slope exists at which DSmax is equal to zero. 
As opposed to the unrealistic zero-DSmax threshold slope implied in 
the random roughness index-based equations (Onstad 1984; 
Kamphorst, 2000), Equations 4-4b is able to reflect the asymptotical 
decrease of DSmax 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 high ratios of σ/2R 
(deep/narrow depressions), overland flow connectivity is controlled by 
an important process of depression filling and characterized by a 
marked connectivity threshold. The spilling and rapid connection 
process starts when micro-depressions are almost full. For these more 
low connectivity cases, the link between functional connectivity and 
structural connectivity is represented by a linear relation between the 
RSCf parameters and a single component (horizontal or vertical) of 
the surface roughness: between C0 and R (Equation 4-5), between 
RDSCT and R (Equation 4-8) and between DSmax and σ (Equation 4-3). 
On the other hand, as the slope increases in combination with low 
σ/2R ratios (wide shallow depressions), the filling and spilling process 
occurs more gradually with an earlier initiation of CT. In these high 
connectivity cases, all components of the surface roughness, in the 
form of β, are needed to define the RSCf parameters (Equation 4-7, 4-
10 and 4-4a and b), except for CCT.  For cases with very low DSmax, 
the RSCf could not be characterized and hence the above equations do 
not apply. However, such surfaces essentially behave like fully-
connected, flat surfaces and hence can be modelled as such.   
 
It should be noted that, since C0 and CCT are border effects that tend to 
0 as the plot length increases (Peñuela et al., 2013), the RSCf could be 
characterized only by RDSCT and DSmax for long plots. This would 
greatly facilitate the use of the RSCf as a means to integrate plot-scale 
hydrological connectivity into hydrological models and to improve the 
representation of subgrid overland flow generation. A similar 
methodology to improve the representation of the subgrid overland 
flow process is implemented in the openLISEM model (De Roo et al., 
1996a,b and Baartman et al., 2012). This model takes into account the 
runoff that takes place before the excess rainfall reaches the maximum 
depression storage and reflects the gradual nature of overland flow 
generation. In order to do so it first assumes that runoff generation 
starts when 10% of the surface is ponded, the depression storage at 
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this point is referred to as Start Depressional Storage. Second, as from 
the Start Depressional Storage, it assumes that runoff is generated 
gradually in a nonlinear way as a function of the depression storage. 
Finally, after all the depressions are completely filled, i.e. DSmax is 
reached, runoff increases linearly with water height. In order to set the 
values of both parameters, Start Depressional Storage and DSmax, 
openLISEM uses the random roughness which is a structural indicator 
of the vertical variability of the micro-topography but which does not 
consider the horizontal component of this variability. This model also 
does not consider explicitly the slope gradient of the soil surface to 
predict the Start Depressional Storage, despite the strong interactions 
observed between slope, sill and range in the present study. 
 
The results of this study are restricted to cases where the RSCf has a 
convex shape with a clearly identifiable connectivity threshold, which 
nevertheless covers a wide range of conditions. However, the 
combination of either high slopes and low σ or high slopes and high R 
leads to an RSCf with a straight or concave shape since the RSCf 
increases very rapidly right from C0 (i.e. overland flow generation is 
dominated by a rapid spilling and connection process at the earliest 
stages of the process). This makes CT more difficult to be visually 
identified and even to disappear. Results are also restricted to cases 
where oriented roughness is not present and where the micro-
topography has not yet been substantially modified by flowing water, 
i.e. no preferential flow paths such as rills are present. At scales larger 
than the minimal representative scale, i.e. when the plot size is large 
enough in relation to R (Appels et al. 2011; Peñuela et al., 2013), the 
RSCf and hence the equations presented in this study can be 
potentially extrapolated to other scales. C0 and CCT, as border effects 
will tend to 0 as the scale of study increases and RDSCT and DSmax 
remain constant since they are only affected by scales smaller than the 
minimal representative scale. 
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These equations were derived from Gaussian random topographical 
fields. Although real fields have also been shown to follow this 
distribution (Cremers et al., 1996), oriented roughness is not 
represented when generating random topographical fields and hence, 
additional research on real fields with oriented roughness is needed to 
confirm these results. 

4.6 Conclusions 

The results reveal that the range, the sill and slope have marked 
effects on the parameters defining the RSCf with the exception of CCT.  
At low slopes and high sill/range ratios (deep depressions), the 
characteristic parameters of the RSCf are linked to a single component 
of the surface roughness (range or sill), whereas at high slopes and 
low sill/range ratios (shallow depressions), both the range and the sill 
are needed to explain and predict the Relative Surface Connection 
function.  Based on a simple rectangular conceptualization of surface 
roughness, mathematical expressions in function of the range, the sill 
and slope were derived in order to predict C0, RDSCT and DSmax. 
These expressions were able to physically explain and reasonably 
predict the slope, range and sill effects on the Relative Surface 
Connection function. For the present dataset, they outperformed 
relations proposed previously for DSmax. 
 
This study shows the potential of linking structural and functional 
connectivity and of predicting runoff-relevant features of overland 
flow connectivity by the study of surface roughness. Moreover it 
opens a new way to predict the DSmax of soils by a physical analysis of 
the soil surface and not by empirical formulas which generally do not 
take into account the horizontal component of surface roughness. 
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5 Evolution of overland flow connectivity in 
bare agricultural plots. 

5.1 Abstract 

Soil surface roughness not only delays overland flow generation but 
also strongly affects overland flow distribution and concentration. 
Studies seeking to find the link between soil roughness and overland 
flow generation generally aimed at predicting the delay in overland 
flow generation by means of a single parameter characterizing soil 
roughness. However, little work has been done to find a link between 
soil roughness and overland flow characteristics. This is made difficult 
because soil roughness and hence overland flow characteristics evolve 
as a result of soil erosion processes, but this evolution may be very 
different depending on whether diffuse or concentrated erosion 
dominates. The present study examines the potential of using the 
concept of structural and functional connectivity to link roughness 
characteristics to overland flow characteristics. For this purpose, soil 
roughness of three 2.5-m x 9.4-m agricultural plots exposed to natural 
rainfall was monitored for a 7-month and 6-month periods in each of 2 
years. Different initial roughnesses after tillage were applied each 
year. Soil micro-topography was characterized by a photogrammetry 
technique, initially and after each important rainfall event. Soil 
roughness was characterized by the flow directional variogram, 
overland flow connectivity by a functional connectivity indicator 
called the Relative Surface Connection function (RSCf) and overland 
flow generation by FullSWOF_2D. Whereas the overland flow 
characteristics were found to be little or moderately correlated to the 
variogram, the former was found to be highly correlated to the RSCf. 
Very high correlations observed between DSmax and overland flow 
generation delay not only confirms the important role of depression 
storage on the delay of overland flow generation but also, it shows the 
potential of improving the prediction of the overland flow hydrograph 
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by the use of DSmax.  However the results of this study show that soil 
roughness cannot just be considered as a delaying factor for overland 
flow generation. The development of eroded flow paths at the soil 
surface not only produces a decrease in DSmax but also an increase in 
connectivity and a higher rate of increase of the runoff ratio, as well as 
a higher Froude number and higher spatial continuity of flow 
velocities. These results show the potential of the RSCf to serve as a 
link between structural connectivity (soil roughness) and overland 
flow dynamics. 

5.2 Introduction 

Overland flow generation is a dynamic process greatly influenced by 
the soil micro-topography (Govers et al., 2000; Darboux et al., 2002b; 
Frei et al., 2010). When micro-topography elements such as clods, 
crests and rills are of the same order of magnitude or larger than the 
water flow depth, the resulting form roughness (Abrahams and 
Parsons, 1990; Govers et al., 2000) is a major factor causing spatial 
variations in overland flow depth, velocity, and direction (Zhang and 
Cundy, 1989; Esteves et al., 2000).  
 
On arable land, the initially tilled soil surface is modified by erosion, 
thereby affecting the process of overland flow generation. When 
micro-topography elements are randomly distributed, soil roughness is 
typically characterized by a single parameter (e.g., random roughness; 
Hansen et al., 1999; Kamphorst et al., 2000; Smith, 2014) and strong 
links between standard roughness indicators (structural connectivity) 
and functional connectivity are observed (Chapter 4). For such 
randomly distributed surfaces, the overland flow process consists of a 
gradual and spatially distributed process of filling, spilling and 
connection between micro-depressions (Onstad, 1984; Darboux et al., 
2002b). In particular for low slope gradients and rough surfaces, this 
process is mainly controlled by depression filling, since this type of 
surface has a high depression storage capacity. This fill-dominated 
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process delays runoff generation (Darboux and Huang, 2005) and 
increases overland flow re-infiltration (Puigdefabregas and Sanchez, 
1996). 
 
During rainfall, interrill erosion (sheet and splash erosion) tends to 
smoothen the surface roughness by eroding clods and flattening 
ridges, and by filling downstream micro-depressions with the 
produced sediments (Kirkby, 2002; Guzha, 2004). As a consequence, 
the capacity of micro-depressions to store water and to delay overland 
flow generation is reduced progressively. For steep enough slopes 
(Savat and De Ploey, 1982; Govers, 1987; Planchon et al., 1987), once 
the micro-depression spilling process is initiated, connected 
depressions tend to form continuous flow paths in the direction of the 
slope gradient. These preferential flow paths facilitate the overland 
flow process by routing and concentrating the water flow (Nicolau, 
2002; Darboux and Huang, 2005; Moreno-de las Heras et al., 2010), 
producing an increase in the local flow velocity, erosive power and 
sediment transport capacity (Govers et al., 2000; Kirkby, 2002) and a 
low potential for sediment deposition (Helming et al., 1998; Bracken 
and Croke, 2007). This erosive energy of concentrated overland flow 
creates eroding flow paths that can be described as incisional (rills 
which are easily recognized on the soil surface) or dispersive (wide 
and shallow paths not so easily recognized on the soil surface) 
(Bracken and Croke, 2007). The initiation of eroding flow paths has 
been related to the Froude number (Fr). Rill initiation has been 
reported to occur in the transition from subcritical to supercritical flow 
(Savat, 1979; Torri et al., 1987; Slattery and Bryan, 1992) and as 
consequence of local hydraulic jumps occurring in these preferential 
flow paths (Grant, 1997; Giménez et al., 2004). In turbulent overland 
flow rill initiation has also been reported to depend on the spatial 
variability of soil shear strength and the effect of raindrop detachment 
(Parsons and Wainwright, 2006). In particular, the rilling process and 
rill network can be modified by the sequence of rainfall events which 
determine the scour and fill processes in the rills (Luk et al., 1993). In 
the presence of oriented roughness patterns, the link between 
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structural and functional connectivity may depend on particular details 
and directional patterns which cannot be characterized by standard 
random roughness indicators (Darboux et al., 2002b; Smith, 2014). 
Yet, these features must be taken into account in order to determine 
the overland flow characteristics (Parsons and Abrahams, 1992; 
Bryan, 2000). 
 
Although the processes described above have been extensively studied 
in the literature, their impact on overland flow connectivity has not, 
especially in quantitative terms. The objective of this study was 
therefore twofold. The first objective was to investigate the evolution 
of overland flow connectivity on bare agricultural plots in response to 
changes in surface micro-topography under natural rainfall conditions. 
The second objective was to evaluate to what extent these changes in 
the RSCf could be linked to the overland flow generation process. 

5.3 Materials and methods 

5.3.1 Study area 

The study site was located at the UCL experimental farm in the 
Belgian province of Brabant Wallon (50°40'22.0"N 4°38'17.2"E). The 
weather is maritime temperate with precipitations evenly distributed 
along the year (800 mm/year) and occasional thunderstorms in spring 
and summer. The experiments were conducted between April 2013 
and October 2014. The experimental plots were laid out on silt loam 
soils (17.4% clay, 73.0% silt and 10.7% sand) with 10 g/kg of organic 
carbon and derived from aeolian deposits. 

5.3.2 Experimental Set-up 

The experiments were conducted on freshly tilled soil surfaces on an 
agricultural hillslope in three replicate plots 3 m wide and 10 m long. 
The soil surface was tilled with a rototiller to a depth of 0.1 m, and it 
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was kept free of vegetation by applying herbicides regularly. Tillage 
was undertaken in May 2013 and in April 2014, after which the plots 
were monitored for a period of 7 months in Year 1 and 6 months in 
Year 2. Table 5-1 summarizes the topographic characteristics of the 
plots in both years. 
 
Table 5-1 Slope and initial soil roughness of the plots. 

 

 

Plot 1 Plot 2 Plot 3 
Slope gradient [%]  9.4 6.9 10.7 
Initial along-slope variogram       

Year 1: Tillage - May 2013 
   Standard deviation (σ) [mm] 9.3 7.3 8.7 

Range (R) [mm] 656,4 853.6 673.4 

Year 2: Tillage - April 2014 
   Standard deviation (σ) [mm] 11.4 13.7 13.8 

Range (R) [mm] 438.2 538.4 516.0 

 
The top and the lateral sides of the plots were bounded with rigid 
plastic sheets driven about 10 cm into the ground and extending 20 cm 
above the surface. Overland flow was collected at the lower end of 
each plot in a gutter and discharge was measured every 10 s using a 1-
litre capacity tipping bucket (Giboire et al., 2003). Rainfall was 
measured with an electronic tipping bucket recording rain gauge, each 
tip corresponding to 0.16 mm of rainfall depth. Because erosion and 
changes in surface microtopography are better correlated with rainfall 
erosivity than rainfall amount (Alberts et al., 1995; Antoine et al., 
2011), rainfall erosivity (RE in MJ ha-1 mm h-1) was calculated as 
described by Verstraeten et al. (2006). 
 
Cumulative outflow data from Plot 1 in Year 1 could not be calculated 
since data from three months (Table 5-2) were missing due to 
technical problems. 
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5.3.3 Photogrammetric Data Acquisition 

Digital elevation models (DEM) of the soil surface were obtained by 
means of close range digital photogrammetry software called Apero 
and MicMac v1.0.1 (IGN, Institut Géographique National, France) 
(Ahmadabadian et al., 2013; Toschi et al., 2013). Despite the 
limitations of digital photogrammetry, it enables the measurement of 
micro-topographic surfaces and the characterization of the spatial 
distribution of erosion and deposition and rill development (Gessesse 
et al., 2010). Images were taken on a monthly basis or more frequently 
in case of extreme rainfall events. The photographs were taken 
vertically from a height of approximately 2 m. A SLR camera with a 
focal length of 20 mm was used during the study. Each experimental 
plot including the borders on all sides was covered by a block of 
approximately 50 photos with an overlap of at least 60% in three 
strips. To exclude large relief displacements caused by plot border 
effects during pixel matching (Lane et al., 2003), the area for DEM 
generation was reduced by 25 cm in advance along the sides and by 
30 cm along the top and bottom edges. In order to precisely set the 
study area, four 20-mm diameter plastic pipes were driven into the 
ground at each corner of the plots, limiting the effective study area to 
a width of 2.5 m and length of 9.4 m. A vertical accuracy of ±0.5 mm 
was obtained with this technique. To reduce the computational 
requirements for analyzing the DEMs yet keeping sufficient resolution 
for proper characterization of the soil roughness (Ogilvy and Foster, 
1989), the DEMs were interpolated to a 1-cm grid. 

5.3.4 Median polishing technique and variogram 

calculation 

Geostatistical characterization of the surface micro-topography can 
only be performed after removing large-scale variations (or trends). 
Consequently, data were detrended by using the median polishing 
technique (Cressie, 1993). The technique estimates the grid elevation 
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(Yij) value as the sum of the overall median (m), transect median (r i), 
column median (cj), a row-column interaction g(i-ī)(j-ĵ) and a residual 
term (Rij): 
 

Yij = m + r i + cj+ g(i- ī)(j-ĵ) + Rij                         Equation 5-1 
 
where subscripts i and j are the row and column numbers of the grid 
and i and j are the average row and column number of the grid and g is 
the slope of the row-column interaction component. As recommended 
by Cressie (1993), Rij are used to calculate the variogram. 
 
The variogram γ(l) (Equation 2.1) was used as a means to characterize 
soil roughness and as a structural connectivity indicator. Given the 
high slope gradients of the three studied plots, erosion and sediment 
transport are expected to most strongly modify the spatial 
configuration of soil roughness in the slope direction. Especially with 
the appearance of continuous and parallel roughness elements 
produced by tillage (Vazquez et al., 2005) or, as in this study, by 
eroding flow paths in the direction of the slope gradient, the amplitude 
of the horizontal variability is expected to reflect this continuity by an 
increase in the range (R). For this reason the variogram will be studied 
in the slope direction applying a directional tolerance of 30°. 

5.3.5 Flow simulation, hydrographs and connectivity 

length 

It is difficult to discriminate between the effects of surface micro-
topography and the effects of spatial heterogeneity of soil infiltration 
on the measured hydrographs. Hence, to assess how surface evolution 
affects flow properties, overland flow was simulated numerically for 
each DEM using FullSWOF_2D v1.0.10 (Full Shallow Water 
equations for Overland Flow; Delestre et al., 2014). FullSWOF_2D 
solves the 2D shallow water flow equations (full Saint-Venant 
equations) using finite volumes and numerical methods specifically 
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developed for hydrological applications with small water heights. 
Some of its main features are that it proposes two friction models 
(Manning and Darcy-Weysbach), that water infiltration is based on the 
Green-Ampt equation and that DEMs can be directly used as input. In 
this study the Mannning friction model was used. It must be noted that 
the Saint-Venant equations assume that the fluid velocity is constant 
along the vertical direction. The fluid velocity is determined as a 
function of the local gradient slope, given by the DEM, and the 
friction force, which is a function of the friction factor and the water 
depth. FullSWOF provides the water height and flow velocity for each 
grid element. 
 
In this study, since only excess-rainfall is needed to study overland 
flow, infiltration was not considered explicitly and the application of 
the model only required the friction factor of Manning as input 
parameter, in addition to the DEM. According to Chow (1959), 
Manning values for bare soils are 0.02-0.025 under normal conditions. 
However, a lower value must be selected in order to represent the 
effect produced by the micro-roughness and not the form roughness 
(Abrahams and Parsons, 1990) which is already represented by the 
DEMs. A minimum Manning value was established by using Equation 
5-2 (Strickler, 1923; Yen, 1992) which only considers the grain size 
effect: 
 

 n = 0.0474 d50
1/6                                                                Equation 5-2 

 
where d50 is the median sediment diameter expressed in metres. For a 
silt loam, d50 = 26 µm, giving approximately n = 0.01. Since the 10 
mm spatial resolution of the DEMs is not able to represent explicitly 
the grain size, the friction factor should be scaled-up in order to 
represent the effective roughness length (Clifford et al., 1992). 
Therefore, a Manning coefficient of 0.015, comprised between the 
maximum (0.02-0.025) and the minimum (0.01) values, was used for 
the simulations. Up-scaling the friction factor relies on the assumption 
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that the only effect of the micro-roughness not explicitly represented 
is a momentum loss but it does not take into account the effect of the 
micro-roughness on the routing of flow (Lane 2005).  We consider 
that the micro-roughness elements not explicitly represented by the 10 
mm spatial resolution have a negligible influence on the routing of 
flow compared to the influence of the form roughness elements 
already represented in the DEMs. 
 
For illustration purposes, a constant 60 mm/h excess-rainfall intensity 
was used to calculate the overland flow hydrographs. Simulations 
lasted until steady-state was reached. Hydrographs are depicted as the 
runoff ratio [-] vs. cumulative rainfall [mm]. To facilitate comparison 
of the hydrographs, five characteristic values were used. Three to 
characterize the timing or delay of overland flow generation, I10, I50, 
and I90 and two to characterize the rate of increase of the runoff ratio, 
S10,50 and S50,90. I10, I50, and I90 correspond to the cumulative rainfall 
needed to reach 10%, 50% and 90% of the maximum runoff, 
respectively. The maximum outflow occurs when the runoff rate is 
equal to the rainfall intensity, i.e. when the runoff ratio equals 1. In 
order to characterize the rate of increase of the hydrograph, the slope 
of the hydrograph between I50 and I10, S10,50  = (0.5 - 0.1)/( I50 - I10), 
and between I90 and I50, S50,90 = (0.9 - 0.5)/( I90 - I50), were calculated.  
 
The flow patterns at steady-state were characterized based on the 
velocity fields provided by FullSWOF_2D. The connectivity length 
(ξ), as defined by percolation theory, was used. ξ is defined as the 
size-weighted average radius of gyration of connected clusters (Keitt 
et al., 1997). A natural measure of the size of a circular cluster is its 
radius. However, in general, clusters are not round; they can be 
irregular, sinuous structures. The radius of gyration, r [mm], is 
measure of irregular cluster size used in percolation and is defined as:  
  

                    Equation 5-3 
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where x̅ and y̅ are the mean x and y coordinates of lattice cells in the 
cluster in mm, xi and yi are the coordinates of the i th grid cell in the 
cluster in mm, and n is the total number of cells in the cluster. In this 
study, in order to differentiate between connected and non-connected 
clusters, flow velocity fields were first binarized using a threshold 
equal to the average flow velocity (calculated across all the plots and 
years). Thus, ξ is a measure of the typical length of continuous high 
flow velocity areas/paths. Each of the connected clusters was labelled 
according to their size s. ξ [mm] was calculated by using the following 
equation: 
 

              Equation 5-4 
  
where s is in mm2, rs is the radius of gyration in mm of the connected 
clusters of size s and ns is the proportion of connected clusters of size 
s. 
 
The average Froude number for the whole plot surface was calculated 
at steady state (maximum outflow) as an indicator of the flow erosive 
power which is expected to increase as overland flow becomes 
concentrated in preferential and eroding flow paths. 

5.3.6 Uncertainty analysis of DEM 

Given the importance of achieving repeatable results when studying 
the evolution of the soil roughness, connectivity and hydrograph, the 
uncertainty resulting from building the DEMs was assessed. In digital 
photogrammetry, the quality of the DEM can be affected by the 
process of acquisition of the reference points, the lens distortion and 
by the process of identification of homologous points and DEM 
extraction (Rieke-Zapp and Nearing, 2005; Gessesse et al., 2010). In 
order to evaluate the uncertainty in scenarios with contrasting 
hydrological characteristics and connectivity patterns, 8 replicate sets 
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of images of an eroded surface and then 6 replicate sets of images of 
the same plot (Plot 1) but freshly tilled surface, were taken at different 
times of a single, rainless day and with different light conditions. 
These replicates were used to calculate the mean and the standard 
deviation (SD) of the parameters defining the variogram, RSCf and 
hydrograph. The SD compared to the range of variation of the 
calculated values of the parameters observed in this study will provide 
a measure of the precision or repeatability of the methodology and the 
results. 

5.4 Results 

5.4.1 Climatic conditions 

In Year 1, for the first two months, the cumulative rainfall (152 mm) 
barely generated runoff (Figure 5-1a and Table 5-2). However, at the 
end of July, after a dry period, an intense thunderstorm (28.3 mm in 
30 min; ∆ RE = 219 MJ ha-1 mm h-1) produced considerable runoff 
(Figure 5-1a and Table 5-2). In August, a second less intense 
thunderstorm (14mm in 40 min; ∆ RE = 45 MJ ha-1 mm h-1) produced 
additional runoff. From this moment till November, almost no further 
increase in the cumulative runoff was observed (Figure 5-1a and Table 
5-2). 
 
In Year 2, after a relatively dry period in April, a series of rainfall 
events in May and especially a first thunderstorm (10.2 mm in 30 min; 
∆ RE = 29 MJ ha-1 mm h-1) produced runoff on the three plots (Figure 
5-1b and Table 5-2). In early June, an intense thunderstorm (24.1 mm 
in 40 min; ∆ RE = 152 MJ ha-1 mm h-1) produced an important 
increase in the cumulative runoff of the plots. From this moment till 
September, a series of intense rainfall events generated an important 
amount of runoff (Figure 5-1b and Table 5-2). 
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Figure 5-1 Measured cumulative daily precipitation and cumulative outflow 
from each plot during (a) Year 1 and (b) Year 2. Vertical arrows represent 
the first two thunderstorms for each year. Cumulative outflow data for Plot 1 
in Year 1 could not be plotted because some data was missing. 
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Table 5-2 Increments of cumulative rainfall energy and rainfall and plot 
outflow in between successive DEMs. 

   

Plot 1 Plot 2 Plot 3 
RE Date ∆ rainfall ∆ outflow ∆ outflow ∆ outflow 

[MJ ha-1 
mm h-1] 

 

[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 3.5 3.9 

 Year 2           
1 3/04/2014 0 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 parameters defining 
the variogram (Chapter 2), the RSCf (Chapter 2) and the overland 
flow hydrograph show very low coefficient of variation (CV) values, 
all of them being equal or below 0.091 (Table 5-3), with the only 
exception of CCT for the freshly tilled surface and C0, CCT and RDSCT 
for the eroded surface (Table 5-3). This means that the parameters are 
reliably determined from the DEMs. 
 



Results 
 

116  
   

 
Table 5-3 Uncertainty of the parameters defining the variogram, RSCf and overland flow hydrograph 
for two contrasted micro-topographies 

 

  

 Freshly tilled surface Eroded surface 

  

units  mean SD CV mean SD CV 

Along-slope 
variogram 

σ [mm] 9.4 0.1 0.015 9.7  0.1 0.014 

R [mm] 478.4 15.3 0.027 1057.6 17.2 0.016 

 

RSCf 
 

C0  0.004 0.0003 0.091 0.019 0.003 0.134 

CCT  0.072 0.020 0.278 0.054 0.026 0.469 

RDSCT  0.500 0.042 0.084 0.080 0.037 0.463 

DSmax [mm] 0.315 0.010 0.031 0.011 0.001 0.074 

Overland 
flow 
hydrograph 

I10 [mm] 0.9 0.022 0.024 0.23 0.004 0.019 

I50 [mm] 1.66 0.043 0.026 0.49 0.010 0.021 

I90 [mm] 2.44 0.047 0.019 0.66 0.008 0.013 

S10,50 [mm-1] 0.53 0.029 0.055 1.54 0.059 0.038 

S50,90 [mm-1] 0.51 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 ha-1 mm h-1, the soil roughness 
distribution did not change and only a slight smoothing of the soil 
surface was observed (Figure 5-2a and b). With the occurrence of the 
first thunderstorm, RE = 286 MJ ha-1 mm h-1, the DEMs showed a 
slight change in the spatial soil roughness distribution, and wide and 
shallow paths appeared on the surface (Figure 5-2c). From RE = 286 
MJ ha-1 mm h-1 till the end (RE = 436 MJ ha-1 mm h-1), the DEMs did 
not show visual changes in roughness (Figure 5-2c and d). The study 
of the variogram reveals a continuous and slight decrease of σ with RE 
along the year (approx. 1 mm) for the three plots (Figure 5-4a) while 
R increases (by 300-400 mm) linearly up to RE = 350 MJ ha-1 mm h-1 
for all the plots (Figure 5-4b) except for Plot 3 for which R slightly 
decreases from RE = 286 MJ ha-1 mm h-1 up to the end of Year 1. 
From RE = 350 MJ ha-1 mm h-1 till the end of Year 1, R decreased (by 
150 mm) for Plot 2 and remained approximately constant for Plot 1 
(Figure 5-4b). 
 
In Year 2, significant changes were observed in the DEMs after the 
occurrence of the first important rainfall events (RE = 52 MJ ha-1 mm 
h-1) (Figure 5-3a and b). Preferential flow paths, but not yet well 
developed rills, were observed on the soil surface (Figure 5-3b). A 
subsequent thunderstorm eventually produced the development of a 
rill network at the surface (Figure 5-3b and c). From RE = 274 MJ ha-1 
mm h-1 till the end of Year 2 (RE = 745 MJ ha-1 mm h-1) the spatial 
configuration of soil roughness barely changed (Figure 5-3d). 
Additional rills were not observed, but the rills already present 
became deeper and showed local headcuts. The interrill areas became 
smoother. The variogram shows an initial pronounced decrease of σ 
(by 2.8-3.5 mm) up to RE = 52 MJ ha-1 mm h-1 (Figure 5-4b). After 
this point till the end of Year 2 (RE = 746 MJ ha-1 mm h-1), σ remains 
fairly constant. A similar but opposite behaviour is observed for R. 
First, a pronounced increase of R (by 280-320 mm) is observed up to 
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RE = 52 MJ ha-1 mm h-1. This is followed by a less pronounced 
increase (by 160-200 mm) up to RE = 274 MJ ha-1 mm h-1. From this 
point till the end, it remains fairly constant with the exception of Plot 
1 that continues to increase up to the end of Year 2. 
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Figure 5-2 Digital elevation models of Plot 1 in Year 1 for (a) RE = 1, (b) RE = 52, (c) RE = 286 and (d) RE = 436. RE in MJ ha-1 
mm h-1. 
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Figure 5-3 Digital elevation models of Plot 1 in Year 2 for (a) RE = 1, (b) RE = 52, (c) RE = 274 and (d) RE = 404. RE in in MJ  
ha-1 mm h-1 
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Figure 5-4 Evolution of the sill (expressed as σ) of the along-slope variogram (a) in Year 1 and (c) in Year 2 and evolution the range (R) 
(b) in Year 1 and (d) in Year 2 as a function of cumulative rainfall erosivity (RE). Data from Plot 3 in Year 2 for RE = 52 is missing. Data 
of Plot 3 in Year 2 and RE = 52 is missing. 
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5.4.4 RSCf 

In Year 1, for the three plots, a decrease of DSmax is observed up to RE 
= 286 (Figure 5-5a and Figure 5-6g). The shape of the normalized 
RSCf barely changes, remaining convex for 0 < RE < 52 (Figure 
5-5b). After the occurrence of the first thunderstorm (RE = 286), one 
observes an important change in the shape of the normalized RSCf, 
from convex to concave (Figure 5-5b). This change is reflected in a 
decrease of RDSCT by approx. 0.2 units for Plot 2 and 3 and 0.5 units 
for Plot 1 (Figure 5-6e). For 286 < RE < 346, the four RSCf 
parameters remained fairly constant (Figure 5-6a, c, e and g) and the 
shape of the normalized RSCf stays concave (Figure 5-5b). As from 
RE = 346, a slight increase of DSmax is observed (Figure 5-5a and 
Figure 5-6g) while the shape of the normalized RSCf tends to a less 
concave shape (Figure 5-5b). Again this change in shape mainly 
affects RDSCT which shows an increase of 0.1 to 0.2 units depending 
on the plot (Figure 5-6e). Only small variations are observed for C0 

(Figure 5-6a) as well as for CCT (Figure 5-6c) over the entire range of 
RE values, with the exception of Plot 1 for which CCT decreases from 
0.2 to 0.05. 
 
In Year 2, similar variations were observed as in Year 1, but they 
occurred more rapidly and were more pronounced. Up to R =52, 
DSmax decreases approximately linearly, after which it remains fairly 
constant and always below 0.01 mm (Figure 5-6h). For RE < 10, the 
shape of the normalized RSCf remains convex (Figure 5-5d). 
Thereafter, there is a rapid shift towards a concave shape following 
the first thunderstorm. As the season progresses, the RSCf becomes 
less concave. The behaviour of RDSCT is similar to that of DSmax, 
with a rapid decrease for RE < 52 (Figure 5-6f). Thereafter, RDSCT 

values are equal to 0, with the exception of Plot 1 which shows a 
slight and linear increase up to 0.08 units. As in Year 1, C0 and CCT are 
small and not significantly affected by the RE (Figure 5-6b and d). 
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Figure 5-5 Evolution of the RSCf (a, c) and the normalized RSCf (b, d) as a 
function of the cumulative rainfall erosivity (RE) for Plot 1 in Year 1 (a, b) 
and Year 2 (b, c). Cross markers represent the connectivity threshold (CT). 
RE in MJ ha-1 mm h-1. 
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Figure 5-6 Evolution of the RSCf parameters, C0 (a, b), CCT (c, d), 
RDSCT (e, f) and DSmax (g, h) as a function of the cumulative rainfall 
erosivity (RE) in Year 1 (a, c, e, g) and Year 2 (b, d, f, h). Data of Plot 
3 in Year 2 and RE = 52 is missing. 
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5.4.5 Overland flow 

A value of 0.07 m/s, corresponding approximately to the mean flow 
velocity at steady state calculated in FullSWOF_2D for all the plots 
and both years, was used to binarize the overland flow velocity fields 
at steady state (Figure 5-8 and Figure 5-9) and eventually calculate the 
connectivity length ξ (Figure 5-7). 
 
In Year 1, after the occurrence of the first thunderstorm (RE = 286 MJ 
ha-1 mm h-1), the continuity of the spatial distribution of the flow 
velocities increased, i.e. flow paths became better defined and more 
continuous (Figure 5-8c). This is also indicated by an increase of ξ by 
50-60 mm for all three plots (Figure 5-7). Until the end of Year 1 (RE 
= 436 MJ ha-1 mm h-1), well defined continuous flow paths are still 
observed (Figure 5-8d), and ξ values remain fairly constant, between 
223 and 253 mm (Figure 5-7). 
 
In Year 2, before the occurrence of the first thunderstorm (RE = 52 
MJ ha-1 mm h-1), the discontinuity of flow velocities is higher than for 
Year 1 (Figure 5-9a). ξ values are more than 100 mm lower in Year 2 
than in Year 1 (Figure 5-7). Similarly to Year 1, significant changes 
are observed in the flow velocity distribution after the occurrence of 
the first important rainfall event (RE = 52 MJ ha-1 mm h-1). Very well 
defined and highly continuous preferential flow paths appear on the 
surface (Figure 5-9b), and ξ increases considerably from 47-87 mm up 
to 224-242 mm. From RE = 52 MJ ha-1 mm h-1 up to the end of Year 2 
(RE = 746 MJ ha-1 mm h-1), the spatial configuration of the flow 
velocities barely changes (Figure 5-9b, c and d). Additionally, the 
preferential flow paths are slightly wider for RE = 52 MJ ha-1 mm h-1 
(Figure 5-9b). 
 
After the first thunderstorm, overland flow in Year 2 is more 
concentrated, with less numerous, less tortuous and better defined 
preferential flow paths, compared to Year 1 (Figure 5-8c and d, and 
Figure 5-9b, c and d). Despite these visual differences, values of ξ are 
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fairly similar after the first thunderstorm for both years, ranging from 
224 to 259 mm, meaning the connectivity is similar in term of 
distance for the three experimental plots in Year 1 and 2. 
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Figure 5-7 Evolution of the connectivity length (ξ) of the overland flow 
velocity fields for the three experimental plots in (a) Year 1 and (b) Year 2. 
Data of Plot 3 in Year 2 and RE = 52 is missing. 
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Figure 5-8 Spatial distribution of binarized overland flow velocity fields at steady state of Plot 1 in Year 1 for (a) RE = 1, (b) RE = 52, 
(c) RE = 286 and (d) RE = 436. RE is in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s 
represented in black. 
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Figure 5-9 Spatial distribution of binarized overland flow velocity at steady state of Plot 1 in Year 2 for (a) RE = 1, (b) RE = 52, (c) 
RE = 274 and (d) RE = 404. RE is in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s 
represented in black.
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For the first three DEMs of Year 1 (RE = 1, 36 and 52 MJ ha-1 mm h-

1), the hydrograph shows an initial plateau (runoff ratio up to 0.09 for 
Plot 1; Figure 5-10a). This causes a delay in the occurrence of I10, I50 
and I90 as compared to the hydrographs of the later DEMs (from RE = 
286 up to 436 MJ ha-1 mm h-1) for which this plateau is barely 
observed. The average values of I10, I50 and I90 range between 0.5 mm 
(I10) and 1.5 mm (I90) of cumulative rainfall (Figure 5-10a and Figure 
5-11a). The plateau is followed by a rapid increase of the runoff ratio, 
approximately up to I90, after which the rate of increase levels off as 
the hydrograph approaches steady state (Figure 5-10a). For the first 
three hydrographs, the rates of increase of the runoff ratio (S10,50 and 
S50,90) range between 2 and 3 (Figure 5-11c) and the mean Fr number 
ranges between 1 and 1.3 (Figure 5-12a). After the first thunderstorm 
(RE = 286 MJ ha-1 mm h-1), a considerably faster runoff generation is 
observed (Figure 5-10a). This faster runoff generation is reflected in a 
short plateau and a decrease of I10, I50, and I90, this decrease being the 
largest for I90 (Figure 5-11a). After RE = 346 MJ ha-1 mm h-1, this 
trend changes and I10, I50 and I90 increase (Figure 5-10a and Figure 
5-11a). Conversely, S10,50 and S50,90 increase for RE = 286 MJ ha-1 mm 
h-1 up to approximately 3.2 and 4.2, respectively, and thereafter 
decrease slightly down to 3 and 3.5, respectively (Figure 5-11c). The 
calculated mean Fr numbers increase slightly up to RE = 286 MJ ha-1 
mm h-1, reaching values between 1.2 and 1.5, and then decrease up to 
the end of Year 1 to reach values between 1.1 and 1.3 (Figure 5-12a). 
 
In Year 2, similar but more pronounced variations are observed 
compared to Year 1. At the initial stages (RE ≤ 10 MJ ha-1 mm h-1) a 
plateau is observed (runoff ratio up to 0.03 for Plot 1; Figure 5-10b). 
This plateau extends up to 1 mm of cumulative rainfall and thereby 
markedly delays the occurrence of I10, I50 and I90. The values of I10, I50 
and I90 are larger than in Year 1 and range between 1.5 mm and 4 mm 
(Figure 5-10b and Figure 5-11b). S10,50 and S50,90 are initially 
approximately equal to 1 (Figure 5-11c), and the mean Froude number 
ranges between 0.9 and 1.2 (Figure 5-12b). After the first 
thunderstorm (RE = 52 MJ ha-1 mm h-1), a considerably faster runoff 
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generation is again observed (Figure 5-10b). The initial plateau 
practically disappears and an important decrease of I10, I50, and I90 is 
observed. The average values of I10, I50, and I90 after the first 
thunderstorm are very similar to Year 1 and range between 0.25 mm 
(I10) and 1 mm (I90). After RE = 52 MJ ha-1 mm h-1 these values 
remain constant up to end of Year 2. As for Year 1, S10,50 and S50,90 
increase strongly after the first thunderstorm (RE = 52 MJ ha-1 mm h-

1) up to approximately 3.8 and 3.5, respectively (Figure 5-11d), and 
remain fairly constant thereafter. An increase of Fr number is also 
observed after the first thunderstorm, this increase being more 
important than in Year 1. The maximum values are fairly similar for 
both years and range from 1.2 to 1.5. For both years, it must be noted 
that the highest Fr values are obtained for Plot 1 and Plot 3 which 
have the highest slope gradients and the lowest Fr for Plot 2, which 
has the lowest slope gradient (Figure 5-12 and Table 5-1). 
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Figure 5-10 Evolution of the overland flow hydrograph for Plot 1 in (a) Year 
1 and (b) Year 2 simulated on the basis of DEMs characterized after 
increasing amounts of rainfall erosivity (RE). Cross markers represent I10,  
open circles I50  and the x markers represent I90. RE is in MJ ha-1 mm h-1. 
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Figure 5-11 Evolution of the overland flow hydrograph characteristic points, I10, I50 and 
I90 (a, b) and S10,50 and S50,90 (c, d), as a function of the cumulative rainfall erosivity (RE) 
in Year 1 (a, c) and Year 2 (b, d). Each point is the average of the three plots. Error bars 
are one standard deviation 
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Figure 5-12 Evolution of the Froude number for the three experimental plots as a function 
of the cumulative rainfall erosivity (RE) in Year 1 (a) and Year 2 (b). 
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5.4.6 Correlation between variogram, RSCf and 

hydrograph characteristic parameters 

Whereas low correlations are observed between variogram parameters 
and C0 and CCT, moderate, high and very high correlations are 
observed between variogram parameters and RDSCT and DSmax (Table 
5-4), with the only exception of σ, which is weakly correlated to 
RDSCT. The parameters defining the overland flow hydrograph, 
though little to moderately correlated to variogram parameters (Table 
5-5), show good correlation with some of the RSCf parameters. Very 
high correlations are found between DSmax and I10, I50 and I90 (Table 
5-4 and Figure 5-13), and high correlations between RDSCT or DSmax 
with S10,50 and S50,90, with the exception of RDSCT and S50,90 (Table 
5-4). Low and very low correlations are observed between the 
hydrograph parameters and C0 and CCT, with the only exception of C0 
with S10,50, S50,90  and Fr. Regarding the correlation between the RSCf 
parameters and S10,50 and S50,90 for each of the plots, the best 
correlations are found between DSmax and S50,90 (Plot 1 ρ = 0.79, Plot 2 
ρ = 0.85 and Plot 3 ρ = 0.91), RDSCT and S10,50 (Plot 1 ρ = 0.88, Plot 2 
ρ = 0.90 and Plot 3 ρ = 0.91; Figure 5-14a) and RDSCT and Fr (Plot 1 ρ 
= 0.79, Plot 2 ρ = 0.95 and Plot 3 ρ = 0.96; Figure 5-14b). 
 
In this study, the parameter DSCT (see Section 2.1) is not considered 
given the very high correlation observed between DSCT and DSmax (ρ = 

0.97; Figure 5-15). 
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Table 5-4 Coefficients of correlation (ρ), between the RSCf parameters and 
the parameters defining the variogram and the overland flow characteristics 
for both years. 

 

Variogram Overland flow hydrogram     
   σ R I10 I50 I90 S10,50 S50,90 Fr ξ 

C0 -0.09 0.19 -0.46 -0.49 -0.46 0.72 0.67 0.62 0.48 
CCT 0.03 -0.42 0.14 0.14 0.14 -0.22 -0.16 0.00 0.22 
RDSCT 0.18 -0.61 0.66 0.66 0.58 -0.75 -0.57 -0.55 0.71 
DSmax 0.72 -0.69 0.97 0.98 0.99 -0.76 -0.73 -0.64 0.94 
 
Table 5-5 Coefficients of correlation (ρ), between the variogram and the 
overland flow characteristics for both years 

 

Overland flow hydrogram     
   I10 I50 I90 S10,50 S50,90 Fr ξ 

σ 0.67 0.62 0.65 -0.28 -0.49 -0.10 -0.64 
R -0.69 -0.67 -0.67 0.48 0.54 0.14 0.75 
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Figure 5-13 Linear regression between DSmax and I10 (R2 =0.94), I50 (R2 
=0.95) and I90 (R

2 =0.98) for both years. 
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Figure 5-14 Linear regression between RDSCT and (a) S10,50 (Plot 1 R2 =0.78, 
Plot2 R2 =0.81, Plot 3 R2 =0.82) and (b) Fr (Plot 1 R2 =0.63, Plot2 R2 =0.90, 
Plot 3 R2 =0.93) for both years. 

 



Results 

136  
   

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.2

0.4

0.6

0.8

1

1.2

1.4

y = 2.0502x + 0.015918

DS
CT

 [mm]

D
S

m
ax

 [m
m

]

 

 

Plot1
Plot2
Plot3
fitted line

 
Figure 5-15 Linear regression between DSCT and DSmax for both years (R² = 
0.94). 

 
These changes in overland flow generation and connectivity were also 
accompanied by changes in the spatial distribution and the spatial 
continuity of overland flow velocities (Figure 5-8 and Figure 5-9). For 
both years, the stages with the lowest continuity of flow velocities 
(Figure 5-8a, b and Figure 5-9a) correspond to the lowest connectivity 
length and the highest values of RDSCT and DSmax. On the contrary, 
the highest continuity of flow velocities (Figure 5-8c and Figure 5-9b) 
corresponds to the highest connectivity length and lowest values of 
RDSCT and DSmax. Among the RSCf parameters, DSmax shows the 
highest correlation with the continuity of flow velocities, as 
represented by ξ (Plot 1 ρ = 0.98, Plot 2 ρ = 0.97 and Plot 3 ρ = 0.96). 
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5.5 Discussion 

5.5.1 Uncertainty 

The low CV of the calculated parameters defining the variogram, the 
RSCf and the overland flow hydrograph (Table 5-3), coupled with the 
high vertical accuracy (±0.5 mm) demonstrate that the methodology 
that was used to generate the DEMs is appropriate for the study of the 
evolution of soil roughness, overland flow generation and overland 
flow connectivity. Whenever higher values of CV are observed, e.g. 
C0, CCT and RDSCT (Table 5-3), this corresponds to cases for which 
the mean value of the parameters was nearly 0, the SD still being very 
low in comparison to the range of variation of these parameters 
(Figure 4-6, Figure 5-11 and Figure 5-12). 

5.5.2 Soil roughness evolution 

Despite similar total cumulative rainfall and erosivity values for Year 
1 and Year 2 (Table 5-2), important differences were observed 
between both years regarding the evolution of the DEMs, variograms 
and outflows of the plots. This can be attributed to differences in intra-
annual rainfall distribution. In Year 1, most runoff was produced after 
the occurrence of the first thunderstorm in July (Figure 5-1a and Table 
5-2). The DEMs did not show important changes (Figure 5-2). The 
variogram parameters (σ and R) evolved linearly with cumulative RE, 
this trend not being modified by the occurrence of the first 
thunderstorm (RE = 286 MJ ha-1 mm h-1) (Figure 5-4a and b). The 
surface evolved mostly as a result of splash and sheet erosion, and no 
marked rills developed. On the contrary, in Year 2, several important 
runoff episodes occurred as from the first thunderstorms in May 
(Figure 5-1b and Table 5-2). This was accompanied by important 
changes in the DEMs, in particular the development of incisional flow 
paths (rills), which was reflected in a sharp decrease of σ and increase 
in R (Figure 5-4c and d). The occurrence of this sharp break in Year 2 
but not in Year 1 does not seem to be related to the rainfall 
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characteristics of the first thunderstorm since the first thunderstorm in 
Year 2 (10.2 mm in 30 min; ∆ RE = 29 MJ ha-1 mm h-1) had a lower 
total rainfall and RE than the first thunderstorm of Year 1 (28.3 mm in 
30 min; ∆ RE =219 MJ ha-1 mm h-1; Figure 5-1 and Table 5-2). Given 
that the soil type and slope gradient were the same in both years, two 
factors are proposed to explain these differences: soil moisture content 
and initial roughness. As reported in the literature, a low initial water 
content increases aggregate slaking and breakdown and hence soil 
detachment and surface sealing, causing significantly more runoff and 
erosion compared to initially wet soils (Le Bissonnais et al., 1989; 
Govers et al., 1990). However, the dry period preceding the first 
thunderstorm was longer in Year 1 (July; Figure 5-1a) compared to 
Year 2 (May; Figure 5-1b). Therefore this factor can hardly explain 
the observed differences between Year 1 and Year 2. Roughness 
elements tend to concentrate the flow along depressions, increasing 
the erosion and sediment transport capacity of the flow (Govers et al., 
2000; Kirkby, 2002; Gomez and Nearing, 2005). Hence, the higher 
initial roughness of Year 2 (Table 5-1) compared to Year 1 may 
explain the observed differences in initial evolution of the DEMs. A 
practical implication obtained from these results is that the initial 
tillage and hence soil roughness on an agricultural field may have an 
important influence on the subsequent evolution of the soil surface. 
Higher initial roughness may facilitate the occurrence of rill erosion. 
However, this statement must be taken carefully since stronger surface 
sealing developed on initial low roughness surfaces can also facilitate 
subsequent erosion processes.     
 
In Year 2, the occurrence of high intensity rainfalls and significant 
runoff after the second thunderstorm (Figure 5-1b and Table 5-2) did 
not significantly affect the soil roughness and the rill network pattern 
(Figure 5-3c and d). This may be because the rill network density can 
only increase up to a certain limit since the runoff-capturing dynamics 
of existing rills impedes the formation of new rills (Favis-Mortlock et 
al., 2000; Mancilla et al., 2005). Once rills are in place, high intensity 
rainfalls only deepen rills (Figure 5-3d) or create rill headcuts 
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(Merritt, 1984). According to Luk et al. (1993), sediment deposition in 
rills can potentially occur during low intensity rainfall events, infilling 
the rills and hence modifying the rill network. 

5.5.3 Evolution of overland flow connectivity 

These changes in soil roughness were accompanied by changes in 
overland flow connectivity as reflected by the RSCf and more 
specifically by changes in DSmax (Figure 5-5a, Figure 5-5c, Figure 
5-6g and Figure 5-6h) and in the shape of the normalized RSCf 
(Figure 5-5b, Figure 5-5d, Figure 5-6e and Figure 5-6f). In the first 
stages, before erosion creates flow oriented elements at the soil 
surface, roughness elements are randomly distributed. At these stages, 
the decrease of σ is accompanied by a decrease of DSmax (Figure 5-5a, 
Figure 5-5c, Figure 5-6g and Figure 5-6h), and σ and DSmax show a 
good correlation (Table 5-4). When the roughness pattern remains the 
same, but the mean random roughness or the mean standard deviation 
of surface elevation changes, it is expected that the volume of stored 
water needed to overflow depressions will change but not the way 
overland flow is distributed over the surface. In other words, the 
overland flow connectivity process will change in terms of absolute 
time but not in terms of space. As for soil roughness, for both years, 
we observe the most significant variations on the RSCf right after the 
first thunderstorms with an important decrease of RDSCT and DSmax 

(Figure 5-6e, f, g and h). In both years this critical change in 
connectivity is accompanied by important changes in the soil 
roughness reflected in the variogram (Figure 5-4) and visually by the 
development of dispersive flow paths in Year 1 (Figure 5-2c) and 
incisional flow paths in Year 2 (Figure 5-3b). This shows that a higher 
connectivity and a change in the overland flow pattern (Figure 3-2) 
does not always imply the presence of incisional flow paths, such as in 
Year 2 (Figure 5-3), but that connectivity can also be produced by 
dispersive flow paths, such as in Year 1 (Figure 5-2).  
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5.5.4 Link between the RSCf and overland flow 

Whereas the overland flow hydrograph was found to be little or 
moderately correlated to the variogram (Table 5-5), the former was 
found to be highly correlated to the RSCf and specifically with DSmax 

and RDSCT. The very high correlation between DSmax and I10, I50, and 
I90 (ρ =0.97, ρ =0.97 and ρ =0.99, respectively; Figure 5-13) indicates 
that, as expected, the process of filling of micro-depressions is 
strongly related to the delay of overland flow generation (Darboux et 
al, 2002b). The high correlation between RDSCT and both S10,50 and Fr, 
shows that the shape of the RSCf can be linked to the overland flow 
characteristics. Convex shapes of the normalized RSCf or high values 
of RDSCT can be related to a lower initial (first half of the hydrograph) 
rate of increase of overland flow generation (less “flashy” 
hydrographs), and to lower values of Fr number and hence to less 
erosive energy. On the contrary, concave shapes or low values of 
RDSCT can be linked to a higher initial rate of increase of overland 
flow generation (more “flashy” hydrographs) as well as to higher Fr 
numbers and hence to higher erosive energy. 
 
This confirms that the study of connectivity and the use of functional 
connectivity indicators, such as the RSCf, can be potentially used to 
improve the prediction of the overland flow hydrograph and that the 
analysis of the soil roughness alone may not be enough. Not only can 
DSmax be used as predictor of the delay of overland flow generation 
but, given the strong link between Fr and RDSCT, the change in the 
shape of the normalized RSCf from a convex to a concave shape can 
potentially be used for the identification of emergent connectivity, 
more “flashy“ runoff generation and increased erosive energy. The 
high correlation between DSmax and ξ also reveals a significant link 
between overland flow connectivity and the spatial continuity of flow 
velocities. It must be noted that given the differential nature of the 
Saint-Venant equations, FullSWOF_2D may not be able to reproduce 
abrupt breaks in the flow velocity fields. Hence the continuity of the 
simulated flow velocities may be higher than in reality. Nevertheless, 
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we consider that this artefact do not affect the study of the evolution 
of continuity on the flow velocity fields in relative terms. 

5.6 Conclusions 

This study investigated the evolution of overland flow connectivity as 
a function of the cumulative rainfall erosivity under the influence of 
different erosion processes in bare agricultural plots and how this 
connectivity is linked to soil roughness and overland flow generation. 
Overland flow connectivity was characterized by the RSCf (RDSCT 
and DSmax), soil roughness by the variogram parameters (σ and R) and 
overland flow generation by characteristic points of the simulated 
hydrograph (I10, I50, I90, S10,50, S50,90 and Fr). The very high correlation 
between, I10, I50, and I90 and DSmax not only confirms the important 
role of depression storage on the delay of overland flow generation 
but also, it shows the potential of improving the prediction of the 
overland flow hydrograph by the use of DSmax. However the results of 
this study show that soil roughness cannot solely be considered as an 
attenuation factor for overland flow generation. The development of 
eroded flow paths at the soil surface not only produces a decrease in 
DSmax but also a higher concavity of the normalized RSCf, which is 
reflected in the first half of the hydrograph by a higher rate of increase 
of the runoff ratio, as well as a higher Froude number and a higher 
spatial continuity of the flow velocities, reflected by the connectivity 
length. The high correlation between the shape of the RSCf, mainly 
influenced by RDSCT, and both Fr and S10,50 shows the potential of the 
RSCf to serve as a link between structural connectivity (soil 
roughness) and overland flow generation by providing information 
about overland flow characteristics, such as erosion energy 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 estimate spatial and 
temporal distribution of water fluxes between elementary grid 
elements. For computational reasons, the spatial distribution of soil 
properties, such as the micro-topography, cannot be explicitly 
represented at the subgrid scale and thus is encompassed into effective 
simplified functions or parameters. However, this representation is 
generally oversimplified and hydrological models conceptualize these 
soil properties as a single constant parameter, such as the random 
roughness value. However, a single parameter is not able to represent 
the subgrid spatial variability of the roughness patterns. As a 
consequence, the effect produced by these soil properties on the water 
fluxes is also oversimplified not only spatially but also temporally.  
 
In hydrological models the random roughness value is related to the 
overland flow generation process by the maximum depression storage, 
which is assumed to determine the moment when runoff occurs. By 
only considering the maximum depression storage, the process of 
overland flow generation is conceptualized as a process of filling and 
spilling of a bucket. The filling is assumed to be spatially uniform and 
the spilling to be temporally instantaneous. However, at the subgrid 
scale, water flows from one depression to another, progressively 
connecting them to each other and eventually to the outlet of the 
system. In order to represent the spatial and temporal distribution of 
this process in a simplified manner but still capturing and quantifying 
the runoff relevant features of the process, the concept of hydrological 
connectivity must be applied. Hydrological connectivity can be seen 
as a concept in between the oversimplified representation of a process 
by a single parameter and the complete representation of the process. 
This concept, and more specifically the use of process-based subgrid 
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connectivity indicators, could potentially improve the performance of 
hydrological models in an efficient way.  
 
Among the different connectivity indicators, a functional overland 
flow connectivity indicator, the so-called the Relative Surface 
Connection function (RSCf) based on the concept of "volume to 
breakthrough" has shown to perform better than other indicators 
(Antoine et al., 2009). It expresses the ratio of the area of the grid 
connected to the outlet as a function of the depression storage. The 
RSCf has shown a great potential to be integrated in hillslope or 
watershed models as a descriptive function of the subgrid overland 
flow dynamics in order to improve their prediction ability (Antoine et 
al., 2009, 2011). Yet several issues needed to be addressed before it 
can successfully be integrated. Some of these issues have been dealt 
with in this thesis and the main outcomes are detailed below.   
 
1) How do changes in spatial scale affect the RSCf? (Chapter 3) 
 
As a process-based connectivity indicator, the RSCf is scale-
dependent, therefore extra attention must be paid in order to select an 
appropriate size of the grid cell. The size must be large enough to fully 
represent the process of overland flow connectivity, i.e. all the 
components and the relationships between them must be represented, 
and to minimize border effects. Depending on the type of micro-
topography, the RSCf was affected in both its shape and the maximum 
depression storage by changes in grid cell size. This dependence on 
grid cell size, mainly produced by border effects, indicates that there 
is a minimal scale to study overland flow connectivity. At scales lower 
than this minimal scale, virtual boundaries alter the overland flow 
process either by blocking or by facilitating the connection of the 
different parts of the micro-topography to the outlet. At scales larger 
than the minimal one and as we increase the scale of study, these 
border effects tend to disappear and the maximum depression storage 
tends asymptotically to a constant value. Moreover, the RSCf tends to 
a particular shape common for all the contrasting micro-topographies 
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tested in Chapter 3. As we increase the scale of study, the first part of 
the function (up to approx. 50-70% of the maximum depression 
storage) tends to disappear (the ratio of area connected tends to 0) and 
in the last part (starting at approx. 50-70% of the maximum depression 
storage) the RSCf increases approximately linearly up to the end. The 
decrease of the ratio of area initially connected to the outlet as the 
scale of study increases indicates that for large enough areas this first 
part would tend to 0 (Figure 6-1). Therefore, the parameterization of 
the RSCf could be reduced to two values, the depression storage 
needed to reach the initiation of the overland flow connectivity 
process (RDSCT; Figure 6-1) and the maximum depression storage. 
 

 
Figure 6-1 Parameterization of the normalized RSCf as the plot size 
increases. 

 
Once the border effects become negligible, different constant values 
of maximum depression storage were observed between contrasting 
micro-topographies. One could also have expected a different shape of 
the normalized RSCf representing a different evolution of the 
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overland flow connectivity process for each of the contrasting micro-
topographies. However, despite having contrasted roughness patterns, 
this was not observed, probably because the micro-topographies that 
were tested in Chapter 3 all had randomly distributed roughness and 
hence did not present predominant flow oriented micro-topography 
elements. As shown in Chapter 5, flow oriented elements as well as 
high slope gradients strongly modify the overland flow connectivity 
process by facilitating the overland flow process and routing water 
flow to the outlet and hence (Figure 3-2). 
 
For high slopes and when flow oriented elements predominate on the 
soil surface, one can expect different scale effects because the flow 
connectivity process is modified. We expect the presence of 
preferential flow paths in the direction of the slope to attenuate the 
scale effect produced by reducing the plot width. When preferential 
flow paths are predominantly parallel to the slope and hence to the 
lateral boundaries, these boundaries are less likely to obstruct the 
connecting paths for narrower plots and hence to modify the 
connectivity process and the maximum depression storage value 
(Figure 6-2).  
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Figure 6-2 Schematic representation of the predominant spilling process and 
overland flow pattern predominantly parallel to the slope (a) for the original 
plot size and (b) after reducing the plot width. Reducing the width does not 
modify the connections that existed before reducing the width.  Stored water 
in micro-depressions in dark blue.  Preferential flow paths in light blue. 

 
2) How is the RSCf affected by surface roughness and slope? (Chapter 
4) 
 
In order to facilitate the future integration of the RSCf into 
hydrological models, the RSCf was parameterized. Variations of these 
parameters were evaluated and quantified as a function of variations 
of the variogram, a structural indicator that characterizes both the 
vertical and horizontal variability of the point elevations.  
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In randomly distributed synthetic surfaces, the characteristic 
parameters of the RSCf are greatly influenced by the DEM variogram 
and slope. At low slopes and with deep depressions, the characteristic 
parameters of the RSCf appear linked to a single component of the 
surface roughness. On the contrary, more complex interactions 
between the slope and the vertical and horizontal component of the 
variogram are observed for high slopes and shallow depression. This 
indicates that for scenarios with lower connectivity, i.e. overland flow 
dominated by depression filling, there is simple link between 
structural and functional connectivity. An example of such a simple 
link is the often reported link between random roughness and 
maximum depression storage, which does not take into account the 
horizontal variability of the surface roughness. On the other hand, for 
high connectivity scenarios, i.e. depression spilling-dominated 
processes, this simplification is not valid and structural and functional 
connectivity are linked by more complex interactions between both 
components of the variogram, vertical and horizontal, as well as slope.  
 
3) Can the RSCf be predicted on the basis of structural indicators of 
soil micro-topography and slope? (Chapter 4) 
 
Based on a simple conceptualization of surface roughness as 
rectangular depressions, mathematical expressions in function of 
variogram and slope were derived in order to predict the characteristic 
parameters of the RSCf. These expressions were able to physically 
explain and reasonably predict the effect of soil roughness and slope 
on the RSCf, not only in low connectivity scenarios but also in high 
connectivity ones. Moreover, they performed better than previous 
empirical expressions found in the literature that are based on random 
roughness and which do not account for the spatial variability of 
surface roughness. 
 
This not only shows the value of the RSCf in linking structural and 
functional connectivity, but also highlights the potential of using 
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physically-based yet simple conceptualizations of the surface as a new 
way to predict functional characteristics of flow processes instead of 
using purely empirical formulas. Based on the results, the DEM 
variogram can be used as a means to predict runoff-relevant features 
of overland flow connectivity, such as the maximum depression 
storage or the connectivity threshold, in randomly distributed subgrid 
micro-topographies. Several technologies exist for deriving the 
variogram for real surfaces, including the photogrammetric technique 
used in the present thesis. 
 
4) How does the RSCf evolve on eroding surfaces? (Chapter 5) 
 
Before erosion starts creating preferential flow paths at the soil 
surface, i.e. when the soil roughness elements are still randomly 
distributed, the normalized RSCf is characterized by a convex shape 
that remains pretty much the same even when low intensity rainfall 
events produce a decrease in the maximum depression storage. This 
convex shape, characterized by an initial low increase of connectivity 
followed by a sharp increase in connectivity at the connectivity 
threshold, is indicative of a poorly connected surface for which runoff 
generation and transfer is dominated by depression filling and where 
patterns of flow are not well defined. After erosion creates directional 
flow paths on the surface, not only is a decrease of maximum 
depression storage observed but also a change in the shape of the 
normalized RSCf, from convex to concave. The connectivity threshold 
occurs earlier, i.e. for a lower value of depression storage. This can be 
interpreted as a change in the process of overland flow connectivity, 
from a depression filling-dominated, low connectivity scenario, to a 
spilling-dominated high connectivity one where flow patterns are well 
defined. 
 
5) To what extent do these changes in the RSCf reflect changes in the 
hydrological response? (Chapter 5) 
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Very high correlations observed between the maximum depression 
storage and the delay in overland flow generation confirm the 
important role of micro-depression storage capacity on overland flow 
generation. However, the results of this study show that soil roughness 
is not simply an attenuating factor but that it can also act as an 
intensification factor for overland flow generation. When the 
maximum depression storage decreases but the shape of the 
normalized RSCf barely changes, a shorter delay in overland flow 
generation is observed. However, when this decrease of the maximum 
depression storages is accompanied by a change in the RSCf shape 
from convex to concave, not only is a shorter delay observed but also 
a higher rate of increase of the runoff ratio, a higher Froude number 
and higher spatial continuity of the flow velocity field. The high 
correlation between the shape of the RSCf and both Fr and the rate of 
increase of the hydrograph confirms the RSCf’s value for serving as a 
link between structural connectivity (soil roughness) and overland 
flow generation even when flow oriented elements appear on the 
surface. Therefore integrating the RSCf in hydrological models may 
not only improve the overland flow prediction ability of such models 
but it also provides hydrological models with information about 
overland flow characteristics, such as flow velocities continuity and 
erosion energy. 
 
Surprisingly, high connectivity overland flow scenarios characterized 
by a concave normalized RSCf have been observed both for eroded 
surfaces characterized by flow oriented elements (Chapter 5) and for 
surfaces characterized by randomly distributed shallow depressions 
and high slopes (Chapter 4). This indicates that despite strong 
differences in structural connectivity between micro-topographies 
(one randomly distributed and the other one flow oriented), the effect 
of high slope gradients can “hide” the effect of soil roughness on 
water flow. As observed by Abrahams et al. (1988) in experimental 
rainfall experiments, the slope gradient and more specifically the 
existence of a slope threshold can greatly modify the runoff generation 
process. In this study, high slope gradients do not only decrease the 
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capacity of the depressions to store water but also modify the 
interaction between depressions and their connection pattern. Soil 
roughness, when the slope is steep enough, instead of acting as a 
barrier, concentrates the flow in the slope direction and hence 
increases the connectivity (Figure 3-2). Therefore, whether a soil 
surface is well connected or not would depend not only on the spatial 
organization of the roughness elements but also on the slope and the 
interaction between roughness and slope. These dynamics that cannot 
be captured by standard roughness indicators are well captured by the 
RSCf.  

6.2 Limitations and Perspectives 

Although being very promising, there are a number of open research 
questions and issues that needs to be addressed in the future before the 
RSCf can successfully be integrated in hydrological models.  
 
While mathematical expressions were derived that allow to predict the 
RSCf in function of the variogram parameters and slope, these 
equations are limited to homogeneous (no large-scale variations) 
random topographical fields characterized by a Gaussian variogram. 
Although some real fields have also been shown to follow a Gaussian 
distribution, they may present different types of variograms, possibly 
making the obtained equations invalid. Moreover, additional equations 
should be derived in order to predict the RSCf when oriented 
roughness elements appear at the surface. 
 
In order to quantify and facilitate the integration of the RSCf into 
hydrological models, the RSCf was parameterized making an 
important assumption, the existence of only one connectivity 
threshold. This assumption, observed in the studied micro-
topographies (uniform surfaces without important large-scale 
variations), may not be valid as we increase the scale of study and 
large-scale variations or elements appear on the surface. These large 
elements, such as large depressions, may disconnect large parts of the 
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field, which when connected may produce successive sharp increases 
in the ratio of area connected (stepwise behaviour) after the 
occurrence of the considered connectivity threshold. 
 
Therefore, additional research on real fields, with different types of 
variograms, large-scale variations and oriented roughness is needed to 
confirm and improve these results. 
 
Another important limitation that may appear as we increase the scale 
of study is the existence of internal and lateral slopes. This is not 
treated by the RSCf, which is calculated assuming that a single and 
general slope exists and that this slope is oriented such that the lower 
points are located at the outlet. Therefore the presence of internal and 
lateral slopes, at the subgrid scale, may produce important changes in 
the RSCf. In order to solve this limitation, we would suggest, for 
future studies, to account for connectivity not only at the bottom but 
also at the lateral boundaries of the study area. 
 
There is also the issue of infiltration. The two assumptions used to 
calculate the RSCf, rainfall intensity is always higher than the 
infiltration capacity and that rainfall is spatially uniform, ensures that 
runoff is generated uniformly and that depression storage never 
decreases. But in practice, infiltration and rainfall are highly variable 
in time and space and likely to affect the runoff generation process. 
For instance, soil crusting can modify the infiltration capacity of the 
soil and create spatial patterns. In addition, since the process of 
crusting is affected by soil roughness, infiltration capacity would be 
spatially correlated to the spatial distribution of the roughness 
elements, such as depressions or rills. This would affect the micro-
depressions filling and spilling process both in time and space, and 
hence the calculation of the RSCf. Therefore this variability should 
ultimately be taken into account. 
 
Another limitation that needs to be overcome to improve the 
prediction of overland flow hydrographs is the introduction of the 
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surface detention component into the RSCf. Although good 
correlations are observed between the RSCf parameters and the 
overland flow hydrograph, the obtained linear regressions are 
dependent on boundary conditions, such as the spatial variability of 
infiltration and rainfall and the rainfall intensity. The results obtained 
in this study were limited to constant and uniform excess rainfall of 60 
mm/h and infiltration uniformly distributed. 
 
As mentioned above, similar connectivity scenarios characterized by a 
concave normalized RSCf have been observed both in eroded surfaces 
characterized by flow oriented elements (Chapter 5) and in surfaces 
characterized by randomly distributed shallow depressions and high 
slopes (Chapter 4). However, it is unknown if they both also have 
similar hydrological responses, i.e. similar hydrographs, despite their 
strong differences in structural connectivity. In order to clarify this 
question, overland flow hydrographs of surfaces with similar RSCf, in 
terms of shape and maximum depression storage, but contrasting 
structural connectivity should be calculated and compared. 
 
Whereas a previous attempt to introduce the detention component into 
the RSCf, the weighted-surface procedure (Antoine et al., 2011), 
showed promising results, it considered soil roughness only as a 
delaying factor. This procedure consisted in dividing the micro-
topographical field into parallel independent strips with the same 
slope. Each time a rainfall increment induces an increase of the 
depression storage, an additional strip is activated whose size is given 
by the RSCf. Thus this procedure assumes that in the absence of 
depression storage, i.e. a flat surface, the whole surface will be 
activated at the same time. The fastest runoff generation would 
therefore be generated on flat surfaces, when soil roughness does not 
produce any delay. However, soil roughness can be an intensification 
factor for overland flow generation. The hydrograph of Plot 1 in Year 
2 and RE = 274 MJ ha-1 mm h-1 (maximum depression storage = 0.01 
mm), when eroded preferential flow paths developed after the first 
two important thunderstorms, was compared to the hydrograph of a 
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flat surface with the same size, slope and excess rainfall intensity (60 
mm/h) and the weighted-surface procedure hydrograph. The 
comparison shows a quicker runoff generation in the eroded surface 
(Figure 6-3). Therefore, the weighted-surface procedure must be 
improved in order to reflect the increase in connectivity produced by 
the presence of preferential flow paths at the soil surface.  
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Figure 6-3 Comparison of the simulated overland flow hydrograph of a flat 
surface, a hydrograph based on the weighted-surface procedure applied to 
the DEM for Plot 1 in Year 2 and RE = 274 and the simulated hydrograph 
based on the DEM for Plot 1 in Year 2 and RE = 274. In the three 
hydrographs the same slope gradient, the same plot size and the same 
constant rainfall excess is used. RE in MJ ha-1 mm h-1. 

 
Another possible approach to introduce the RSCf into hydrological 
models could be to implement the subgrid variability of overland flow 
in a similar manner as for instance the Probability Density Model 
(PDM; Moore, 2007), which implements the subgrid variability of the 
“soil absorption capacity” as a probability density curve. 
Alternatively, one may use the parameters defining the RSCf as a 
means to reflect the progressive non-linear nature of overland flow 
generation, similar to the openLISEM model, where the runoff 
initiation (‘Start Depressional Storage’) would correspond to the here 
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defined connectivity threshold and where the steady state would 
correspond to the here predicted maximum depression storage. 
 
Though technological developments have made it possible to obtain 
high resolution DEMs and to calculate the resulting RSCf fairly 
easily, the application of the results and findings of this study on 
agricultural fields by farmers remains still complex. In order to 
facilitate the use of the RSCf, it would be desirable to identify easily 
measurable properties of the soil surface that could be used in order to 
predict the RSCf. As shown in Chapter 4, the size and shape of the 
micro-depressions and the slope gradient of the field are strongly 
related to the maximum depression storage and the shape of the RSCf 
in Gaussian random topographical fields. Therefore, it may be 
possible to predict these two RSCf parameters by measuring the 
average size and shape of the micro-depressions at the field surface 
and the general slope of the field. However, this may be not applicable 
when oriented roughness elements, such as rills, appear on the surface. 
In this case, we propose to investigate the influence of other easily 
measurable properties characterizing the rill network, e.g. rill density, 
on the RSCf.  Another possible approach could be the creation of a 
database and a guide including images of different types of soil 
roughnesses, which could be used to identify the type of soil in-situ, 
and their characteristic RSCf as a function of the slope gradient. 
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A. Effect soil roughness and slope on the RSCf 
In this section, we show the effect of the soil roughness (sill σ and 
range R of the variogram) and slope on the RSCf. For this purpose, 
Gaussian surface elevation fields (6 m × 6 m) were used. The results 
shown correspond to 6 values of R (50 to 400 mm), 6 values of σ (2 to 
40 mm) and 3 slopes (0%, 2%, 5% and 15%) being the RSCf 
calculated for 10 realizations of each combination. See chapter 4 for 
details.
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Figure A-1 Effect of range on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 0% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using (a) Equation 4-7, (c) 
Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-4a 
and blue lines to Equation 4-4b. 
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Figure A-2 Effect of sill on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 0% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using (a) Equation 4-7, (c) 
Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-4a 
and blue lines to Equation 4-4b. 
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Figure A-3 Effect of range on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 2% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using (a) (a) Equation 4-7, 
(c) Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-
4a and blue lines to Equation 4-4b 
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Figure A-4 Effect of sill on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 2% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using (a) (a) Equation 4-7, 
(c) Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-
4a and blue lines to Equation 4-4b. 
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Figure A-5 Effect of range on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 5% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using(a) Equation 4-7, (c) 
Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-4a 
and blue lines to Equation 4-4b. 
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Figure A-6 Effect of sill on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 5% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using(a) Equation 4-7, (c) 
Equation 4-10 and (d) Equation 4-4. Red lines correspond to Equation 4-4a 
and blue lines to Equation 4-4b. 
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Figure A-7 Effect of range on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 
15% slope. Error bars = standard deviation (n=10). Points correspond to 
observed values. Lines correspond to the values calculated using(a) Equation 
4-7, (c) Equation 4-10 and (d) Equation 4-4. Red lines correspond to 
Equation 4-4a and blue lines to Equation 4-4b. 
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Figure A-8 Effect of sill on (a) C0, (b) CCT, (c) RDSCT and (d) DSmax at 15% 
slope. Error bars = standard deviation (n=10). Points correspond to observed 
values. Lines correspond to the values calculated using(a) Equation 4-7, (c) 
Equation 4-10 and (d) Equation 4-4. Red lines correspond 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 parameters of the variogram, 
the RSCf and the overland flow hydrogram obtained in the uncertainty 
analysis for two contrasting micro-topographies of Plot 1. . The DEM 
was acquired by photogrammetry on 8 (eroded surface) and 6 (freshly 
tilled surface) occasions within a single, non-rainy day for each 
surface.  See Section 5.3.6 for details.  We show the values obtained 
for each replicate as well as the mean value, the standard deviation 
(SD) and the coefficient of variability (CV). 
 
Table-B-1 Values of the parameters defining the variogram for each 
replicate DEM and mean value, SD and CV for each of two contrasted 
micro-topographies 
 
Eroded 
surface R [mm] σ [mm] 

Freshlytilled 
surface R [mm] σ [mm] 

Replicate 1 1039.9 9.5 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 1078.5 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 9.4 
SD 17.2 0.1 SD 12.8 0.1 
CV 0.016 0.014 CV 0.027 0.015 
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Table B-2 Values of the parameters defining the RSCf for each replicate and mean value, SD and CV for each of two contrasted 
micro-topographies 
 
Freshlytilled 
surface C0 CCT RDSCT 

DSmax 
[mm] 

Eroded 
surface C0 CCT RDSCT 

DSmax 
[mm] 

Replicate 1 0.004 0.043 0.440 0.315 Replicate 1 0.021 0.054 0.120 0.009 
Replicate 2 0.004 0.055 0.480 0.306 Replicate 2 0.015 0.052 0.080 0.011 
Replicate 3 0.004 0.077 0.520 0.319 Replicate 3 0.019 0.044 0.080 0.011 
Replicate 4 0.004 0.088 0.560 0.310 Replicate 4 0.021 0.000 0.000 0.012 
Replicate 5 0.003 0.096 0.480 0.332 Replicate 5 0.018 0.075 0.120 0.011 
Replicate 6 0.004 0.076 0.520 0.306 Replicate 6 0.023 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 0.011 
SD 0.000 0.020 0.042 0.010 SD 0.003 0.026 0.037 0.001 
CV 0.091 0.278 0.084 0.031 CV 0.134 0.469 0.463 0.074 
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Table B-3 Values of the parameters defining the overland flow hydrograph and Fr for each replicate and mean value, SD and CV 
for each of two contrasted micro-topographies 
 
Freshlytilled 
surface 

I10 
[mm] 

I50 

[mm] 
I90 

[mm] S10,50 S50,90 Fr 
Eroded 
surface 

I10 
[mm] 

I50 

[mm] 
I90 

[mm] S10,50 S50,90 Fr 
Replicate 1 0.88 1.58 2.42 0.57 0.47 1.10 Replicate 1 0.23 0.47 0.64 1.62 2.32 1.40 
Replicate 2 0.93 1.66 2.39 0.55 0.55 1.08 Replicate 2 0.23 0.49 0.65 1.55 2.50 1.39 
Replicate 3 0.91 1.67 2.45 0.52 0.51 1.08 Replicate 3 0.22 0.50 0.65 1.44 2.54 1.41 
Replicate 4 0.92 1.68 2.41 0.53 0.55 1.08 Replicate 4 0.23 0.49 0.66 1.53 2.39 1.38 
Replicate 5 0.89 1.69 2.50 0.50 0.50 1.10 Replicate 5 0.23 0.49 0.66 1.53 2.38 1.39 
Replicate 6 0.89 1.69 2.50 0.50 0.50 1.09 Replicate 6 0.22 0.47 0.65 1.61 2.22 1.40 

Replicate 7 0.23 0.50 0.66 1.50 2.43 1.37 
              Replicate 8 0.23 0.49 0.67 1.52 2.28 1.37 
Mean 0.90 1.66 2.44 0.53 0.51 1.09 Mean 0.23 0.49 0.66 1.54 2.38 1.39 
SD 0.022 0.043 0.047 0.029 0.031 0.010 SD 0.004 0.010 0.008 0.059 0.108 0.015 
CV 0.024 0.026 0.019 0.055 0.060 0.010 CV 0.019 0.021 0.013 0.038 0.045 0.011 
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C. Digital elevation models 
 
In this section, we show the evolution of the different digital elevation 
models (DEM) for Plot 1, Plot 2 and Plot 3 in Year 1 and Year 2. See 
chapter 5 for details.   
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Figure C-1 DEMs of Plot 1 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and (d) RE = 286. RE in MJ ha-1 mm h-1 
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Figure C-2 DEMs of Plot 1 in Year 1 for (a) RE = 346, (b) RE = 406 and (c) RE =  436. RE in MJ ha-1 mm h-1 
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Figure C-3 DEMs of Plot 2 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and (d) RE = 286. RE in MJ ha-1 mm h-1 
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Figure C-4 DEMs of Plot 2 in Year 1 for (a) RE = 346, (b) RE = 406 and (c) RE =  436. RE in MJ ha-1 mm h-1 
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Figure C-5 DEMs of Plot 3 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and (d) RE = 286. RE in MJ ha-1 mm h-1 
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Figure C-6 DEMs of Plot 3 in Year 1 for (a) RE = 346, (b) RE = 406 and (c) RE = 436. RE in MJ ha-1 mm h-1 
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Figure C-7 DEMs of Plot 1 in Year 2 for (a) RE = 1, (b) RE = 10, (c) RE = 52 and (d) RE = 204. MJ ha-1 mm h-1 



 

181 
 

 

 

0 100 200

100

200

300

400

500

600

700

800

900

0

1

2

3

4

5

6

7

[cm]

RE=274

[cm]

(a)

 

 

0 100 200

100

200

300

400

500

600

700

800

900

-2

-1

0

1

2

3

4

5

6

[cm]

RE=404

[cm]

(b)

 

 

0 100 200

100

200

300

400

500

600

700

800

900 0

1

2

3

4

5

6

7

8

[cm]

RE=746

[cm]

(c)

 
Figure C-8 DEMs of Plot 1 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 746. RE in MJ ha-1 mm h-1 
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Figure C-9 DEMs of Plot 2 in Year 2 for (a) RE = 1, (b) RE = 10, (c) RE = 52 and (d) RE = 204. RE in MJ ha-1 mm h-1 
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Figure C-10 DEMs of Plot 2 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 746. RE in MJ ha-1 mm h-1 
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Figure C-11 DEMs of Plot 3 in Year 2 for (a) RE = 1, (b) RE = 10, and (c) RE = 204. RE in MJ ha-1 mm h-1 
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Figure C-12 DEMs of Plot 3 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 746. RE in MJ ha-1 mm h-1 
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D. Spatial distribution of overland flow 
velocities 

In this section, we show the evolution of the spatial distribution of 
overland flow velocities for Plot 1, Plot 2 and Plot 3 in Year 1 and 
Year 2. See chapter 5 for details. 
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Figure D-1 Spatial distribution of binarized overland flow velocities of Plot 1 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and 
(d) RE = 286. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-2 Spatial distribution of binarized overland flow velocity fields at steady state of Plot 1 in Year 1 for (a) RE = 346, (b) RE = 
406, (c) RE = 436 and (d) RE = 436. RE is in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s 
represented in black. 
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Figure D-3 Spatial distribution of binarized overland flow velocities of Plot 2 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and 
(d) RE = 286. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-4 Spatial distribution of binarized overland flow velocities of Plot 2 in Year 1 for (a) RE = 346, (b) RE = 406 and (d) RE = 
436. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-5 Spatial distribution of binarized overland flow velocities of Plot 3 in Year 1 for (a) RE = 1, (b) RE = 36, (c) RE = 52 and 
(d) RE = 286. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-6 Spatial distribution of binarized overland flow velocities of Plot 3 in Year 1 for (a) RE = 346, (b) RE = 406 and (d) RE = 
436. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-7 Spatial distribution of binarized overland flow velocities of Plot 1 in Year 2 for (a) RE = 1, (b) RE = 10, (c) RE = 52 and 
(d) RE = 204. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-8 Spatial distribution of binarized overland flow velocities of Plot 1 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 
746. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-9 Spatial distribution of binarized overland flow velocities of Plot 2 in Year 2 for (a) RE = 1, (b) RE = 10, (c) RE = 52 and 
(d) RE = 204. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-10 Spatial distribution of binarized overland flow velocities of Plot 2 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 
746. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-11 Spatial distribution of binarized overland flow velocities of Plot 3 in Year 2 for (a) RE = 1, (b) RE = 10, and (c) RE = 
204. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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Figure D-12 Spatial distribution of binarized overland flow velocities of Plot 3 in Year 2 for (a) RE = 274, (b) RE = 404 and (c) RE = 
746. RE in MJ ha-1 mm h-1. Flow velocities above 0.07 m/s represented in white and below 0.07 m/s represented in black. 
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E.  RSCf evolution 
In this section, we show the evolution of the RSCf for Plot 2 and Plot 
3 in Year 1 and Year 2.  
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Figure E-1Evolution of the RSCf (a, c) and the normalized RSCf (b, d) as a 
function of the cumulative rainfall erosivity (RE) for Plot 2 in Year 1 (a, b) 
and Year 2 (b, c). Cross markers represent the connectivity threshold (CT). 
RE is in MJ ha-1 mm h-1h 
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Figure E-2 Evolution of the RSCf (a, c) and the normalized RSCf (b, d) as a 
function of the cumulative rainfall erosivity (RE) for Plot 3 in Year 1 (a, b) 
and Year 2 (b, c). Cross markers represent the connectivity threshold (CT). 
RE is in MJ ha-1 mm h-1h 
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F. Overland flow hydrographs evolution 
In this section, we show the evolution of the overland flow 
hydrographs for Plot 2 and Plot 3 in Year 1 and Year 2.  
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Figure F-1Evolution of the overland flow hydrograph for Plot 2 in Year 1 (a) 
and Year 2 (b) simulated on the basis of DEMs characterized after increasing 
amounts of rainfall erosivity (RE). Cross markers represent I10,  open circles 
I50  and x I90. RE is in MJ ha-1 mm h-1. 
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Figure F-2 Evolution of the overland flow hydrograph for Plot 3 in Year 1 
(a) and Year 2 (b) simulated on the basis of DEMs characterized after 
increasing amounts of rainfall erosivity (RE). Cross markers represent I10,  
open circles I50  and x I90. RE is in MJ ha-1 mm h-1 
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