
Université catholique de Louvain
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d’ailleurs aux yeux, à la lecture de mes notes de frais : piscine gonflable,
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et son franc-parler (Tout ça ne me parait pas très clair !). Mais surtout,
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Chapter 1

Introduction

1.1 What is connectivity ? (state of the art)

The word ’connectivity’ is used in a variety of disciplines, such as neuro-
logical sciences, mathematical graph theory, computer and communica-
tions technologies, meta-population biology, landscape ecology, hydrol-
ogy and geomorphology. The connectivity concept has been developed
to investigate the influence of the intrinsic organization of heterogeneities
on the global behavior of the system that contains those heterogeneities.
Heterogeneities, even when present in relatively small proportions, often
have drastic impacts on the system behavior depending on their spatial
distribution (Cappelaere et al., 2000). Therefore they are an essential
factor to take into account when modeling heterogeneous systems.

In the context of landscape ecology, the study of connectivity is an
old concern. The original definition of landscape connectivity is the
degree to which the landscape facilitates or impedes movement between
resource patches (Taylor et al., 1993). It combines the effect of the land-
scape structures as well as the species ability to move in this landscape
and the associated risk (Tischendorf and Fahring, 2000). Hence land-
scape connectivity integrates two characteristics: the physical patterns
in the landscape and the behavioral processes of the species in interac-
tion with those patterns (Chetkiewicz et al., 2006). Therefore landscape
connectivity can be divided into two sub-concepts: the structural and
the functional connectivity. Structural connectivity aims at describing
the physical links among habitat patches and are measurable by spatial
metrics whereas functional connectivity accounts for the flow of organ-
isms through the landscape, which is species specific and may depend on
broader-scale influences, such as the wind direction or the water currents
(Taylor et al., 2006).

1
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In the context of subsurface hydrology, the study of connectivity has
been specifically dedicated to the water fluxes per-se (to determine so-
lute transport subsequently) in the vadose zone and in fractured media.
Connectivity of the medium typically refers to the presence of continu-
ous fast flow streamlines of water and/or solutes transport (Knudby and
Carrera, 2006) or, on the contrary, to the presence of cut off structures
that obstruct the flow (Cappelaere et al., 2000; Hirsch and Schuette,
1999; Lehmann et al., 2007). It is implicitly assumed to be a purely
statistical concept (Deutsch, 1998; Vogel, 2000) associated with the ge-
ometry of the pore space (Knudby and Carrera, 2005) or the fractures
(Xu et al., 2006). This approach of the connectivity concept is mostly
structural (in the sense defined in landscape ecology) as it is based on
geometrical properties, although the extraction of the flow network out
of the pore system is first of all based on a movement criterion (the local
hydraulic conductivity needs to be high, or implicitly the pore radius
needs to be large).

In the context of surface hydrology, it has been observed that some
areas in a catchment could actively generate runoff locally without ex-
porting it up to the outlet (Bronstert and Bardossy, 1999; Cammeraat,
2002; Cerdan et al., 2004). This led Ambroise (2004) to distinguish be-
tween active versus contributing areas. Upstream generated runoff might
re-infiltrate downstream or could be stored behind obstacles, on its way
to the stream network, disconnecting part of the catchment in terms
of surface flows. This explains why the spatio-temporal arrangement of
source/sink areas, of the flow path networks, and the interactions be-
tween them form an important field of study (Cammeraat, 2002; Cerdan
et al., 2004) and has been increasingly referred to in surface hydrol-
ogy (Bracken and Croke, 2007; Lexartza-Artza and Wainwright, 2009;
Michaelides and Chappell, 2009; Ali and Roy, 2009).

Whatever the scale, the connection between zones that produce runoff
and the outlet or zones that allow effective re-infiltration is governed by
the intensity-duration-frequencies of rain (Puigdefabregas et al., 1999;
Lehmann et al., 2007) and by physical and biological thresholds that
have to be exceeded (Cammeraat, 2002). Infiltration is the primary fac-
tor that affects connectivity. It has been shown, at the scale of small
catchments, that surface water connectivity increases with the mean soil
water content (Western et al., 2001), or when soil infiltration capacity
decreases (Grayson et al., 1997). Consequently, during short rainfall
events, only few parts of the catchment are contributing actively to the
runoff observed at the outlet. For longer duration of rain, more surface
progressively connects to the outlet. In addition, the spatial structura-
tion of soil water content provokes generally more runoff, both in terms
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of peak discharge and total volume (Bronstert and Bardossy, 1999). Sur-
face storage is the second factor that affects surface water connectivity.
Some natural factors tend to enhance surface storage by retaining or
slowing down runoff (such as local depressions, ponds, hedges or vegeta-
tion bands). Others, such as surface sealing and erosion features, tend
to reduce surface storage and increase connectivity. Anthropogenic fac-
tors can enhance the surface storage. For instance tillage increases the
micro-topography and consequently the retention in local depressions
(Takken et al., 2001b,a). But more generally, man-made networks tend
to decrease the buffer effect of the surface storage by concentrating and
accelerating surface fluxes, e.g., roads (Carluer and De Marsily, 2004;
Heathwaite et al., 2005). Ditches can play both roles depending on the
water table level (Carluer and De Marsily, 2004). A well connected
catchment often implies a higher risk for infrastructures at the outlet,
i.e., more flooding. It appears from the above that the connectivity con-
cept may allow a better understanding of the runoff propagation, and
hence the diffuse pollution and the erosion processes (Tyndale-Biscoe
et al., 1998). It may also be a key factor to bring our models and
predictions a step forward (Western et al., 2001; Grayson et al., 2002;
Mueller et al., 2007).

Although being studied by many researchers, hydrological connec-
tivity in the field of surface hydrology still misses of a widely accepted
definition (Bracken and Croke, 2007; Ali and Roy, 2009) as its mean-
ing varies from author to author, depending on the context and the
sources of information that are used to characterize it. Because water
flow is not easily observable by direct methods at every location in a
landscape, hydrological connectivity has been studied through a variety
of mostly indirect approaches, including the study of observable chan-
nel patterns (Cammeraat, 2002), terrain indices derived from surface
topography (Guntner et al., 2004; Heathwaite et al., 2005), or potential
water movement in the system combining topographical and land use
information and modeling (Heathwaite et al., 2005; Reaney et al., 2007;
Darboux et al., 2002). If one refers to the functional and structural con-
nectivity concepts used in ecology, then the connectivity derived from
terrain information is of the ’structural’ type whereas the connectivity
derived from a combination of modeling and geographical information
is of the ’functional’ type. The study of observable patterns, such as
vegetation patterns (Imeson and Prinsen, 2004), rill, gully and river
networks (Favis-Mortlock, 1998), soil moisture patterns (Western et al.,
2001), may at first appear to be related to the structural connectivity
concept, yet these footprints of water flow actually carry information
regarding both the spatial continuity of the water (structural connectiv-



4 Chapter 1. Introduction

ity) as well as the amount of water and/or the discharge rate passing at
different locations (functional connectivity). Hence, depending on the
approach, hydrological connectivity studies highlight the structural con-
nectivity, functional connectivity, or some partial combination of both
concepts.

Clearly, functional connectivity must to some extent be dependent
on structural connectivity, as pattern and process are expected to be
linked (Gustafson, 1998), but the nature of this relationship is often
complex. Processes acting on a landscape, over time, will lead to the
development of patterns in a landscape. However, observed patterns
may not be related to present-day processes but might have been cre-
ated under past conditions (Cammeraat, 2002). Also, the emergence
of topologies observed in nature may not exclusively be the outcome of
growth mechanisms but may also arise from the interplay of dynami-
cal mechanisms with an evolutionary selection process (Colizza et al.,
2004). For instance, river networks tend to evolve toward a dynami-
cally reachable local optimum in terms of energy expenditure, so as to
minimize all the energy losses occurring locally and globally in the sys-
tem (Rodriguez-Iturbe et al., 1992; Banavar et al., 2000; Rinaldo et al.,
2004). Such optimal networks tend to develop dendritic patterns, espe-
cially if fast fluxes are present. Dendritic patterns optimize the length
of networks that have to span an area, which increases the viability and
the efficiency of such networks.

In order to promote progresses in the study of hydrological connec-
tivity, it seems essential to settle on a common, precise definition. It
is suggested here to make use of the connectivity concept employed in
ecology as it has been applied successfully for a long time by a large
scientific community, albeit in a different scientific domain. The concep-
tual definition of connectivity that will be used here is thus the structural
and/or functional continuity between elementary units or subsets of el-
ementary units encompassed in a larger space. Structural connectivity
refers to continuum properties of state variables (such as altitude or soil
surface properties) in space, whereas functional connectivity is process-
based and reflects the capacity (or the rate of transfer) of water (and
associated particles or molecules) to move in the system in response to
a boundary stimulus. Let us note that Bracken and Croke (2007) speak
of static and dynamic connectivity to distinguish between structural
and functional connectivity. However, we prefer the term ’structural
connectivity’ over ’static connectivity’, as structural connectivity is not
necessarily a static property, i.e., surface topography can be temporally
highly dynamic, especially at small scales. The term static may therefore
be misleading.
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It is apparent from the above definition that both structural and
functional connectivity may be scale-dependent (Western et al., 2001;
Cerdan et al., 2004). The longer is the path for runoff to flow from its
origin to the outlet, the greater is the chance for runoff to encounter
depressions or higher infiltration zones on its way and get disconnected
from the outlet. The length of the path increases also the cumulative
effect of friction, which increases the diffusion of the runoff propaga-
tion front. For those reasons, connectivity in general decreases with
increasing scale. But this also depends on the position of the area com-
pare to the position of the drainage network, as, when runoff reaches
this network, the distance of connection increases significantly. At the
same time, boundary effects in the observations can bias the decrease
of connectivity with scale, as the artificial disconnecting action of the
boundary effects decreases with scale too.

Structural and functional connectivity concepts may also depend on
the history of flows through the system, as these flows are capable of
modifying the surface topography and the network of other landscape
elements that may affect surface flow (e.g., land use, vegetation).

As opposed to structural connectivity, functional connectivity will be
directly dependent on the boundary conditions of the system. Indeed,
the functional connectivity is revealed in the hydrological response of
a surface to a stimulus applied at the boundary of the system. The
promptness of the system to react to a modification of the boundary
condition is a measure of functional connectivity (in the sense defined
in landscape ecology, where the species are replaced by water molecules
or solutes), such as an early arrival time in a breakthrough experiment
for instance (Knudby and Carrera, 2006) or a high value of effective
transmissivity in pumping test. Hence, whereas hydrological structural
connectivity may be studied without specifying the boundary condi-
tions, the characterization of functional connectivity cannot be dissoci-
ated from the boundary conditions. In addition, functional connectiv-
ity is dependent on initial conditions (e.g., spatial moisture patterns or
partial filling of depressions before a rainfall). Let us note that the func-
tional connectivity is also process-specific. For instance, connectivity is
different for water flow and particle transfer (Darboux and Huang, 2005;
Fryirs et al., 2007), but artificial flow networks may act as conduits or
short-circuits for the transport of contaminants, leading to by-pass some
of the retardation mechanisms.

Structural connectivity between two points implies the presence of
a continuous path of water at the soil surface. However, the presence
of such a continuous path does not imply that water actually flows be-
tween those two points (think of two points in a pond at rest). To
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ensure motion, the presence of a gradient of energy (gravity, differences
in hydraulic head) between those two points will ensure a functional con-
nectivity. In most cases, downstream points are functionally connected
to upstream points only, yet this needs some nuancing if backwater ef-
fects are considered. To summarize, functional connectivity between
two points requires structural connectivity, whereas the existence of a
structural connectivity link between two points does not automatically
imply functional connectivity.

1.2 Why a study at the interrill scale ?

As far as runoff is concerned, connectivity has been studied mostly at the
watershed scale, to study runoff stoppage provoked by local obstructing
elements or high infiltration zones (Imeson and Prinsen, 2004; Croke
et al., 2005; Heathwaite et al., 2005; Fryirs et al., 2007; Bracken and
Croke, 2007; Mayor et al., 2008; Meerkerk et al., 2009) or water table dis-
ruption due to hillslope-river transitions (Ocampo et al., 2006; Stieglitz
et al., 2003; Lehmann et al., 2007; Jencso et al., 2009; Lane et al., 2009;
Hopp and McDonnell, 2009). Since connectivity can be treated explic-
itly at such scales by available physically-based hydrological models or
by current data acquisition techniques, the connectivity concept has so
far mainly been used as a means of understanding catchment responses
rather than for prediction purposes. The greatest challenge, however,
resides in the development of connectivity indices that can be used to
refine current surface water flow modeling at the subgrid scale of dis-
tributed hydrological models. Indeed, although barely studied, connec-
tivity considerations also apply in the interrill zones in-between surface
channels (rills, gullies, ditches, etc..) where water flow is governed by
the soil micro-topography and which typically corresponds to the sub-
grid scale of most spatially-distributed hydrological models. At these
scales, the spatial heterogeneity is still important, both in terms of in-
filtration capacity of the soil (Fox et al., 1998; Langhans et al., 2010)
and the water storage capacity at the soil surface (Darboux et al., 2002).
This results in a mosaic of source and sink entities in the interrill zone
influencing the degree of connection between interrill zones and the rill
network. As a matter of fact, one could argue that the greatest poten-
tial benefits of applying the connectivity concept lie at the subgrid scale
of distributed hydrological models and not at the watershed scale. But
connectivity cannot be treated explicitly without increasing input data
/ data collection requirements and computation times by several orders
of magnitude. Subgrid connectivity functions may therefore provide
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a means of improving the response of distributed hydrological models
without strongly increasing computation and input data requirements.
Therefore in this study, we will focus our analysis on small bare plots
that have similar dimension as the dimension of the numerical gridcell
of spatially distributed hydrological hillslope models (i.e., ∼ m2).

At the interrill scale, the micro-topography controls, in interaction
with the general slope, the initiation and the direction of overland flow.
Depending on the spatial configuration of the soil micro-topography,
the water at the soil surface may conceptually be distributed among
two compartments (Fig. 1.1): the depression storage and the surface
detention (Stammers and Ayers, 1957). The depression storage (also
called surface retention or dead storage) is the amount of water stored in
surface pits and depressions, when the water supply rate is larger than
the soil infiltration capacity for those depressions. When a depression is
fully filled with water, the water surplus overflows and fills downstream
depressions or produces runoff. The water stored in the depressions will
subsequently infiltrate or evaporate. At the scale of a rainfall event,
depression storage leads to a significant decrease of runoff volume, as
maximum depression storage is able to store, on agricultural fields, from
0.2 to 15 mm of water (Kamphorst et al., 2000; Picouet et al., 2009).
This depends on the roughness of the soil surface, which generally in-
creases the depression storage, and the slope, which decreases it. There-
fore, depression storage is potentially an important factor in preventing
runoff and erosion in agricultural fields (Kamphorst et al., 2005). The
surface detention corresponds to the water storage in excess of depres-
sion storage. It is due to the presence of flowing water and depends on
the discharge itself. Surface detention depth will increase until discharge
reaches equilibrium with the rate of supply to the surface runoff (Mwen-
dera and Feyen, 1992). At the end of the runoff event, this amount of
water will deplete as discharge decreases. The current subgrid model-
ing approaches in physically-based surface hydrology models rely on the
definition, for each grid cell, of an effective maximum depression storage
and an effective friction factor linked to the surface detention (Singh,
1995; Singh and Frevert, 2002; Smith et al., 2007). In some hydrologi-
cal models, the depression storage is mixed with the interception of the
rainfall by the vegetation cover, to form an initial loss factor (Picouet
et al., 2009). In some others, the depression storage is simply neglected,
as the error on the infiltration may be so large that taking into account
an additional process such as the depression storage would not improve
the model performance (Picouet et al., 2009). However, as we work at
the interrill scale, the depression storage is a significant characteristic
that we have to consider in order to avoid large bias in the hydrographs.
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Figure 1.1: Distinction between depression storage and surface detention (with-
out infiltration).

Surface detention and depression storage depend on micro-topography,
which evolves over time (Chahinian et al., 2006) through the combined
action of rain (Guzha, 2004) and overland flow (interrill erosion). Erosion-
deposition processes will modify the surface micro-topography, break-
ing down soil aggregates (Paz-Ferreiro et al., 2008), filling depressions
(Guzha, 2004), incising channels at the outlet of puddles (Darboux et al.,
2002) and favoring the development of preferential eroded pathways
(Favis-Mortlock, 1998). Turbulences will allow the flow to modify the
bed roughness especially if small hydraulic jumps occur (Tatard et al.,
2008), onsetting new rills that will subdivide previous interrill areas.
With time, flow network structure evolves into a self-organized configu-
ration where overall geometry of flow paths is similar to those developed
in river networks (Helming et al., 1998), unless anthropogenic actions
such as tillage reset a new micro-topography, ready to be eroded.

Take note that oriented roughness features, such as furrows for in-
stance, may increase or decrease surface storage (= depression storage
+ surface detention). It depends on discharge and the interaction be-
tween the main slope and the oriented roughness features. Regarding
surface detention, if slope and oriented roughness features direct water
in roughly the same direction, then oriented roughness features facili-
tate the drainage of surface water and decrease surface detention. On
the contrary, if oriented roughness features and main slope show more
divergent directions, flowpaths will be deviated from the main direction
that would have been followed in absence of oriented roughness. This
increases the length of the flowpath and, as a result, the size of surface
detention. Regarding depression storage, it is expected that roughness
of oriented roughness elements will in general be lower than that of the
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interrill random roughness because of the smoothing action of the flow-
ing water (except in case of scouring). Hence, oriented roughness would
decrease depression storage. However, in the extreme case of oriented
roughness features being perpendicular to the main slope, they will form
depressions to be filled by overland flow and will increase drastically the
depression storage. Overall, down-slope oriented roughness is therefore
expected to decrease surface storage, but this effect decreases as the
orientation changes from down-slope to cross-slope. In the special case
of oriented roughness following the contour lines, surface storage may
actually increase compared to the situation without oriented roughness.

1.3 Objectives

The overall goal of this thesis is to investigate the influence of micro-
topography on surface flow connectivity properties at the interrill scale.
This thesis has 3 main objectives and several specific objectives.

Objective 1 is to measure the effect of micro-topography on over-
land flow at the interrill scale. The specific objectives are as follow:

• to study the specific effect of micro-topography on depression stor-
age and surface detention, both under laboratory conditions and
through numerical modeling ;

• to determine how temporal changes in micro-topography affect
depression storage and surface detention ;

Objective 2 is to find runoff-relevant connectivity properties of a
micro-topography at the interrill scale. The specific objectives are as
follow:

• to test the relevance of existing and a new connectivity indicators ;

• to propose a conceptual framework for the connectivity properties
of a micro-topography ;

• to study the temporal evolution of connectivity ;

Objective 3 is to introduce the micro-topographical connectivity
properties at the subgrid (interrill) scale in distributed hydrological mod-
els, by defining corrective strategies to merge, at the grid scale, the
subgrid surface detention and depression storage dynamics.

This work has mainly been carried out at the square meter scale for
bare tilled loamy soil surfaces. The two hypotheses that underline this
work are that the infiltration rate never exceeds rainfall intensity, such
that there is always a zero or a net supply of water, and that this net
supply is spatially uniform.
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1.4 Outline of the thesis

In the first section, we try to assess the impact of micro-topographies
observed at the interrill scale on depression storage and surface deten-
tion. Those two properties will partially disconnect or delay the runoff.
In Chapter 2, we present a novel molding method which allows to study
the impact of micro-topography on runoff without interference from
infiltration. In Chapter 3, we use the molding method to study the
rainfall-induced evolution of depression storage and surface detention
for a freshly tilled bare loamy soil.

In a second section, we try to assess, in a numerical framework, the
impact of the micro-topographical configuration on overland flow. In
a primary step, we build a numerical overland flow model. Then this
model is applied on virtual scenarios of contrasted micro-topographies
(Chap. 4).

The third section will cover the characterization of connectivity prop-
erties of micro-topographies. In Chapter 5, several existing structural
indicators are benchmarked based on the virtual scenarios of contrasted
micro-topography. A new functional indicator is also proposed which
provides a conceptual framework for studying the functional connec-
tivity properties of micro-topography and which can be integrated in
physically-based hydrological models. In Chapter 6, we look at the tem-
poral evolution of connectivity caused by rainfall-induced changes in
micro-topography for the freshly tilled bare loamy soil of Chapter 3.

Finally, we propose, in the fourth section (Chap. 7), a methodology
to implement the interrill connectivity properties observed on the bare
loamy soil into the framework of current distributed runoff models.

The list of the supporting publications is provided at the end of the
manuscript.
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Figure 1.2: Outline of the thesis, showing the correspondence between the ob-
jectives and the chapters. We classified the chapters according if
they were mainly based on real observations or simulated data.
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Chapter 2

A cheap and fast method to
mold the soil surface
micro-topography1

2.1 Outline

In order to study the impact of the micro-topography on runoff with-
out interference from infiltration, we developed a fast and cheap in-situ
molding method (+/- 85 e/m2) that combines alginate, plaster and
lacquer. It allows to create stable and impermeable artificial micro-
topographies that reproduce real fields situations and that can be sub-
mitted to various laboratory runoff simulations. Both the original soil
and its artificial reproduction have been measured with a laser scanner
in order to assess the quality of the molding method. This method is
shown to be precise with a standard deviation of 0.55 millimeter in z,
close to the 0.5 mm of spatial resolution in x, y and z for the laser
scanner method.

2.2 Introduction

Given the difficulty to measure infiltration and its high variability even at
the m2 scale (Fox et al., 1998), it is necessary to work with impermeable
soil surfaces if one wants to measure directly the effect of the micro-
topography on the runoff propagation.

1Adapted from: Estimating changes in interrill surface detention and depression

storage using a cheap and fast method to mold the soil surface micro-topography, An-
toine, M., Chalon, C., Darboux, F., Javaux, M. and Bielders, C., Catena (accepted
with minor changes)

13
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Two options are possible, either by impregnating the soil in-situ with
a liquid that solidifies and waterproofs the soil surface, or by making an
impermeable reproduction with molding methods. Langford and Turner
(1972) chose the first option by spraying, over a finely-cultivated fallow, a
thin skin of bituminous emulsion. Gayle and Skaggs (1978) also impreg-
nated the soil surface but with a polyester resin. On their side, Takken
and Govers (2000) sprayed a mixture of wood glue (PVA) and water to
fix the soil surface, refilled cracks with a mixture of glue, water and soil
and, finally, sprayed a waterproofer for tents on the whole surface. The
second option, i.e. the molding method, has been used by Foster et al.
(1984), Garcia-Sanchez (1997), Kamphorst and Duval (2001) and Roche
et al. (2007). Foster et al. (1984) used plaster reinforced with straw to
make the mold, and fiberglass and resin for the casting. Garcia-Sanchez
(1997) also used some plaster for the mold, but an elastomer for the
casting. However problems were encountered during the removal of the
cast from the mold. Therefore, Kamphorst and Duval (2001) improved
their technique by using an elastic silicone elastomer for the mold and
a polyester resin for the casting. This method produced robust and im-
permeable copies of the micro-topography and details less than 0.1 mm
width were correctly reproduced. The first drawback of the technique
is the time required to mold the surface (24h), and the fact that the
silicone partially infiltrates into the soil, which subsequently requires a
manual removal of some silicone features corresponding to pore space
rather than depressions. The second drawback is the price of materials
used (± 600 e/m2). This can limit to some extent the number of repeti-
tions and the sampling frequency of the micro-topographies investigated
during a study. This is not desirable, as the soil properties that govern
the retention and detention of overland flow are variable in space, but
also evolve in time (Chahinian et al., 2006) with the history of flows
through the system. Therefore, our objective is to demonstrate the po-
tential of a new cheap molding technique to reproduce real waterproof
micro-topographies.

2.3 Materials and Methods

2.3.1 Development of the molding method

As numerous molds will have to be created, we had to develop a new
method to produce impermeable surfaces at a lower cost and in a less
time-consuming manner than current molding methods of soil surface.
The materials used for making the footprint of the soil (i.e., the mold)
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and, subsequently, for making the copy of the soil (i.e., the cast) need
to have some specific properties:

• The material poured on the soil needs to be sufficiently fluid to
tightly conform to the shape of the micro-topography, but it must
not infiltrate too excessively in the soil.

• It must be possible to make the mold under a wide range of rough-
ness and wetness conditions.

• The material used for making the copy needs to be waterproof and
must not be degradable over time.

• The overhangs 2 need to be well represented in the copy. This
implies that at least one of the two materials is flexible enough so
that overhangs don’t break during the removal of the casting from
the mold.

Based on discussions with people using molding methods for par-
ticular applications (dentists, podiatric physicians, criminal squad and
model makers), we identified several cheap materials and fast procedures
either to fix and waterproof the soil surface or to mold it. To assess the
feasibility of those procedures to mold soil surfaces under real field con-
ditions, we first tested them in the laboratory on wet soil samples. For
the waterproofing of the soil surface, the tested materials were: a water-
repellent additive for concrete, a liquid latex, some color spray painting
and an acrylic polyurethane lacquer. For the molding procedure, we
tested the following materials for the mold: agar jelly, paraffin, plaster,
alginate and cement for wet environment with a fast setting time. For
the cast, we tested: cement, latex, alginate and plaster.

2.3.2 Validation of the molding method

In order to assess the quality (in terms of precision in the reproduction
of the micro-topography) of the selected molding method, we measured
the elevation of both the original micro-topographies and their repro-
ductions with a laser scanner (Darboux and Huang, 2003). The micro-
topographies considered in the validation procedure are: a 2-D profile of
a flat PVC surface with three peaks, a 2-D profile of a patterned PVC
surface and a 3-D surface of a real rough and wet soil sample (0.07 m2).
In addition, the original profiles of the two 2-D profiles were directly

2An overhang is produced where a border of a clod hangs over in the air, leaving
space for the water to flow underneath while blurring that space to the detection tools
placed above.
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measured with an iron ruler and a caliper rule to show the noise linked
to the laser measurement itself.

The laser scanner consists of two laser diodes that project vertically
on the surface a narrow line of intense light. The distortion of this line by
the micro-topography, when viewed from an oblique angle, is captured by
a camera. Using a calibration procedure, the image of the distorted line
is back-transformed to an elevation profile. To obtain the entire micro-
topography, the line is scanned across the surface with an increment
of 0.5 mm, which determines the spatial x-y resolution. The vertical
resolution is also 0.5 mm which results from the distance between the
mold and the camera as well as the laser beam thickness (Darboux and
Huang, 2003). Shading effects can appear when the micro-topography
itself hides some portions of the line, which will result in an incomplete
digital elevation model. Therefore, two scans were made, with the cam-
era on one or the other side of the line, so that the shadow effects do
not always occur on the same side of the protruding objects. An im-
age registration is then required to allow the merging of the information
contained in the two incomplete digital elevation models. Common con-
trol points are identified on both digital elevation models in order to
compute a first adjustment. This adjustment is then refined by an op-
timization algorithm that minimizes the discrepancies between the two
digital elevation models. The procedure is schematized in Figure 2.1.

2.4 Results and Discussion

2.4.1 Development of the molding method

The different trials are listed and briefly discussed in Tables 2.1, 2.2 and
2.3. None of the products used for waterproofing the soil surface gave
reliable results, due either to a bad waterproofing or to a modification of
the micro-topography. We concluded that in situ waterproofing of soil
was difficult and we focused our trials on molding methods. Regard-
ing the mold, Alginate (alginate aroma fine R○ DF III normal), which
is a polysaccharide extracted from brown algae and which constitutes
the raw material for dental molding, gave the best results and was eas-
ily cleaned of loose soil. Regarding the cast, the best association with
alginate was plaster (molda R○ III normal). The plaster cast was subse-
quently coated with a thin layer of lacquer (French Polish of Ciranova R○)
to render it impermeable and non-erodible, without altering the micro-
topography.

The molding procedure is illustrated in Figure 2.2. The alginate
powder is mixed with water (1 kg alginate powder/5 kg water) and
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Figure 2.1: Flowchart to compute the micro-topography from the images pro-
vided by the laser scanner.
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Table 2.1: Summary of the different materials used to produce an impermeable soil micro-topography: in-situ waterproofing.

Material Main Application Procedure Results

Plastidich R○ Water-repellent
additive for
concrete

Sprayed pure or mixed with 15 or
30% water

No waterproofing

Industrial silicon
spray

Industrial lubri-
cation

Spraying repeated 5 times No waterproofing

Isolastic R○ Liquid latex Poured pure on the soil The liquid infiltrates totally, no
waterproofing

Color spray paint-
ing

Painting that cov-
ers well and pre-
vents rust

Sprayed twice Good waterproofing except on
cracks; some accumulation in de-
pressions is observed

Acrylic
polyurethane
lacquer

Protection of
woods

Applied several times with a
paintbrush

Modifies the topography because
of brush contact with soil
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Table 2.2: Summary of the different materials used to produce an impermeable soil micro-topography: molding, material for the
mold.

Material Main Application Procedure Results

Agar jelly Culture medium
in biology

0.5, 1, 3, and 5% concentration,
poured during the cooling of the
jelly

Good molding but cracks during
drying

Cellophane Food packaging Laid on the soil and compressed
by a liquid

Bad molding

Paraffin Candles Poured liquid on the soil Brittles

Alginate Dental mold-
making and food
industry

Mixed with water in a ratio 1 kg
alginate/ 5 kg water

Good molding (perfect with wet
soil), flexible and robust, shrinks
as it dries

Plaster molda R○

III normal
Precision plaster
for detail applica-
tion

Mixed with water in a ratio 1.35
kg plaster/ 1 kg water

Good molding but cracks upon
drying and is hardly cleaned of
loose soil

Cement
Lampocem R○

Cement for wet
environment with
a fast setting time

Mixed with various quantities of
water and sand

Tears and very hardly cleaned of
loose soil
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Table 2.3: Summary of the different materials used to produce an impermeable
soil micro-topography: molding, material for the cast

Material Results

Cement on alginate Not compatible

Alginate on alginate Ok, but bubble forming

Isolastic on alginate Shrinking of the latex with time and
UV-sensitive

Plaster on alginate Ok, but requires to waterproof the
plaster with a lacquer (French Pol-
ish of Ciranova R○)

agitated during one minute, avoiding the formation of too many bubbles.
Then it is poured onto the soil surface that was previously delimited
by a frame. The alginate polymerizes in less than 2 minutes. After
10 minutes, the mold can be manipulated and removed from the soil
surface. It is washed with water to get rid of the loose soil particles
or aggregates that can stick to the alginate mold. Take note that the
alginate mold shrinks when it dries and needs thus to be kept in a humid
environment (e.g., by keeping it in a sealed plastic bag). The plaster is
mixed with water (1.35 kg plaster/1 kg water) and agitated during one
and a half minute. Then it is poured onto the alginate mold framed
by the previous frame. A steel grid was submerged in the plaster to
reinforce it. The plaster will begin to harden after 10 minutes. After 2
hours, the plaster is separated from the alginate. Six hours later, the
lacquer is sprayed onto the plaster that has been cleaned of the last spots
of alginate. The entire procedure takes about 8 hours and costs about
85 e per square meter (alginate: 14 e/kg x 4 kg/m2, plaster: 0.4 e/kg
x 30 kg/m2; lacquer: 16 e/liter x 1 liter/m2), which is much cheaper
than traditional silicone molds.

The maximum amplitude of the roughness we ever investigated was
8 cm, but it is not a limit. To save alginate or to avoid too heavy molds
difficult to manipulate without breaking them, it is not necessary to
spread a uniform layer of alginate inside the frame and some additional
alginate mixture can be added (before the mold is dry !) where the
highest clods protrude through the alginate layer. However, the good
reproduction of the top of the clods is not always necessary as, for surface
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Figure 2.2: Procedure to cast the soil surface roughness.



22 Chapter 2. Molding Method

detention and depression storage, it is mostly the depressions and the
connecting paths that need to be well reproduced in the cast. If we
deal with a non flat alginate layer, then an additional layer of plaster on
top of the alginate layer needs to be done to avoid deformation of the
alginate layer when turned over and used as a mold.

2.4.2 Validation of the molding method

Visual inspection of the 2-D profiles of the 2 PVC surfaces shows that
horizontal lines stay mostly linear and the distances between maxima
are preserved (Fig. 2.3). Some discrepancies are observed between the
profiles, but those are mostly below the resolution of the laser scanner of
0.5 mm, which is linked to the distance between the cast and the camera
of the scanner (Darboux and Huang, 2003). Furthermore, some details
less than 0.5 mm wide were perfectly reproduced.

In a second step, we scanned a real rough and wet soil sample, as
well as its plaster reproduction. The digital elevation models of the soil
surface and its plaster cast are shown in Figure 2.4 (a) and (b). Miss-
ing data in the digital elevation models, due to uncompensated shading
effects during the scanning process, are left white. Missing data are usu-
ally in the neighborhood of clods that produce shadow effects. Those
missing values can be estimated by interpolation procedures but in or-
der to analyze the discrepancy between the different micro-topographies,
they are not considered. Figure 2.4 (c) shows the difference between the
plaster micro-topography and the soil micro-topography. The largest
positive errors (which correspond to a higher topographical level on the
reproduction than on the soil) are located in the upper-left corner and
in the center-right, whereas negative errors are located in the lower-left
and upper-right corners. They may be due to a small deformation of
the alginate mold or plaster cast. Those discrepancies remain mainly
within the limits of the resolution of the laser: since we subtract two
variables each having 0.5 mm uncertainty, the result has 0.7 mm un-
certainty (

√
0.52 + 0.52). Figure 2.5 shows the distribution of the error

which is almost symmetrical around the mean, indicating a good ac-
curacy. The absence of bias is due, among other, to the registration
procedure. The standard deviation is 0.55 mm, almost equivalent to the
laser scanning resolution. Moreover, in their estimation of measurement
precision, Darboux and Huang (2003, Fig. 7(b)) found a standard devi-
ation of 0.39 mm when comparing two measurements of the same soil
surface. The present standard deviation is only slightly larger while we
are comparing a surface and its cast. To conclude, we can say that the
proposed molding method allows to reproduce accurately the soil micro-
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Figure 2.3: Comparison of 2-D profiles of a flat surface with 3 peaks (a) and
a patterned PVC surface (b) with their plaster copies, measured
manually and with the laser scanner.
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topography with a precision of at least 1 mm, remembering that the
largest errors may be due to a global deformation of the mold. However,
since the observed precision is better than the resolution of the laser
process, the reality of the systematic error due to the mold deformation
may be questioned.

2.5 Conclusions

We developed a cheap and fast molding method based on alginate and
plaster that is able to reproduce real soil surface micro-topography
within at least 1 mm of precision, but we have to pay attention to a
global deformation of the mold. The molds are impermeable, which
allows to study, under laboratory conditions, the effect of the micro-
topography on the runoff characteristics without interference from infil-
tration. Given the low cost, it becomes realistic to create a collection of
micro-topographical reproductions, in order to study the combined ac-
tions of rain and agriculture practices on the micro-topographical prop-
erties. Moreover, molds can be made on vegetated fields, as long as
stems are sufficiently rigid to remain in their position when pouring the
alginate onto the soil and wide enough to be reproduced in the plaster
cast (e.g., mature maize crop).
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(a) (b) (c)

Figure 2.4: Digital elevation models of the soil (a), of the corresponding plaster reproduction (b), and the discrepancies between
the two (c): zPlaster − zSoil. Missing data are left white.
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Figure 2.5: Distribution of the observed difference between the digital elevation
models of the plaster reproduction and the original soil.



Chapter 3

Estimating changes in
interrill surface detention
and depression storage 1

3.1 Outline

Surface detention and depression storage constitute the two conceptual
water storage compartments at the soil surface and depend on the spatial
configuration of the micro-topography. The molding method explained
in Chapter 2 was applied to get ten footprints of the micro-topography
of a tilled bare silt loam soil, at different levels of cumulative rainfall
erosivity. We studied the evolution of depression storage and surface
detention and related the measured hydraulic properties of the micro-
topography to cumulative rainfall erosivity. If a clear link could be
identified between rainfall erosivity and properties that determine de-
pression storage and surface detention, then the R factor could help
for the modeling of runoff from soil surfaces whose micro-topography
evolves with the accumulation of rain events. We observed a general
decrease of both forms of storage. In addition, we tested if the classical
Darcy-Weisbach equations for an equivalent laminar sheet flow could
provide similar detention values, in order to use our measurements as
effective parameters for current hillslope models where the size of our
molds corresponds then to the size of one single grid-cell. Based on
that last analysis, we proposed a simple model to compute the surface

1Adapted from: Estimating changes in interrill surface detention and depression

storage using a cheap and fast method to mold the soil surface micro-topography, An-
toine, M., Chalon, C., Darboux, F., Javaux, M. and Bielders, C., Catena (accepted
with minor change)

27
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detention as a function of the discharge per unit width and cumulative
rainfall erosivity value.

3.2 Introduction

Depending on the spatial configuration of the soil micro-topography,
overland flow may conceptually be distributed among two compart-
ments: depression storage and surface detention (Stammers and Ayers,
1957). Those two compartments are explicitly expressed, for a given
area, in the storage equation (Stammers and Ayers, 1957):

∂ (Ds + Sd)

∂t
= −∂q0

∂x
+ P − F (3.1)

where Ds is the depression storage [mm], Sd is the surface detention
[mm], t is the time [s], q0 is the discharge per unit width [mm2/s], x is
the distance in the slope direction [mm], P is the rainfall rate [mm/s]
and F is the infiltration rate [mm/s]. Evaporation is neglected in this
equation. Therefore, it is only applicable during a rainfall event during
which evaporation is assumed to be negligible. To close this equation,
soil surface topography and roughness needs to be taken into account
to allow the separation between surface storage and depression storage,
and to compute the discharge per unit width.

On small experimental plots, P and q0 are directly measurable,
whereas F is often modeled or estimated from additional measurements.
On the contrary, Ds and Sd are not easily measured due to the infil-
tration that occurs simultaneously. Therefore, Ds and Sd are usually
evaluated indirectly.

Ds can be evaluated numerically with a filling algorithm (Planchon
and Darboux, 2002) if a detailed survey of micro-topography has been
made. Alternatively, attempts have been made to find simpler estima-
tions of the maximum value of depression storage Ds max that are based
on direct measurements of roughness indicators in the field. In a com-
parative study of different roughness indicators, Kamphorst et al. (2000)
found that random roughness, combined with the mean slope of the plot,
provided the best estimation of Ds max (with an error of 3 mm of water
depth). Take note that random roughness is classically determined at
the meter scale (Jester and Klik, 2005; Elbasit et al., 2009), which is
consistent with the spatial scale adopted in the present thesis.

Sd depends on the integration of the continuity equation for surface
flow and will evolve locally toward a dynamic equilibrium between wa-
ter reaching (by runon and precipitation) the specific location for which
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Sd is computed and water leaving that location (by runoff and infiltra-
tion). If the micro-topography is known at high spatial resolution, Sd

can be evaluated through detailed hydraulic modeling (Chap. 4). Inter-
rill flows are usually modeled as uniform and broad sheet flows (Smith
et al., 2007), where the effect of the micro-topography is incorporated
in a friction or resistance factor. The Darcy-Weisbach friction factor λ
is often used to model resistance, and it can be converted to Chézy or
Manning friction parameters (Smith et al., 2007). λ has been linked,
among others, to random roughness (Gilley and Finkner, 1991; Smart
et al., 2002), relative roughness parameterized with grain size distri-
bution (Henderson, 1966) and inundation ratio (Lawrence, 1997). A
commonly used alternative is to calibrate λ, based on the comparison of
observed and modeled hydrographs (Esteves et al., 2000; Tatard et al.,
2008).

However, all these indirect parameter evaluations may be erroneous
due to spatial resolution limitations in the digital elevation models (Abe-
dini et al., 2006; Martin et al., 2008), overhang problems (Kamphorst
and Duval, 2001), or modeling simplifications and numerical approxi-
mations. When correlations with topographic indicators are used, the
spatial configuration of roughness is often ignored despite being a strong
determinant (Dunkerley, 2003). Therefore we used the molding method
of Chapter 2 to measure Ds max and Sd directly.

An additional difficulty arises from the fact that surface properties
that govern Ds max and Sd may rapidly evolve over time (Mwendera
and Feyen, 1992; Chahinian et al., 2006) with the history of rainfall
and flows through the system. Erosion-deposition processes resulting
from splash and surface flows will modify the surface micro-topography,
breaking down soil aggregates (Paz-Ferreiro et al., 2008), filling depres-
sions (Guzha, 2004), incising channels at the outlet of puddles (Dar-
boux et al., 2002) and favoring the development of preferential eroded
pathways (Favis-Mortlock, 1998). This is particularly true at the fine
spatial scale on which we focus our thesis. Therefore the objective of
this chapter is to directly determine Ds max and Sd for real field micro-
topographies. We will provide bulk values of Dsmax and Sd for the en-
tire molds in order to provide effective values to current hillslope models
where the single gridcells have a similar size as our entire molds. We will
evaluate how the temporal dynamic of surface roughness affects these
bulk properties and study the evolution of an effective friction factor
corresponding to an equivalent laminar sheet flow at the scale of the
hillslope single gridcell.
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3.3 Materials and Methods

3.3.1 Study field and rainfall erosivity measurement

An experimental plot was selected in a cultivated field, from which all
the soil samples used in this study were sampled. This experimental
plot is situated in the loess belt of central Belgium (Long. 4o38’41.631
E, Lat. 50o40’4.622 N, elevation 136 m, 10% average slope), near the
city of Louvain-la-Neuve. The soil is a silt loam (Haplic Luvisol; FAO
et al. (1998)). At the begining of the experiment (11 March 2009), the
soil of the field had been tilled and sown with spring wheat using the
following seedbed preparation tools: field cultivator, moldboard plow,
spring tine cultivator and combined drill with rotary harrow and cage
roller. Ten meters downstream of the upper field border, an area of 3 x
10 m2 (the long side of the rectangle is perpendicular to the mean slope)
was kept bare, by spraying an herbicide on the young shoots of wheat.
Nine molds (0.5-m wide and 1-m long in the slope direction) were taken
at 4 different times during a three month period on different locations
inside the bare area. We hypothesized that molds were representative
of the micro-topographical configuration evolution for the all bare plot,
allowing comparison of depression storage and surface detention values
between molds whatever the location they were sampled on. However,
we repeated the molding procedure two or three times the same day to
verify this assumption.

Take note that there was a wheel track just 1 m upstream of the
experimental plot, which isolated it from upstream runoff. The maxi-
mum length for runon to occur was thus 3 meters before it flows into the
area covered by a mold. Therefore we wade the hypothesis that rainfall
reshaped the surface much more than interrill erosion. Rainfall rate was
measured with a tipping bucket rainfall gauge at 1-min. intervals with
a 0.2-mm resolution. Those measurements were converted to rainfall
erosivity computed on 10-min. intervals, based on the methodology of
Verstraeten et al. (2006). Each of the nine molds were associated with a
cumulative rainfall erosivity (R) expressed in MJ.ha−1.mm.h−1. Indeed,
Alberts et al. (1995) reported that the evolution of surface properties
such as random roughness could be related to cumulative input of en-
ergy by the rain, which is considered in erosion models such as WEPP
(Flanagan and Nearing, 1995) or CREDHYS (Laloy and Bielders, 2008).
If a clear link could be identified between rainfall erosivity and proper-
ties that determine depression storage and surface detention, then the
R factor could help for the modeling of runoff from soil surfaces whose
micro-topography evolves with the accumulation of rain events.



3.3. Materials and Methods 31

The following molds were taken: 2 molds on the 11th of March 2009,
just after tillage (R=0), 2 molds on the 20th of April 2009 (R=45),
3 molds on the 18th of May 2009 (R=115) and 2 molds on the 29th
of July 2009 (R=230), with the unit of R being MJ.ha−1.mm.h−1. An
additional mold was sampled from another field. On this field, a seedbed
has been prepared in March 2009 for sugarbeet but it was thereafter left
bare and exposed to rainfall for more than 6 months. This corresponds
to the period of the year when most of the intense thunderstorms occur.
Based on visual inspection of the soil surface, we hypothesized that
this last mold corresponded to the final stage of soil micro-topography
evolution and subjectively associated it with a one year value of erosivity
in Belgium (R=677, Verstraeten et al. (2001)).

Finally, The digital elevation models (DEM) of the casts were ob-
tained by scanning the surface with a horizontal resolution of 0.5 mm us-
ing the method of Darboux and Huang (2003). To compute the random
roughness (RR), we first removed the planar trend in the topographical
data, to avoid interference with a general slope. Then we computed the
standard deviation σ of the residuals. The residuals whose values were
outside of the interval +/- 3 σ were considered as outliers and were not
used further. We recomputed again σ (without the previous outliers),
and looked for new outliers, in a repeated way until no outliers were
found anymore. Finally the last computed standard deviation was con-
sidered as the random roughness RR value, similarly to the study of
Kamphorst et al. (2000).

3.3.2 Surface detention and depression storage measure-
ments

On the experimental plot, the different molds were taken parallel to
the soil surface, and the slopes were measured. In the laboratory, the
corresponding casts were first submerged for 12 hours in a water basin to
avoid the absorption of water by the cast in case the waterproof coating
was damaged, then tilted to the same slopes as in the field.

The casts were hydrologically isolated to avoid any escaping flows on
the upper and the side boundaries. Water was supplied to the imper-
meable micro-topography in two ways: either through sprinkling2 over

2The sprinkler system consists in a line of oscillating nozzles where the flow
is periodically deflected from continuously flowing Veejet nozzles. The sys-
tem is placed at 4 m height above the cast surface. The rainfall rate is
modified by changing the pressure in the system or adjusting the time dur-
ing which water is deflected. The simulator can produce rainfall rates between
5 to 100 mm/h Details about the sprinkler system are provided in Darboux
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Figure 3.1: Localization of the molds on the experimental plot and their associated R values.



3.3. Materials and Methods 33

the entire surface (rain), or as runon3 over the entire width of the up-
stream boundary (runon). Each of the 10 molds were subjected to 3
(or 4) constant rainfall rates, ranging between 5 mm/h to 60 mm/h (see
Table 3.1). Runoff water was collected in a gutter at the downstream
boundary of the cast. The runoff rate was determined by collecting the
cumulative runoff during fixed time intervals (low supply rate: 120 s,
medium supply rate: 30 s, high supply rate: 15 s) and weighing the
collected water.

We calculated a mean effective height of water as well as a mean
effective velocity in the direction of the main slope. In this approach,
the whole cast is considered as an elementary surface representative
of a single grid cell (1 meter long) in a hillslope model. We chose that
option to provide modelers with representative effective values of surface
detention and depression storage at the scale at which classical hillslope
models perform. Langford and Turner (1972) had observed that, even
at the bottom depression, water was flowing and therefore included the
water depth in the depression storage to compute the outflows. As
opposed to them, we chose to consider that the water in the depression
storage did not contribute to the flow, to fit better classical models
conceptualization. Therefore, the detention storage was the only active
layer and the velocity was computed by dividing the runoff rate by the
surface detention (expressed in water depth) and by the width of the
mold. Doing so, we conformed to classical concepts of hillslope models
that explicitly distinguish surface detention Sd from depression storage
Ds (Singh, 1995; Singh and Frevert, 2002).

Dsmax was directly measured by spraying a large amount of wa-
ter onto the cast. We waited until no water flowed anymore at the
downstream boundary and collected the water remaining on the cast,
similarly to Mwendera and Feyen (1992). The volume of collected water
was divided by the area of the cast projected on the horizontal plane to
express the depression storage in water depth units. The full operation
is repeated 3 times on each cast to be able to assess the variance, and
the mean result was computed.

Sd was assessed through a runoff experiment on the cast with a con-
stant water supply (rain or runon). We waited until the runoff rate
reached the dynamic equilibrium, when surface detention and depres-

et al. (2002) or on the web: http://www.orleans.inra.fr/orleans/les unites/

ur science du sol/equipements/simulateur de pluie
3The runon system consisted of a peristaltic pump connected to a plastic tube

pierced every 2 cm with a needle for the medium and high supplies or to porous

tube (Gardena R○ Soaker Hose) for the lowest supply. The tube was place along the
upstream border of the cast.
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sion storage do not increase anymore. We measured the steady state
runoff rate (mean of 3 measurements) to determine the water supply
upslope. After that, we stopped the water supply and started immedi-
ately to collect the runoff. Since no water was supplied anymore, the
water flowing across the downstream boundary corresponds to the sur-
face detention. The total volume of collected runoff was divided by the
area of the cast projected on the horizontal plane to express the surface
detention in water depth units.

3.4 Results and Discussion

3.4.1 Assessing depression storage evolution

Figure 3.2 (a) shows the evolution of the measured maximum depres-
sion storage as a function of the cumulative rainfall erosivity (R). Under
the influence of successive rainfall events, the micro-topography becomes
smoother, as a results of aggregate breakdown, erosion, deposition pro-
cesses, and the formation of physical soil crust occurs. We observe a
general decrease of the maximum depression storage as R increases, ex-
cept for the transition between R=0 and R=45. Our explanation is
that, on the R=0 molds, the soil aggregates produced by soil tillage had
a small contact area with the soil at their bottom, leaving a lot of space
for the water to flow under the clods. Such micro-topography does not
form a well-defined soil surface but is rather a porous medium made of
clods. The soil-air interface consists therefore in a transition zone. On
the contrary, the aggregates on the R=45 molds are more subsided and
really obstruct water. The values of the depression storage are of the
same order of magnitude as the data collected on eight different soils,
during 2 years in northwestern Europe (Kamphorst et al., 2000). Gayle
and Skaggs (1978) had observed a similar decrease of maximum depres-
sion storage after seedbed preparation on clay loam and sandy loam
soils.

Figure 3.2 (b) shows the evolution of the Random Roughness (RR)
as a function of the cumulative rainfall erosivity. Except for the R=677
mold that is clearly smoother than the others, the rest of the molds do
not present a clear decreasing trend of RR as R increases. This means
that RR is not sensitive to the small changes in micro-topography that
diminish the depression storage, such as the little incisions at the outlet
of puddles. In fact, RR is not sensitive to change in micro-topographies
as it does not take the spatial configuration of roughness into account.

To compare the direct measurements of maximum depression stor-
age with more classical indirect evaluations, we scanned all the micro-
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Table 3.1: Main characteristics of the 10 waterproof micro-topographical fields. The different rainfall and runon rates are given as
well as the related average surface detention depths at dynamic equilibrium. Surface detention and depression storage
volumes have been divided by the horizontal projections of the casts areas, to be expressed in water depth units.

Cast Name S1 S2 B1 B2 O1 O2 O3 L1 L3 C

Date 11/03 11/03 23/04 23/04 18/05 18/05 18/05 29/06 29/06 12/09
R [MJ/ha mm/h] 0 0 45 45 115 115 115 230 230 677
Length [cm] 97.9 94.4 87.8 96.6 95.2 96 94.7 96.4 97.7 92.9
Width [cm] 49 49.3 45 46.5 46 45.5 46 47 46 48
Slope [%] 4.8 4.45 7.06 9.11 7.35 10 7.6 5.19 7.57 4.52
Random Roughness [cm] 1.22 0.97 1.1 0.98 1.21 0.97 1.12 0.89 1.25 0.33
Depression Storage [mm] 1.04 0.99 1.5 1.04 0.8 0.45 1.19 0.58 0.67 0.25

Low Rain [mm/h] 11.4 10.8 10.9 10.4 6.3 9.9 5.1 10.6 10.1 10.2
Surface Detention [mm] 0.47 0.4 0.98 0.7 0.41 0.6 0.29 0.46 0.57 0.30

Med. Rain 1 [mm/h] 9.1 9.1 16.3 14.9 15.9
Surface Detention [mm] 0.63 0.44 0.54 0.67 0.34

Med. Rain 2 [mm/h] 16.7 20.2 27.7 27.8 25.7 25.1 17.6 24.7 16.4 24.6
Surface Detention [mm] 0.53 0.61 1.19 0.92 0.93 0.74 0.49 0.58 0.63 0.37

High Rain [mm/h] 52.1 53.3 62.5 63 57.5 59.5 40.6 62.3 46.3 61.8
Surface Detention [mm] 1.2 1.05 1.82 1.35 1.25 1.08 0.83 0.87 0.94 0.63

Low Runon [mm/h] 18.2 4.6 17.3 18.5 15.7 16.2 17.4 6.0 22.6 1.2
Surface Detention [mm] 0.65 0.20 1.22 1.06 0.70 0.48 0.80 0.22 0.75 0.21

Med. Runon [mm/h] 24.6 12.6 33.3 30.6 30.4 35.8 35.5 22.1 34.0 20.6
Surface Detention [mm] 0.82 0.37 1.31 1.18 0.74 0.70 0.99 0.38 0.86 0.38

High Runon [mm/h] 98.4 19.3 52.4 45.6 49.7 50.5 43.1 32.9 60.8 43.1
Surface Detention [mm] 1.80 0.39 1.51 1.39 1.05 0.80 1.09 0.46 1.09 0.59
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Figure 3.2: Evolution of the measured maximum depression storage (a) and
random roughness (b) as a function of cumulative rainfall erosivity
(error bars cover to the measurement ranges).
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topographies and used a filling algorithm (described in Chap. 5) to
evaluate the different maximum depression storages (Fig. 3.3a). We
also computed the maximum depression storages using the regression
proposed by Kamphorst (2000a) that is based on the slope and the ran-
dom roughness (Fig. 3.3b). The filling algorithm methodology, in our
case, overestimates the maximum depression storage. We attribute the
discrepancies to the fact that the digital elevation models used by the
filling algorithm represent the upper sides of the clods, which can hide
some of the connectors at the bottom of clods that link hydraulically
depressions together. For instance, we have observed, on several casts,
clods with arch-like structures, which allow water to flow under what
would be virtually an obstacle when represented in a digital elevation
model. Another explanation could be linked to leakages in our casts,
due to micro-fractures provoked during manipulation. The regression of
Kamphorst (2000a), in our case, overestimates the maximum depression
storages, but the results are still in the order of precision (3 mm) given
by the authors. Kamphorst (2000a) also used a filling algorithm to esti-
mate maximum depressions storages, which explains the overestimation.

3.4.2 Assessing surface detention evolution

The experimental results are presented in Figure 3.4 for the 2 methods of
water supply : sprinkling over the entire surface, or runon over the entire
width of the upstream boundary. To facilitate the comparison between
the two cases, we express the water supply in the same units (i.e., a rain
intensity, or an equivalent rain intensity). Therefore, for the runon case,
the upstream water supply expressed by a volumetric rate [m3.s−1] has
been divided by the surface [m2] of the mold. It is as if all the rain that
would have fallen on the mold had been concentrated at the upstream
boundary. Take note that for rain fed experiments, overland flow occurs
over the entire surface of the cast yet discharge gradually increases as
water flows downstream, whereas for the runon experiments, overland
flow occurs only along preferential paths but discharge is constant.

The R=45 molds generally show a larger detention storage value
than the others, for an equivalent rain intensity. On the contrary, the
R=677 mold has generally the lowest detention storage. One would
expect that, with increasing R values, water moves with a higher velocity
for a same discharge, decreasing the detention storage for an equivalent
rain intensity. It is therefore surprising that the surface detention of
the R=0 molds is not greater or similar to the surface detention of the
R=45 molds. As discussed for the depression storage, this may be due
to the fact that the micro-topography of the R=0 molds does not exhibit
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model of Kamphorst (2000a)

((0.327−0.037*S+0.0012*S2)*RR
+(−0.017+0.007*S−0.0002*S.2)*RR.2)*10
((0.327−0.037*S+0.0012*S2)*RR
+(−0.017+0.007*S−0.0002*S.2)*RR.2)*10
((0.327−0.037*S+0.0012*S2)*RR
+(−0.017+0.007*S−0.0002*S.2)*RR.2)*10
((0.327−0.037*S+0.0012*S2)*RR
+(−0.017+0.007*S−0.0002*S.2)*RR.2)*10

(b)

Figure 3.3: Indirect evaluations versus direct measurements of maximum de-
pression storage [mm]: with a filling algorithm of the laser scanned
topography (x-y spatial resolution: 2 mm) (a) or with the regres-
sion of Kamphorst (2000a), knowing the slope S [%] and the random
roughness RR [cm].
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Figure 3.4: Surface detention as a function of the water supply rate: uniform
rain (a) and runon (b). The runon flow rate was divided by the
mold surface in order to be expressed in the same units as rainfall.
Each symbol represents a different mold. The molds are named
according to their cumulative rainfall erosivity value (R).
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any spatial organization. Overland flow does not really concentrate into
channels but rather moves in a sheet flow around the obstacles. Moreover
the soil at that time was like a loose porous material with small and
weak contacts between aggregates, and water could easily flow around
and below them. Flow paths were thus fairly straight. On the contrary,
the aggregates on the R=45 molds had subsided and forced the water
to flow around them, rendering the flow paths more tortuous.

The experimental relationship between the surface detention and the
mean velocity in the direction of the main slope is shown in Figure 3.5.
For each mold taken separately, the velocities increase with the surface
detention values, and the relationship shows a decreasing positive slope.
The relationship is sharper for the R=677 mold. An explanation is that
the real directions of the flow paths are mostly parallel to the main
slope direction, so that the effective velocity tends toward to be the real
velocity. On the other molds, the water follows more tortuous paths.
The increase of the real velocity with the increase of water depth is thus
mitigated, when projected along the main slope direction.

3.4.3 Parameterization of the surface detention by an ef-
fective friction factor

Surface detention is related to the discharge, but also to the slope. Due
to experimental constraints, we could not ensure an identical slope for
the different molds (4 to 10 %). Although the experimental plot pre-
sented a relatively homogeneous slope of 10%, we aligned our molds
to the observed paths of water, which were not forcedly in the direc-
tion of the main slope. This effect of the slope explains partially the
dispersion of the experimental data in the previous figures. To avoid
this blurring effect, we can use the momentum equation that relates
slope, surface detention, and friction forces to the discharge. In most
hillslope models of runoff and erosion, such as KINEROS (Woolhiser
et al., 1990), WEPP (Flanagan and Nearing, 1995), LISEM (de Roo
et al., 1998), EUROSEM (Morgan et al., 1994) or CREDHYS (Laloy
and Bielders, 2008), micro-topography is implicitely considered through
a friction factor. Based on the measured mean effective velocity, mean
effective water depth and mean surface slope, we calculated the effective
friction factors for our molds. The experimental points are summarized
in a log-log Moody diagram (Figure 3.6). The Moody diagram expresses
the Darcy-Weisbach friction factor λ [-] as a function of the Reynolds
number Re = v̄D

ϑ = v̄4Rh

ϑ , where v̄ is the mean flow velocity along the
global slope [m.s−1], D is a characteristic length that is four times the
hydraulic radius Rh [m] and ϑ is the kinematic viscosity [m2.s−1]. The
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Figure 3.5: Effective velocity in the main slope direction as a function of the
surface detention (or active layer depth): uniform rain (a) and
runon (b). The runon flow rate has been divided by the mold
surface in order to be expressed in the same units as rainfall. Each
symbol represents a different mold. The molds are named according
to their cumulative rainfall erosivity value.
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hydraulic radius corresponds to the mean local water depth h̄ [m], which
is our surface detention value, when assuming an equivalent sheet flow
on a planar surface. Take note that, in reality, the hydraulic radius of
rough surfaces is actually less than the water depth, because the wetted
perimeter is much larger than its projection on the horizontal plane. λ
was determined by inverting the Darcy-Weisbach formulation and as-
suming a uniform flow (Chow et al., 1988):

Sf = S0 = λ
1

4Rh

v̄2

2g
(3.2)

where g is the gravitational acceleration [m.s−2], S0 is the mean global
slope of the soil and Sf is the friction slope. The kinematic wave ap-
proximation was here considered as we wanted to represent the bulk
runoff properties for the entire mold, as if there was a uniform sheet
flow covering all the area of the mold, assuming this area would cover
one single gridcell in current hillslope models.

All our experimental data are in the laminar domain (Re ≤ 2000),
if the Reynolds number is computed as a bulk value. A bulk value
was considered in order to parametrize an equivalent sheet flow for one
elementary gridcell of the size of our mold. A mean velocity and a mean
water depth on the entire cast were therefore considered for calculating
the Reynolds number. In reality, flow filaments and backwater flows as
described by Dunkerley (2003) coexist and turbulent flows occur locally
next to laminar flows. For laminar flow, the friction factor is determined
by (Chow et al., 1988):

λ =
CL

Re
(3.3)

where CL is a constant that is equal to 96 for a smooth surface and is
larger if the surface is rough (Dunkerley, 2001). Our micro-topographies
are clearly rough, and the roughness is largely higher than the water
depth itself, which forces the water to follow tortuous paths. The Darcy-
Weisbach, Chézy and Manning equations are classically used in most of
runoff and erosion models, although they originated from studies on
one-dimensional pipe flow under very different conditions than those
occurring with overland flow (Smith et al., 2007). In particular, the
hypothesis of micro-roughness, i.e., the water covers all the soil surface,
is not met for interrill flow. Therefore, the classical approaches have
been criticized and new explanatory factors such as the inundation ra-
tio have been put forward (Lawrence, 1997, 2000; Takken and Govers,
2000; Roche et al., 2007). However, in our experiments where water is
supplied by the rain, the entire surface is subject to overland flow. We
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Figure 3.6: Log-log Moody diagrams with the experimental data and the fitted
linear relations. Experimental points from a common mold are
represented by a same symbol. The molds are name according to
their cumulative rainfall erosivity value.
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can therefore not compute any inundation ratio, except by defining ar-
bitrarily a minimum level of water to distinguish between what is part
of the runoff network and what is not. Moreover, most of the hillslope
models still work with elementary homogeneous grid cells (Singh, 1995;
Singh and Frevert, 2002). Consequently, it is still of interest to see if the
simple classical equation 3.3 holds in our case. Therefore, we fitted the
CL factor by computing the following linear regression in the log- log-
Moody diagram (Figure 3.6):

ln (λ) = − ln (Re) + ln (CL) (3.4)

The fact that we impose a -1 slope in the relationship ln (λ) versus
ln (Re) does not allow to properly model some data, such as for the
R=0 and R=677 molds with an upstream water supply. In reality, f-
Re relation is not ubiquitous and may show positively and negatively
sloping power-law relations as well as convex-upward relations. Fric-
tional resistance of overland flow differs a lot from the functional depen-
dence demonstrated in pipes and later applied in hydrological models
(Smith et al., 2007). Positive sloping f-Re relations occur in flows with
emergent obstacles that protrude through the water layer. As discharge
increases, the width of the bed in contact with water increases too,
this results in an increasing obstruction to the flow (Dunkerley, 2003).
Therefore, the hydraulic resistance evolves as part of the surface becomes
progressively submerged (Takken and Govers, 2000). Moreover, when
macroscale roughness elements are present, Lawrence (1997) proposed
to reduce significantly the Reynolds number at which the roughness ra-
tio becomes the dominant dimensionless group and where lambda value
starts to be decoupled from the Re value.

Figure 3.7 shows the relationship between the fitted CL factor and
the R value. We note a general decrease of the CL factor with R value,
as the soil gets smoother, except at the beginning. As explained earlier
about the R=0 molds, we found a large number of interstices at the
bottom of the clods through which the water was flowing easily. These
interstices will generally disappear after the first runoff when the clods
will begin to subside and stick to the soil at their bottom. Therefore the
initial state (R=0) will not be considered any further in this Chapter. In
addition, a runoff field experiment with a 100 mm/h rain during 1 hour
had not produced any significant runoff for a seedbed of R=0, making
that state not relevant for runoff modeling.

Finally, excluding the data of the R=0 data, we fitted a simple model
of the type (Fig. 3.7):

CL = aRb (3.5)
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Figure 3.7: Evolution of the fitted CL values with the accumulation of rainfall
erosivity.

where a and b are shape factors. In our case, the best results where
a = 1.0455x106 and b = −1.37. When we know λ, and assume a uniform
flow, we can calculate the mean water depth equivalent to the surface
detention, using the following equation (Chow et al., 1988):

h̄ =

(

λq20
8gS0

)

1/3
(3.6)

where q0 [m2.s−1] is the discharge per unit width and is equal to v̄h̄. q0
can be found by dividing the runoff rate [m3.s−1] by the width of the
mold [m]. Combining Equations 3.5 and 3.6 leads to:

h̄ =

(

aRbϑq0
32gS0

)

1/3
(3.7)

This simple equation summarizes the effect of the rainfall erosivity R on
the overland flow behavior. We applied this equation to model h̄, and
we modeled v̄ by dividing q0 by the modeled h̄, for all our experimen-
tal points. Figure 3.8 shows the modeled values and the experimental
measurements. The root mean square error (RMSE) are 0.2272 mm
for h̄ and 0.0037 m/s for v̄. In comparison, if we had ignored the non-
stationarity of the value of CL with time and thus had considered a
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unique mean value for CL (C̄L=2085) for all our field, the RMSE would
have been 0.5896 mm for h̄ and 0.0081 m/s for v̄.

In the context of thin flows on rough surfaces, two other equations
have been proposed to link the soil roughness to effective friction factors.
Gilley and Finkner (1991) proposed the following equation:

λ =
6.30 (1000RR)1.75

Re2/3
(3.8)

where RR is the random roughness [m]. Smart et al. (2002) proposed
the following equation:

λ =
8RR

h̄
(3.9)

where h̄ is the mean effective water depth [m]. Introducing equation 3.8
in equation 3.6 gives:

h̄ =

(

0.3125 (1000RR)1.75 ϑ2/3q
4/3
0

gS0

)1/3

(3.10)

Introducing equation 3.9 in equation 3.6 gives:

h̄ =

(

RRq20
gS0

)1/4

(3.11)

We tested the latter two equations for all our experimental points and
compared the modeled and measured surface detentions and mean ve-
locities. RMSE is 0.2991 mm for h̄ and 0.0048 m/s for v̄ with the model
of Gilley and Finkner (1991). With the model of Smart et al. (2002),
RMSE is 0.4827 mm for h̄ and 0.0071 m/s for v̄.

The good agreement between observed surface detentions and mod-
eled surface detentions, which were computed thanks to the simple equa-
tion 3.3 in association with an effective friction parameter λ, illustrates
the fact that a simple model may provide a good approximation of a
complex process.

3.5 Conclusions

Surface detention and the maximum depression storage were shown
to generally decrease with the cumulative rainfall erosivity, as demon-
strated previously under laboratory condition by Mwendera and Feyen
(1992). But those decreases were not reflected systematically in the ran-
dom roughness (RR) evolution, meaning that the spatial configuration
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Figure 3.8: Comparison of the observed and modeled (Eq. 3.7) surface deten-
tion (a) and derived mean velocity (b) in the global slope direction.
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of micro-topography may be an important property to take into con-
sideration on top of random roughness and slope, as already discussed
by Kamphorst et al. (2000) for the maximum depression storage, and
Takken and Govers (2000) and Dunkerley (2003) for the surface deten-
tion. Indeed, some channels may appear with time and favor the runoff
propagation without modifying significantly the distribution of heights.
Therefore we will investigate numerically the specific impact of spatial
configuration in Chapter 4.

The experimental measurements of surface detention were useful to
validate the modeling of the effective friction factor and the resulting
effective velocities at the meter scale. We proposed a simple model to
determine, for the laminar domain, the evolution of the friction factor
with the rain erosivity.

The high level of runoff discharge studied here is artificial as it would
rarely occur under natural circumstances in the presence of infiltration,
especially before the surface starts to be sealed. We performed runoff ex-
periments in situ on the real soil surfaces that were subsequently molded
and, under an artificial rainfall intensity of 100 mm/h during 1h, we in-
deed never observed a runoff coefficient larger than 0.12. Therefore,
rainfall intensity of 12 mm/h should be a limit to reproduce realistic
runoff on our waterproof surfaces as if it was a rainfall intensity of 100
mm/h in field condition. Although, the effective friction constants we
found are theoretically (if we assume that equation 3.3 is correct) inde-
pendent of runoff intensity which influences rather the Reynolds number.



Chapter 4

Impact of the
micro-topographical
configuration on overland
flow, a numerical
experiment 1

4.1 Outline

The goal of this chapter is to demonstrate that the spatial configuration
of micro-topography impacts on the hydrograph, even when macroscopic
properties such as slope, random roughness and spatial covariance are
kept constant. It is difficult to find real micro-topographies that present
at the same time similar macroscopic properties and sufficiently con-
trasted patterns. Therefore, we generated numerical micro-topographies
meeting those requirements, based on the method of Zinn and Harvey
(2003). An overland flow model is designed to simulated the propagation
of water on those numerical micro-topographies. The model is based on
the diffusive wave simplification of the Saint-Venant Equations, and is
validated by comparing simulations and observations of overland flow
on rugged planes and on one waterproof micro-topography. Based on
numerical runoff experiments, it was found that the spatial configura-

1Adapted from: What indicators can capture runoff-relevant connectivity proper-

ties of the micro-topography at the plot scale ?, Antoine, M., Javaux, M. and Bielders,
C., Adv. Water Res. 32(8):1297:1310, 2009.
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tion of micro-topography played a major role on the depression storage
as well as, to a smaller extend, on the surface detention.

4.2 Introduction

Water flowing on a rough micro-topography can be captured in the de-
pression storage or delayed by the surface detention in relation with the
friction effect of the roughness. In addition to the amplitude of the
roughness, the spatial configuration of obstructing elements in the way
of the flow impacts a lot on the overland flow propagation. This chapter
will focus on the specific effect of particular micro-topographical config-
urations on the hydrograph, through numerical runoff experiments on
contrasted numerical micro-topographies.

4.3 Materials and Methods

4.3.1 Contrasted numerical fields of micro-topography

We used the method of Zinn and Harvey (2003) to generate the numer-
ical fields of micro-topography. This method allows to generate fields
that have contrasted structural connectivity properties (in our case the
way depressions connect or not to each other) while presenting, for the
pixels heights, identical probability density functions (therefore identical
random roughness) as well as near-identical isotropic spatial covariance
functions. The three types of numerical fields are (see Fig. 4.10): (1)
a field with connected patterns of depressions, (2) a standard Gaussian
field and (3) a field with connected patterns of crests that isolate the
depressions from each others. For the sake of clarity, we will speak
about the River micro-topography for the first field, the Random micro-
topography for the second and the Crater micro-topography for the third
one.

The method proposed by Zinn and Harvey (2003) is based on the
following probabilistic property. Given a continuous random variable Y
characterized by any kind of cumulative density function Fy(y) (Y ∼
Fy) and another random variable X uniformly distributed between 0
and 1 (X ∼ Un(0, 1)), it can be shown that Y = F−1

y (X) (Bogaert,
2005). This method is used to generate series that follow any kind
of distribution Fy(y) starting with series of uniformly distributed vari-
ables. Conversely, given a continuous random variable Z characterized
by any kind of cumulative density function Fz(z), the random variable
X uniformly distributed between 0 and 1 can be generated by applying
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X = Fz(Z). Combining the two approaches, we can then generate Y
based on Z by transforming successively Z into X and X into Y . Thus
Y = F−1

y (Fz(Z)).
To generate their fields, Zinn and Harvey (2003) propose a four-

step procedure that starts with the generation of a Gaussian field Y ,
using a sequential (unconditional) simulation method. It is illustrated
in Figure 4.1. Since the link between their method and the concept we
explained in the previous paragraph is not described in their article, we
provide some more details.

Y ∼ N
(

µ, σ2
)

(4.1a)

⇒FY (y) =
1

2

(

1 + erf

(

y − µ

σ
√

2

))

(4.1b)

⇒F−1
Y (y) = erf−1 (2y − 1)σ

√
2 + µ (4.1c)

where N is the Normal distribution with mean µ and variance σ2.
Extreme values in the field tend to cluster in isolated blobs while

values close to the mean tend to form channels that span the entire field.
The second step is to generate a new field Z by taking the absolute value
of the centered Gaussian field Y . The lowest values become the highest
and values originally close to the mean become the lowest.

Z = |Y − µ| (4.2a)

⇒FZ (z) = P (Z ≤ z) (4.2b)

⇒FZ (z) = P (|Y − µ| ≤ z) = P (−z ≤ Y − µ ≤ z) (4.2c)

⇒FZ (z) = P (Y − µ ≤ z) − P (Y − µ ≤ −z) (4.2d)

⇒FZ (z) = P (Y − µ ≤ z) − (1 − P (Y − µ ≤ z)) (4.2e)

⇒FZ (z) = 2P (Y − µ ≤ z) − 1 = 2FY −µ (z) − 1 (4.2f)

⇒FZ (z) = 2
1

2

(

1 + erf

(

z − 0

σ
√

2

))

− 1 (4.2g)

⇒FZ (z) = erf

(

z

σ
√

2

)

(4.2h)

In a third step, the histogram of the values is then converted back to
a univariate Gaussian distribution by mapping the Cumulative Density
Function (CDF) value at each point to a standard normal CDF. This
transformation is the application of the probabilistic property explained
above.
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Figure 4.1: Method of Zinn and Harvey (2003) to generate fields that have contrasted structural connectivity properties.
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Y ′ = F−1
Y (FZ (Z)) = erf−1

(

2erf

( |Y − µ|
σ
√

2

)

− 1

)

σ
√

2 + µ (4.3)

Y ′ are the transformed values and Y are the original values. This
method will produce a field Y ′ where the lowest values will be connected.
This is used to generate the River micro-topography. In order to gener-
ate the Crater micro-topography, with the highest values connected, the
values of the previous field Y ′ are reflected around the mean to create
the new field Y ′′. This operation preserves the mean and the standard
deviation.

Y ′′ = 2E[Y ′] − Y ′ (4.4)

Zinn and Harvey (2003) demonstrated that spatial correlations are
almost preserved if a scale factor of 1.86 is taken into account.

We will generate ten replicates of the River- , Crater- and Random-
type numerical micro-topographies, considering, for the distribution of
heights, µ = 0 and σ2= 100 mm2, and, for the spatial covariance, a sill
of 100 mm2 and a range of 100 mm. The fields considered for the runoff
experiments will have a size of 1 m2 and will be discretized in 1-cm2 cells.
A general 1 percent slope was finally added to the micro-topographical
fields. Take note that such a method to generated micro-topography
cannot take into account any oriented anthropogenic roughness such as
ridges and furrows.

4.3.2 Runoff model

Overland flow can be described by the depth-averaged unsteady flow
equations commonly referred to as the shallow water equations or Saint-
Venant equations (de Saint-Venant, 1871; Esteves et al., 2000). These
equations are highly nonlinear and therefore no analytical solution exists
(Kazezyilmaz-Alhan and Medina, 2007). If computed in 1-D along the
x-axis, the equation of momentum is expressed by:

1

g

∂v̄x

∂t
+
v̄x

g

∂v̄x

∂x
+
∂h

∂x
+
∂z

∂x
+
∂hr

∂x
= 0 (4.5a)

∂h

∂t
+
∂v̄xh̄x

∂x
+
∂v̄yh̄y

∂y
= φ (4.5b)

where g is the gravity acceleration [m s−2], v̄x the depth-averaged
velocity [m s−1], h the water layer thickness [m], z the soil level [m]
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and ∂hr

∂x the friction slope [-]. In the equation of continuity, φ is a
sink/source term that is equal to the rainfall rate minus the infiltration
rate [m/s]. In the following, since only impervious surface are considered,
φ ≥ 0. We have always considered a positive source term, either by
neglecting infiltration or considering a net effective rainfall supply (rain-
infiltration).

Due to the complexity of the soil surface micro-topographies which
gives rise to high spatial gradients in depth and velocity, the applica-
tion of the full equation to our complex micro-topographies resulted in
numerical problems, such as high frequency spurious oscillations caused
near steep gradients (Bhallamudi and Chaudhry, 1992). The problem
does not stem from the full overland flow equation, but rather from its
numerical resolution. To overcome this problem, a strategy is to de-
crease the equation complexity by using the diffusive wave form of the
Saint-Venant equation which is expressed by:

∂h

∂x
+
∂z

∂x
+
∂hr

∂x
= 0 (4.6a)

∂h

∂t
+
∂v̄xh̄x

∂x
+
∂v̄yh̄y

∂y
= φ (4.6b)

In this simplified equation, both the local acceleration term (1
g

∂v̄x

∂t )

and the convective term ( v̄x

g
∂v̄x

∂x ) are neglected. Such simplification is
acceptable if the flow resistance is dominant and the acceleration and
inertial terms are small (Chanson, 2006). The following adimensional
analysis supports this hypothesis. If we put forward characteristic values
from equation 4.5, it can be rewritten as:

1

g

V

T

∂V ∗

∂T ∗ +
V

g

V

X

∂V ∗

∂X∗ +
H

X

∂H∗

∂X∗ +
Z

X

∂Z∗

∂X∗ +
Hr

X

∂Hr∗

∂X∗ (4.7a)

10−5 10−1 1 1 1 (4.7b)

With g the gravity acceleration (9.81 m/s2), V a characteristic veloc-
ity (10−1 m/s) and its dimensionless value dV* (= 1), T a characteristic
time (103 s) and its dimensionless value dT* (= 1), X a characteristic
length (10−2 m) and its dimensionless value dX* (= 10), H a charac-
teristic water depth (10−2 m) and its dimensionless value dH* (= 1),
Z a characteristic bed level (10−2 m) and its dimensionless value dZ*
(= 1) and Hr a characteristic friction depth (10−2 m) and its dimen-
sionless value dHr* (= 1). It is clear that the last three terms of the
equation dominate the first two, which support the use of the diffu-
sive wave simplification. In Equation 4.6, backwater effects are only
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reflected in the pressure term (∂h
∂x ) and no hydraulic jump can be mod-

eled. This equation is normally used for steady-state non-uniform flow
regime. However, unsteady flow is preserved through the continuity
equation (Kazezyilmaz-Alhan and Medina, 2007). Time is discretized
in time steps in which the steady state is thus assumed. We used the
Darcy-Weisbach formula for the friction head.

∂hr

∂x
= λ

1

4Rh

v̄2
x

2g
(4.8)

where λ [-] is the Darcy-Weisbach friction factor and Rh [m] is the hy-
draulic radius that is equal to h̄ the mean local water depth on the
small interval ∂x. By combining equations (4.6) and (4.8) we can find a
relation between the velocity and the gradient of absolute water level.

v̄x =

√

−8gh̄

λ

∂ (h+ z)

∂x
(4.9)

For turbulent flow, the Reynolds number Re = v̄D
ϑ = v̄4Rh

ϑ
∼= v̄4h̄

ϑ ≥
2000, where D is the characteristic length [m] and the denominator ϑ is
the kinematic viscosity [m2 s−1]. Contrarily to the previous chapter, the
Reynolds number is here computed with the local water depth and for
each node. Consequently, the lambda value will be specific for each node.
In the present case, the friction factor was determined by Henderson
(1966):

1√
λ

= −2 log10

(

ε

3
+

2.5

Re
√
λ

)

(4.10)

with ε the relative roughness [-]:

ε =
ks

4h̄
(4.11)

where ks [m] is the diameter of soil particles that produce the surface
roughness. The form of these experimental equations are originally due
to numerous experiments performed, between 1932 and 1935, by Niku-
radse (1933) for turbulent flows in pipes uniformly coated with sand
grains of uniform size and, between 1937 and 1939, by Colebrook and
White (Colebrook and White, 1937; Colebrook, February 1939) for tran-
sition flows in commercial circular pipes. The coefficients of the original
equation were slightly modified to match open channel observations,
based on a large review process (Journal of the Hydraulic Division, 89-
2, March-April 1963, Friction factors in open channels) sponsored by the
American society of Civil Engineers. Equations 4.9 and 4.10 are solved
iteratively, in a double iteration process for Re and λ.
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For laminar flow (Re ≤ 2000), the friction factor was determined by
(Chow et al., 1988):

λ =
CL

Re
(4.12)

where CL is a constant that is equal to 96 for a smooth surface and is
larger if the surface is rough. Introducing Equation 4.12 into Equation
4.9 and expressing the Reynolds number explicitely, the velocity for
laminar flow is :

v̄x =

√

−8gh̄4v̄xh̄

CLϑ

∂ (h+ z)

∂x
(4.13)

We can simplify this equation and evacuate vx from the right-hand side
of the equation:

v̄x = −32gh̄2

CLϑ

∂ (h+ z)

∂x
(4.14)

Note that the temperature dependence of ϑ was assessed with the Suther-
land’s Law of viscosity for liquids.

For a particular location (or node), the Reynolds number of the
preceding time step is used to guess the type of flow at the present
time, in order to choose between laminar or turbulent velocity equations.
After computation of the velocity, the Reynolds number is updated. If
it appears that the type of flow was not guessed correctly, we update the
velocity using the other velocity equation. In case this updated velocity
would again change the type of flow, then the mean velocity between
the laminar and the turbulent equations is considered.

The algorithm is implemented in space using a de-centered (stag-
gered) regular grid (Figure 4.2), similarly to Zech et al. (1983) except
for the soil level. For every time step, velocities are computed inde-
pendently in the x-direction and y-direction based on Equations 4.9 or
4.14.

Water is allowed to flow out of the field only at its downstream
boundary. At the outflow boundary, the velocity is computed with
equations 4.9 or 4.14, but assuming ∂(h+z)

∂y = h
∆y , which means that

the velocity of the boundary flows are proportional to the water depth
h. On the other boundaries, the velocity is null. The upstream bound-
ary condition can also be defined by a specified inflow rate v̄yh̄y, in order
to simulate runon.
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Figure 4.2: Two-dimensional fixed grid with the asymmetric velocity compu-
tation scheme.

Equation 4.6b is solved by an explicit difference scheme, taking only
into account the previous time step (Euler):

ht+1
i,j =ht

i,j −
∆t

∆x

(

v̄t
x(i,j+1/2)h̄

t
x(i,j+1/2) − v̄t

x(i,j−1/2)h̄
t
x(i,j−1/2)

)

(4.15)

− ∆t

∆y

(

v̄t
y(i+1/2,j)h̄

t
y(i+1/2,j) − v̄t

y(i−1/2,j)h̄
t
y(i−1/2,j)

)

+ φ

where hi,j+1/2 =
hi,j+hi,j+1

2 .
We also implemented an explicit scheme that took into account the

three previous time steps (Adams-Bashforth scheme AB3). This algo-
rithm did not lead to a significant improvement of the simulation (Fig.
4.3) while increasing the computation time. Therefore, the Adams-
Bashforth scheme is not used any further in this thesis.

To insure stability of an explicit computation scheme, water parti-
cles can not progress further than a single grid cell during a time step
(Esteves et al., 2000). Therefore we used a classical Courant-Friedrichs-
Lewy (CFL) condition (Courant et al., 1928) to determine the time step
∆t:

∆t = min
∀i,j

CN

|vx(i,j)|
∆x +

|vy(i,j)|
∆y +

√

ghi,j

∆x2 +
ghi,j

∆y2

(4.16)



58 Chapter 4. Impact of the Micro-Topographical Configuration

0 50 100 150 200 250 300 350
0

0.5

1

1.5

2

2.5

3
x 10

−5

time [s]

D
is

ch
ar

ge
 [m

3 /s
]

 

 

Euler
Adams−Bashforth

Figure 4.3: Impact of the choice of integration scheme on the hydrograph for
a Random micro-topography.

where CN is a constant that needs to be inferior to 1 to insure math-
ematical convergence, and even less to ensure numerical stability (we
fixed arbitrarily CN to 0.05).

Although not physical, negative water depths may appear during
computations on particular nodes, where divergence of flow is high dur-
ing rainfall or where the water layer is emptying after rainfall. It is
known that the presence of dry zones is a crucial numerical problem to
be solved (Vincent et al., 2001), especially in the context of soil ero-
sion by runoff modeling (Heng et al., 2009). The strategy proposed
by Esteves et al. (2000) has been implemented. It consists in setting
a negative water depth back to zero and to retrieve the corresponding
amount of water from the four direct neighbors, proportionally to their
respective water depths, in order to preserve the mass balance of water.
Yet, water from four direct neighbors might not be sufficient, leading to
error in the mass balance when canceling anyway the negative values.
Therefore, we have extended the strategy of Esteves et al. (2000) to a
larger neighborhood by allowing a negative water depth on a particular
node to be filled in by water retrieved from the four direct neighbors
first (n=1), and if it is not sufficient, from neighbors of neighbors (n=2),
and so on. The source code of the model is provided in the Annexe D.
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4.3.3 Model validation

As recommended by Beven (2001), we first tested the impact of chang-
ing the spatial resolution on velocity and water depth, for a steady-state
flow supplied by rain or runon on a regular 1-D slope. We considered
spatial resolutions ranging from 0.1 to 5 cm. In a second step, we con-
fronted the numerical solutions to the observations of experimental 1-D
steady-state overland flows on two rough planes, one covered by an abra-
sive paper P40 (ks = 0.41 mm) and one covered by sifted gravels (ks =
1.5 mm) glued on the plane (Fig. 4.4). In the experimental flumes, both
the slope (3%, 5-8%,14%) and the inflow rate (low-high runon) were ad-
justable. Only runon was considered for the overland flow experiments
on rough planes. The sides of the flume were transparent, which allowed
us to measure water depth with a caliper rule on the side, without per-
turbing the flow. The velocity was assessed by timing floating expanded
polystyrene beads traveling over a known distance.

We also compared a modeled hydrograph for one particular water-
proof micro-topography (B1) presented in Chapter 3 (and in the an-
nex A) with the observed hydrograph when the micro-topography was
submitted to an experimental rainfall experiment (see Chap. 7, medium
rain). The digital elevation model of the micro-topography had a 8-mm
spatial resolution to reduce the computation time without distorting too
much the original soil micro-topography.

4.3.4 Application of the runoff model on complex micro-
topographies

The numerical micro-topographies (River, Random and Crater) are con-
sidered impervious. Those micro-topographies, initially water-free, were
submitted to a uniform and net supply of water of 100 mm/h. A high
rain intensity was considered for computation time reasons. This high
intensity must last 5-10 minutes in order to ensure that the discharge at
the outlet reaches steady-state.

4.4 Results and Discussion

4.4.1 Quality assessment of the runoff model

Negative water depths

Hydrographs computed for a constant rain falling during 17 seconds on
a 1-m2 Random micro-topography and the associated error in the mass
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Figure 4.4: Experimental transparent flume to measure overland flow on rough planes.
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balance are shown in Figure 4.5 for the different strategies that were
implemented to correct negative water depths.

If we artificially cancel negative water depths without compensating
it by an equivalent retrieval of water elsewhere, we would maintain an
unphysical discharge and increase the mass balance error. Clearly, if the
recession limb of the hydrograph needs to be modeled, the production
of numerous negative water depths during the drainage process would
require water retrieval from a large neighborhood. Once a central node
and its four direct neighboring nodes are all dry, a negative depth can
not be generated anymore on the central cell, as water velocity will be
null (as all the mean water depths h̄ around the central node equal 0).
Let us note that the neighboring nodes from which water is retrieved
should theoretically be nodes belonging to the same streamline. How-
ever, this was not considered, for computation time reasons, and water
was retrieved from nodes physically not connected to the node where a
negative water depth is being compensated.

Effect of the grid size

Besides the problem of loosing topographical information as the spatial
resolution gets coarser, the size of the grid may also alter the numerical
computation. Therefore we tested the effect of the spatial resolution on
the mean water depth and mean flow velocity for a simulated steady-
state sheet flow on a regular plane. It is shown in Figure 4.6, for a
runon or a rainfall supply of water. We observe a small increase of
water depth as the resolution gets coarser. Velocity follows the inverse
trend, which results from a compensation effect to maintain discharge.
For the rainfall supply, the confidence intervals (calculated as ±1.96
the standard deviation and shown by vertical lines) are large as water
discharge varies along the slope. For a runon supply, the confidence
intervals increase as grid gets coarser due to the increasing effect of
numerical oscillations.

The variation of mean velocity and water depth as a function of grid
resolution is smaller than any of the confidence intervals. We can thus
reasonably state that the grid resolution has no significant impact on
the simulation, although it increases the uncertainty. A coarser grid
allows to save time in the computation as the time steps are determined
by the CFL condition proportionally to the spatial resolution, and also
because less nodes are necessary to cover the same distance. We chose
to work with a 1 cm resolution as a balance between computation time
and uncertainty.
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Figure 4.5: Impact of the strategy to avoid negative water depths on the simu-
lated hydrographs (a) and on the resulting mass balance errors (b).
n=1: 4 cells, n=2: 12 cells, n=5: 60 cells.
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Figure 4.6: Effect of the spatial resolution on the mean water depth (a) and
mean flow velocity (b), for an overland flow fed by a runon or a rain-
fall supply of water, on a regular slope (the associated confidence
intervals are represented by vertical lines)
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Model validation: experimental overland flows on rough planes

VS numerical simulations

The main characteristics of the flume experiment on rough planes are
provided in Table 4.1. Measurements of depth and velocity were re-
peated 3 times in order to get an estimation of the confidence intervals
(calculated as ±1.96 the standard deviation). Figure 4.7 shows the com-
parison between the measurements and the simulations. The RMSE is
0.10 m/s for the velocity, 0.85 mm for the water depth and 2.55 s for the
time of propagation of the wave at the front of the flow when starting
the experiment on a dry bed, which all correspond to about 10% of the
range of explored values.

Another factor that may explain the discrepancies between observed
and simulated velocities is the transition from laminar to turbulent flows.
Figure 4.8 shows that transition for different levels of roughness and
slope. We see that an inconsistent oscillation occurs passing from lam-
inar to turbulent flow when the water depth is about the same as the
medium grain size (ks). In order to render the transition between the
laminar and the turbulent flow continuous, it might be interesting to in-
crease the friction constant CL in equation 4.12 when the medium size of
grains increases too. This has not been investigated, although it might
explain the quasi systematic underestimation of the propagation time
for the gravel surface.

From all those validation steps, we can conclude that the major
drawback of the model is the use of the diffusive wave equation in-
stead of the full Saint-Venant equation. This is also illustrated for an
overland flow on a corrugated surface in the Annexe B. For complex
micro-topographies, hydraulic jumps may become important factors for
assessing correctly the water depth, and we need to keep in mind that our
model underestimates the surface detention. Promising work (Razafison
et al., not communicated; Delestre, 2010) from the METHODE project2

suggests that the use of the full Saint-Venant equation on complex micro-
topographies might be possible. Although, the basic hypothesis of the
shallow water equations may not be verified : water height is not small
compared to pixel width. In such case, we might even better use Navier-
Stokes equations.

2http://methode.netcipia.net/
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Table 4.1: Main characteristics of the overland flow experiments on rough planes.

mean grain di-
ameter [mm]

Slope [%] q0 [cm2 s−1] velocity
[m s−1]

water depth
[mm]

propagation
time [s]

0.41 ± 0.05 2.98 2.40 ± 0.50 0.25 ± 0.08 1.68 ± 0.63 25.6
2.98 34.2 ± 0.28 0.61 ± 0.12 5.62 ± 0.58 10.8
4.80 5.30 ± 0.50 Not measured 1.69 ± 0.55 20.5
4.80 34.6 ± 0.80 Not measured 4.98 ± 0.63 9.9
13.86 5.70 ± 0.48 0.60 ± 0.13 1.41 ± 0.55 12.4
13.86 33.7 ± 0.35 0.97 ± 0.04 2.79 ± 0.42 8.6

1.5 ± 0.5 2.86 20.1 ± 0.44 0.41 ± 0.04 6.27 ± 1.44 15.8
2.86 34.7 ± 0.81 0.52 ± 0.02 8.49 ± 1.79 12.1
8.08 9.50 ± 2.00 0.42 ± 0.02 3.59 ± 0.76 Exp. problem
8.08 33.9 ± 1.34 0.67 ± 0.04 5.79 ± 1.00 10.2
14.56 6.90 ± 0.11 0.31 ± 0.18 2.38 ± 0.99 Exp. problem
14.56 34.5 ± 0.3 0.83 ± 0.04 5.38 ± 0.73 10.8
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Figure 4.7: Comparison between simulations and observations of overland flow properties, for rough planes. The error bars account
for ±1.96 the standard deviation, and the dashed line corresponds to the 1:1 line.
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Figure 4.8: Relation between the depth and the velocity computed in both laminar (left bottom corner of each graph) and turbulent
domains, for 3 different slopes and 4 different medium sizes of grains (ks).
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Model validation: experimental overland flow on a waterproof

micro-topography VS numerical simulation

Figure 4.9 shows the comparison of an observed hydrograph with the
simplified hydrograph computed with the filling algorithm and the 2-
D Diffusive Wave (2-D DW) solutions of the Saint-Venant equations
computed for two levels of medium grain size ks or imposing a large
value of lambda and CL. We clearly see that the surface detention
is largely underestimated as the 2-D DW hydrographs do not detach
sufficiently from the simplified hydrograph where surface detention is
null. The effect of changing the medium grain size ks did not modify a
lot the hydrographs. We tried to compensate this effect by increasing the
value for the friction constant and imposing a large value for lambda, but
without success. This indicates that the key factor explaining friction is
not being dealt correctly for such rough surface. Our physical model only
considers friction with the particles of soil (= grain resistance), while,
for rough surface, energy dissipation due to the shape of the macro-
roughness that protrudes through the water layer (= form resistance) is
big. Moreover, the use of the diffusive wave simplification of the Saint-
Venant equations leads to the absence of representation of small scale
hydraulic jumps provoked by inertial change. Yet, backwater effects are
significant contributors for the surface detention. We must therefore
pay attention that the use of the diffusive wave simplification leads to a
significant underestimation of the surface detention for runoff on surfaces
with macro-roughness. The use of an hydraulic model based on the full
Saint-Venant equations should be clearly preferred.

4.4.2 Contrasted numerical fields of micro-topography

An example of each of the three micro-topography types is given in
Figures 4.10 and 4.11. The fields presented here a size of 2 × 2 me-
ters. Let us note that Crater and River surfaces are the exact inverse
of one another. The connected patterns of depressions (River) or crest
(Crater) are clearly identifiable. With an increasing slope, River micro-
topographies become more realistic as the drainage network become
more dendritic. Although, discussion on the effect of the slope is not
included in the chapter. We assume that slope affects the flow pathways
so that connections in the direction of the main slope will be favored as
slope increases. Some connections may disappear while new ones may be
created. The depression storage decreases with increasing slopes (Kam-
phorst et al., 2000; Reaney et al., 2007).
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Figure 4.9: Comparison of an observed hydrograph with the simplified hydro-
graph computed with the filling algorithm and the 2-D Diffusive
Wave (2-D DW) solutions of the Saint-Venant equations computed
for two levels of medium grain size ks.

4.4.3 Effect of the spatial arrangement of micro-topography
on the hydrograph

To reduce the computation time, the numerical runoff experiments were
conducted on only a quarter of each field (1 m2). If distinct hydraulic
behaviors already emerge at that scale among the 3 micro-topographical
types, this distinction will be enhanced as we consider larger fields due
to the decreasing impact of border effects.

The River fields are the first to reach the steady state runoff rate
(Fig. 4.12) that is theoretically equal to the rainfall intensity (since no
infiltration is considered). It is followed by the Random and then by
the Crater cases. Although there is some variability among the repli-
cates, there is a clear effect of the micro-topography type. The more
the depressions are isolated from each other, the longer it takes for the
runoff rate to tend toward the rainfall intensity. The main factor is the
effect of micro-topography on both the depression storage and surface
detention (Tab. 4.2) that need to be fully filled before reaching steady
state. The depression storage seems to be the major factor that dis-
criminates among the different micro-topographies, although we must
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Figure 4.10: River (a), Random (b) and Crater (c) micro-topographies (the color of the pixels corresponds to the surface height).
The mean altitude decreases from the top to the bottom of the images with a 1 percent slope (Grid cells: 1 cm x 1
cm).
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Figure 4.11: 3D view of the River (a), Random (b) and Crater (c) micro-topographies (the color of the pixels corresponds to the
surface height). The mean altitude decreases from the top to the bottom of the images with a 1 percent slope (Grid
cells: 1 cm x 1 cm).
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Figure 4.12: Impact of the micro-topography type on the hydrograph, for a
constant rainfall intensity of 100 mm/h. The mean runoff values
(number of replicates = 10) are given for each micro-topography
type as well as the envelop delimited by the 1st and 9th deciles.

be aware that the hydraulic model underestimates the surface detention
due to the diffusive wave simplification.

4.4.4 Representativity of the numerical micro-topographies

The numerical micro-topographies used in this chapter are fictive. Real
micro-topographies will behave intermediately between River and Crater
cases if we assume that, on a same field, some of the depressions will
always be well connected while others will remain mostly isolated. Even
if the numerical micro-topographies do not fully mimic reality, they are

Table 4.2: Depression storage and surface detention in function of the micro-
topographical type.

Type Depression
storage
[mm]

Surface
detention
[mm]

Crater 5.30 ± 2.85 1.07 ± 0.41
Random 2.91 ± 1.14 0.84 ± 0.36
River 1.14 ± 0.56 0.51 ± 0.23
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parametrized by realistic values for the sill (100 mm2) and the range
(100 mm) of their semivariograms (see Figure 5.6). Similar values have
been observed on experimental plots (Darboux et al., 2002) and real
fields (Vidal Vazquez et al., 2005).

It is tempting to link the artificial micro-topographies in some way
to the temporal evolution of real states of the soil surface. For instance,
just after tillage, depressions are mainly isolated from each other and
form Crater-type topographies (Moreno et al., 2008; Carvajal et al.,
2006). Due to the shaping action of the overland flow itself that incises
the borders of the crests where water overflows (Darboux et al., 2002),
the soil surface evolves to create a connected micro-topography (Favis-
Mortlock, 1998), such as eroded soil after heavy rain periods, forming
River-type topographies (Gomez and Nearing, 2005).

4.5 Conclusions

A methodology was presented to build synthetic fields of micro-topography
presenting similar statistics in terms of mean, standard deviation and
semivariogram, but very contrasted in terms of depressions connectiv-
ity. Oriented roughness was not considered as we focus our study at the
interrill scale.

We developed also an hydraulic model based on the diffusive wave
simplification of the Saint-Venant equations. This model works consis-
tently in 2-D and reproduces well overland flow on rough planes. Al-
though, it has the drawback to be based on the diffusive wave simplifi-
cation. This implies to neglect the hydraulic jumps that occurs at our
scale, which leads to an underestimation of the surface detention.

The model was applied to 10 replicates of contrasted numerical micro-
topographies. It was found that, independently of the random roughness
value that was equivalent (RR = 10 mm) on all our micro-topographies,
the spatial organization of the micro-topography affected the surface de-
tention in a ratio of 1 to 2, and the depression storage in a ratio of 1 to
more than 4, under a constant and uniform net rainfall supply. Connec-
tivity properties of micro-topography play thus an important role on the
runoff triggering and on the shape of the hydrograph, which can not be
captured by conventional macroscopic surface micro-topography indica-
tors such as the random roughness or semivariogram parameters. There
is therefore a need for additional indicators which better characterize
the hydraulic response of interrill plots.
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Chapter 5

What indicators can
capture runoff-relevant
connectivity properties of
the micro-topography ?1

5.1 Outline

We evaluate different quantitative indicators of hydrological connectiv-
ity, using the concepts of structural and functional connectivity. The in-
dicators were tested on contrasted numerical fields of micro-topography
that present distinct hydrological responses, as demonstrated in Chapter
4.

The investigated structural connectivity indicators, mostly used so
far in porous or fractured media, were the semivariogram, the bivari-
ate entropy integral scale, the n-point rectilinear connectivity integral
scale, the connectivity function integral scale, the percolation threshold
and the Euler number. The first three indicators were not able to dis-
criminate between the three extreme types of micro-topographical fields
whereas the last three indicators were successful. However, relating the
latter three indicators to the hydrological response of a topographical
field appears uncertain. We therefore proposed a functional connectivity
indicator by adapting the ’volume to breakthrough’ concept: the degree
of surface connection as a function of the depression storage filling. This
indicator was capable of discriminating between the micro-topographical

1Adapted from: What indicators can capture runoff-relevant connectivity proper-

ties of the micro-topography at the plot scale ?, Antoine, M., Javaux, M. and Bielders,
C., Adv. Water Res. 32(8):1297:1310, 2009.

75
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types. It could be used to conceptualize the process of depression filling
and therefore may become an effective characteristic of an elementary
representative area in large scale hydrological model.

5.2 Introduction

Although connectivity is acknowledged as a key factor of catchment hy-
drological behavior, it still misses reference evaluation methodologies.
For Gustafson (1998), semivariograms are useful in a primary step to
determine the appropriate scale at which patterns must be investigated.
Nevertheless Western et al. (1998) state that semivariograms are better
at describing continuity than connectivity. Indeed, in their study, con-
nected and random patterns of soil water content were not distinguished
by traditional geostatistics. This is due to the conventional assumption
in geostatistics that relations between points depend only on their Eu-
clidean distance, even though it is most of all the presence of connecting
paths that determines the connectivity (Western et al., 1998). In a sim-
ilar context, Knudby and Carrera (2005) found that 2-point statistics,
including the semivariogram and the bivariate entropy, were inadequate
to account for the structural connectivity impact on water and solute
transport. On the other hand, multiple-point statistics, such as the con-
nectivity function of Allard and HERESIM-Group (1993), performed
better (Knudby and Carrera, 2005). With this function, Western et al.
(2001) could also discriminate between spatial patterns exhibiting con-
trasted structural connectivity characteristics, and relate it to different
hydrological behaviors. Topological properties of the structures, such
as the Euler number, may be used to quantify the connectivity prop-
erties, and may constrain the construction of realistic numerical fields
(Vogel and Roth, 2001). When cut off structures (terraces and dams for
Bellin et al. (2009), vegetation bands for Imeson and Prinsen (2004))
or impermeable interfaces (Mathias et al., 2005) obstruct the flows, the
ratio between the actual connections (limited by the obstructing ele-
ments) and the potential connections (if the obstructing elements where
missing) is a straightforward measurement of structural connectivity. In
subsurface hydrology, Scheibe (1993) proposed that breakthrough curves
may provide functional indicators of connectivity, as the way high or low
conductivity regions are patterned are reflected in the arithmetic mean
velocity and the early and late arrival times. Indeed, the functional con-
nectivity indicators that were based on the information provided by the
breakthrough curve performed best for Knudby and Carrera (2005). In
a global context, Bracken and Croke (2007) put the volume to break-
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through forward as an unifying concept in quantifying the functional
connectivity at a range of spatial scale.

Because it is independent of boundary conditions, the characteriza-
tion of structural connectivity appears more straightforward than func-
tional connectivity. Yet it is functional connectivity that best reflects the
hydrological behavior of a given surface. Clearly, functional connectivity
must to some extent be dependent on structural connectivity, as pattern
and process are often assumed to be linked (Gustafson, 1998), but the
nature of this relationship is complex. It is therefore of interest to inves-
tigate whether structural connectivity indicators can be used to assess
the functional connectivity for specific boundary conditions. Therefore,
the general objective of this chapter is to test and compare different
quantitative indicators of both structural and functional connectivity
and to evaluate their robustness in relation to particular hydrological
behavior. Our specific objectives are (1) to assess the discriminating
capacity of previously defined indicators of structural connectivity with
regard to distinct hydrological behaviors and (2) to derive a simple func-
tional connectivity indicator for surface hydrology.

5.3 Materials and Methods

5.3.1 Structural connectivity indicators derived from point
to point analysis

The structural connectivity indicators are applied on the topographical
fields in the absence of any trend (the macroscopic slope is subtracted),
so it is only the effect of the local micro-topography that is taken into
account.

Methods applicable to continuous fields

Semivariogram

The semivariogram γ describes the degree of spatial dependence of
a random field Z(x), with x a position vector in the spatial domain D.
For a distance vector d:

γ (d) =
1

2
V ar [Z(x) − Z(x + d)]∀x ∈ D (5.1)

It has been used in the context of connectivity by, among others, Western
et al. (2001).

Entropy
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Entropy is a measure of disorder, whereas connectivity may imply
order. Therefore, entropy of a connected field may be smaller than for
an unconnected field (Knudby and Carrera, 2005). If fd(ζ, ζ

′) is the
stationary bivariate probability density function (PDF) of the random
variables ζ = Z(x) and ζ ′ = Z(x + d), separated by a distance vector
d, then the entropy Hf (d) of the distribution fd(ζ, ζ

′) is defined by:

Hf (d) = −
∞
∫

−∞

∞
∫

−∞

(

ln fd

(

ζ, ζ ′
))

fd

(

ζ, ζ ′
)

∂ζ∂ζ ′ (5.2)

Since the functions ln fd (ζ, ζ ′) and fd(ζ, ζ
′) increase together, paired

combinations with low probabilities will increase the entropy value (Jour-
nel and Deutsch, 1993). This occurs when the number of distinct com-
binations of pairs increases. Thus the higher the disorder, the higher
the entropy (this will be the case for instance if couple combinations fol-
low a uniform bivariate distribution). A discrete approximation to this
distribution can be computed by distributing the value of each random
variable among K categories (intervals of values) and by computing the
following equation (Journel and Deutsch, 1993):

Hf (d) = −
K
∑

k=1

K
∑

k′=1

(

ln pk,k′ (d)
)

pk,k′ (d) (5.3a)

pk,k′ (d) = Prob {Z(x) ∈ category k, Z(x + d) ∈ category k’} (5.3b)

The relative bivariate entropy Hr(d) is defined by:

Hr (d) =
Hf (d) −Hf (0)

Hf (0)
(5.4a)

Hf (0) = −
K
∑

k=1

(ln pk) pk (5.4b)

Hr(d) varies between 0 and 1. Hr = 1 means a maximum entropy and
corresponds to the case of two independent variables.

Methods applicable to binary fields

binarization by threshold

Methods described hereafter require binary fields (fields of 0 and 1).
Given a field Z composed of multiple pixels, it can be divided into two
subsets of pixels S and SC labeled 0 and 1, so that Z = S

⋃

SC (Z is
thus completely defined by a binary field). Depending on the subset of



5.3. Materials and Methods 79

interest, S or SC is used to compute the connectivity indicators. The
rules used for dividing the field into two depend on the context. A com-
mon way is to attribute a pixel x to S or SC depending on whether
its value Z (x) is above or below a threshold value z (Neuweiler and
Cirpka, 2005; Samouelian et al., 2007; Knudby and Carrera, 2005; West-
ern et al., 2001). We will consider that the threshold value z accounts
for the mean absolute water level. Every pixel whose height is under
that level is submerged by water and thus is considered as being part of
the runoff pathways and receives a value of 1.

Ith (x; z) =

{

1 if Z (x) ≤ z
0 else

(5.5)

This procedure presents some limitations as we will explain in the
next paragraph. However, it is the only one that generates compre-
hensive binary fields for the Euler number (This parameter is explained
later). Therefore, this binarization process Ith will be used to compute
the Euler number as a function of z. The field of interest is in that
case the subset of pixels whose elevation is below the threshold value z
(Ith = 1, equ. 5.5).

binarization by watershed procedure

Because the level of a pixel can be above a certain threshold yet
its water may (in some cases) or may not (in other cases) flow up to
the outlet, we tested another binarization procedure than the common
threshold-based one. It is based on the delineation of the area hydro-
logically connected to the downstream boundary of the field (i.e., a wa-
tershed delineation for which the outlet is made of all the pixels at the
downstream boundary). We raise step by step a mean horizontal level
of water z [m] that submerges gradually the micro-topography. For
each step, the topography is modified by considering, at every point,
the maximum altitude between the original soil surface height and the
absolute submerging level z. This incrementally updated topography is
considered for the watershed delineation corresponding to the submerg-
ing level z. The binarization procedure attributes to every pixel a value
of 1 or 0 depending on whether it is part or not of the updated watershed
corresponding to the z value. As surface depressions are progressively
submerged by the fictive water level z, more and more surface becomes
part of the watershed related to the downstream boundary.

Iws (x; z) =

{

1 if max (Z (x) , z) ∈ watershed of the downstr. bound.
0 else

(5.6)
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n-Point rectilinear connectivity integral scale

n-Point rectilinear connectivity is the probability that pixels at n
locations located along a linear path are all in the field of interest and
given a height threshold z, the n-point connectivity K(u;n; z) is:

K(u;n; z) =Prob {Iws(x; z) = 1, Iws(x + u; z) = 1, ..., Iws(x + nu; z) = 1}

(5.7a)

=E [Iws(x; z)Iws(x + u; z)...Iws(x + nu; z)] (5.7b)

=E







n
∏

j=1

Iws [x + (j − 1)u; z]







(5.7c)

where x, x+u, x+ 2u, ... x +nu are the locations at which the binary
indicator variable Iws is evaluated. K(u;n; z) gives the probability of
observing a continuous string of n points in the field of interest. We can
then compute the n-point rectilinear connectivity integral scale which
corresponds to the mean length LK [m] of the continuous string:

LK = pixel length

n max
∫

0

K (u; n; z) ∂n (5.8)

where n max is the maximum number of pixels in the field along the
direction considered. This indicator measures only straight rectilinear
connectivity; any undulation would break that connectivity and reduce
LK (Krishnan and Journel, 2003). We computed this indicator starting
the string at the outlet side of the field and following the original mean
slope direction (that had been previously subtracted). This means that
the linear features taken into account are parallel to the macroscopic
slope and are connected at one end to the downstream boundary.

Connectivity function integral scale

The connectivity function defined by Allard and HERESIM-Group
(1993) has been used among others by Western et al. (2001), Pardo-
Iguzquiza and Dowd (2003), Knudby and Carrera (2005) and Xu et al.
(2006). Given a point located at x, and another point located at x + d

separated from the first by a direct distance d and belonging to the
same subset (Iws = 1 in our case), those points are said to be connected
(x ⇔ x + d) if they can be joined by a path whose points are in their
subset. The connectivity function τ (d, z) expresses the probability that
two points of the subset of interest separated by a direct distance d are
linked by pixels of their subset:
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τ (d, z) = P (x ⇔ x + d, Iws (x + d; z) = 1|Iws (x; z) = 1) (5.9)

τ (d, z) is the same asK (u;n = d/pixelssize; z) if computed in one single
direction. The connectivity function integral scale Lτ [m] represents the
average distance over which pixels are connected and can be computed
by:

Lτ (z) =

∞
∫

0

τ (d, z) ∂d (5.10)

Percolation

Percolation theory considers that a medium is connected if a continu-
ous path exists between opposite boundaries. The percolation threshold
is the threshold value for the binarization procedure that generates a
cluster in the subset of interest that spans the entire domain and con-
nects boundaries in case the domain is finite. If the domain is infinite, in
some specific cases (for instance when the field is discretized on a square
grid and when the values are set at random in the field), a theoretical
value for the percolation threshold exists (Hunt, 2005; Lehmann et al.,
2007). If the domain is finite, border effects occur and the percolation
threshold is expressed by a probability. In our case, the field of interest
is determined by watershed delineation. Values of the pixels are not set
at random and therefore the value of the threshold is not in accordance
with classical percolation theory. Consequently, our percolation function
provides only the observed probabilities that the watershed connected
to the downstream boundary of the field reaches at least one pixel of the
upstream boundary.

Euler number

The Euler number χ (or Euler characteristics, Euler-Poincaré char-
acteristics) is defined for 2-D binary shapes as (equ. 5.11) the number of
isolated objects N (close convex) minus the number of holes G (closed
concave). G is equivalent to the number of redundant connections (a re-
dundant connection can be cut without creating an additional isolated
component). According to Euler’s formula, χ can be calculated by the
number of nodes minus the number of bonds. In case the structure
is partitioned into convex volume elements each defined by a number
of vertices, edges and faces, the Euler number may be calculated for
2D grids by #vertices − #edges + #faces. The Euler characteristics
reported to the volume of investigation is called the volumetric Euler
characteristic, and was used previously to characterize the connectivity
of pore space and cracks (Vogel, 2000; Vogel and Roth, 2001):
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χ (z) = N (Ith (z) = 1) −G (Ith (z) = 1) (5.11)

5.3.2 Functional connectivity indicator: simplified hydro-
graph and Relative Surface Connection (RSC) func-
tion

When the soil infiltration rate is lower than the rainfall intensity, wa-
ter starts to accumulate at the surface. Puddles progressively overflow
and water either accumulates in adjacent depressions, or flows to the
downstream boundary, initiating runoff (Darboux et al., 2002). As the
ponded water layer thickness increases, a larger part of the plot that
produces local runoff connects to the downstream boundary and conse-
quently the global runoff coefficient of the field increases. To account for
the effect of the micro-topography on the initiation of runoff, a cellular
automaton model was used. It is a simple filling algorithm where the
velocity of the water is considered infinite. Given a rainfall intensity I
[m s−1], for a field of surface S [m2] during a specific time interval ∆t
[s], a small volume of water ∆V = SI∆t [m3] is uniformly distributed
on the surface of the plot. The water volume by pixel ∆Vi,j is equal to
∆V/#pixels . Each ∆Vi,j moves immediately to the lowest point it can
reach following the steepest absolute water level gradient (soil level +
water thickness) computed in a 8-neighbor scheme. ∆Vi,j is eventually
added to previous accumulated water in the depression and increases
the water thickness at that point. If the depression overflows, the excess
water flows further. When the lowest point reached by the water is sit-
uated at the downstream boundary, the water is taken out of the field
and is summed up in the simplified hydrograph. After all the ∆Vi,j have
been redistributed, the time is increased by ∆t. This method is similar
to the one of Darboux et al. (2002) except that these authors randomly
distribute the water. The computation principle is illustrated in Figure
(5.4).

The method produces simplified hydrographs as it does not take ex-
plicitly into account the transfer time of water inside the field, i.e. the
water velocity is infinite. As a result, the surface detention is null. In
summary, these simplified hydrographs result from a simple filling algo-
rithm that is fast to compute and they only show the effect of the water
storage in the depressions (depression storage) on runoff triggering, un-
der the hypothesis that depression storage is empty at the beginning of
the experiment. The source code of the filling algorithm is provided in
the Annexe D.



5.3.
M

aterials
an

d
M

eth
o
d
s

83

(a) (b)

Figure 5.1: Example of structural connectivity indicator computation.
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Figure 5.2: Example of structural connectivity indicator computation.
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(a) (b)

Figure 5.3: Example of structural connectivity indicator computation.
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Figure 5.4: Flowchart of the filling algorithm to compute the simplified hydro-
graph.
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These simplified hydrographs can be scaled when we express the
runoff coefficient C (instantaneous outflow / instantaneous inflow) as a
function of the cumulative inflow [m3]. Since no infiltration and trans-
fer time were considered in the model, and since the rain is uniform, C
is equivalent to the ratio of area connected to the downstream bound-
ary to the total surface of the topographical field [m2/m2]. The runoff
coefficient C will vary between 0 and 1 when the full surface will be
connected to the outflow boundary. The area under the curve C as a
function of the cumulative inflow is equal to the total volume of runoff
[m3] (Fig. 5.5a). The area between 1 and the curve C as a function of
the cumulative inflow corresponds to the actual depression storage [m3].
We can thus express the ratio of surface connected to total surface as a
function of the water stored in the depressions of the field (Fig. 5.5b).
We will call this indicator the RSC function. It describes the dynami-
cal effect of the depression storage and it may serve as an indicator for
surface functional connectivity.

Table 5.1 shows the comparison between the physical overland flow
model presented in Chapter 4 and the filling algorithm explained here.
The physical overland flow model can determine the effect of the micro-
topography on the surface detention, which depends on the runoff ve-
locity (and thus on the rainfall intensity). It implies the use of a CFL
condition that imposes small time steps for our scale of investigation.
The requirement of small time steps on top of the iterative computa-
tion of the friction factor causes long computation time. In the context
of establishing a fast and robust method to determine an indicator of
functional connectivity, this long computation time would be a severe
constraint. As the filling algorithm is more than 1000 times faster than
the runoff model, due to the simplification of the runoff routing, it will
be used to produce the functional connectivity indicator.

5.3.3 Case study: numerical fields

Some of the potential indicators of connectivity described in the pre-
vious sections require a complete knowledge of the micro-topography.
Therefore our study is based on numerical experiments, which meet more
easily this requirement. To evaluate the potential of the different indica-
tors, we investigated their discriminative capacity on the extreme micro-
topographies described in Chapter 4. Every type of micro-topography
(River, Random and Crater) have been replicated 10 times to have an
idea of the dispersion of the indicators inside of a micro-topographical
type.
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Figure 5.5: Simplified hydrograph (a) and the derived Relative Surface Connection (RSC) function (b).
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Table 5.1: Comparison of the physical overland flow model (Chap. 4) and the
filling algorithm.

Physical Runoff Model Filling Algorithm
Input Input

Topography z(x, y) Topography z(x, y)
Rainfall intensity φ
Roughness parameters ks, CL

Kinematic viscosity of the water ϑ

Output Output

Runoff coefficient C(t) Simplified runoff coefficient
C(cumulated inflow)

Water depth field h(x, y, t) Water depth field h(x, y,cumulated
inflow)

Velocity fields v̄x(x, y, t), v̄y(x, y, t)

Processes Processes

Flow following the slope of water Flow following the slope of water
Multiple flow, de-centered (stag-
gered) 4-neighbor scheme

Simple flow, 8-neighbor scheme

Velocity based on Darcy-Weisbach
formula

Infinite velocity, water reaches di-
rectly
the lowest point it can get to

Surface detention and depression
storage

Depression storage

Time steps Time steps

depending on CFL condition Fixed
(∆̄t ≈ 0.001 s) (∆t = 1 s)

Time of computation Time of computation

computation time / simulation time
= 300

computation time / simulation time
= 0.3
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5.4 Results

5.4.1 Robustness of the structural connectivity indicators

The robustness of the structural connectivity indicators was tested by
computing these indicators for ten realizations of each of the three types
of micro-topography and assessing the variability within and in-between
the 3 types of micro-topography. We consider as relevant the connec-
tivity indicators that are able to discriminate among the three micro-
topography types.

The computations of the semivariograms, the bivariate entropy and
the n-point rectilinear connectivity do not require a full knowledge of
the micro-topography. Since they are statistical properties, semivari-
ogram and entropy may be established on only a reduced sample of the
micro-topography, as long as the resolution is sufficiently smaller than
the correlation length and the domain investigated at least twice as large
as this length. The n-point rectilinear connectivity only requires knowl-
edge of a 1-D micro-topographical profile in the mean slope direction.
For practical assessment in the field, this can easily be achieved with
a classical roughness meter (Guillobez and Arnaud, 1998). Therefore,
these three indicators present some practical advantages. However, as
we see in Figure 5.6, the three methods do not sufficiently discriminate
between the three micro-topography types. These indicators are there-
fore not considered as relevant structural connectivity indicators.

The other structural connectivity indicators (connectivity function,
Euler number and percolation probability) require the full knowledge
of the micro-topography (which in practice requires more sophisticated
tools such as laser technique), because their computation takes into ac-
count all the possible connections in 2-D. Figure 5.7 presents these struc-
tural connectivity indicators. For all three indicators, the River scenar-
ios tend to increase more rapidly as the threshold level z is increased,
followed by the intermediate cases (Random) and finally by the Crater
micro-topographies. The visual inspection of these three last indicators
shows their discriminative capacity.

5.4.2 Robustness of the functional connectivity indicator

Figure 5.8 (a) shows the results for the simplified hydrographs. There
is a clear distinction between micro-topography types. For the Crater
micro-topography, a larger input of water is necessary before outflow
equals inflow. Since no infiltration was taken into account, the water
added to the system that did not produce runoff was stored in local
depressions and represents the actual depression storage. After a suf-
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(a) (b)

(c)

Figure 5.6: Semivariograms (a), relative bivariate entropy (b) and n-point rec-
tilinear connectivity integral scale (c) calculated for ten realizations
of each of the Crater, Random and River-type micro-topographies.
The mean values are given for each micro-topography type as well
as the envelop limited by the 1st and 9th deciles.
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Figure 5.7: Connectivity function integral scale (a), Euler number (b) and
Percolation thresholds (c) with the derived Percolation probabil-
ity curve, calculated for 10 realizations of each of the 3 micro-
topographical types: River, Random and Crater. The mean values
are given for each micro-topography type as well as the envelop
limited by the 1st and 9th deciles.
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(a) (b)

Figure 5.8: Simplified hydrographs (a) and derived relative surface connection
functions (b). The mean values (number of replicates = 10) are
given for each micro-topography type as well as the envelop limited
by the 1st and 9th deciles.

ficient cumulative input of water, this area does not increase anymore.
At that stage, all the potential depression storage has been fully filled
and corresponds to the maximal depression storage. It can be regarded
as the volume to full breakthrough.

Based on the scaled hydrographs, we can derive the relative sur-
face connection function. This is shown in Figure 5.8 (b). It clearly
shows that maximal depression storage is higher for the Crater micro-
topography than for the River micro-topography, in ratio more than 4 to
1. Secondly, we clearly see that depression storage does not have to be
entirely filled before significant runoff is produced. As already shown by
Moore and Larson (1979), storage and runoff amounts increase continu-
ously as water accumulates in micro-depressions, but the percentage of
area contributing to runoff increases by steps. However, a widely-used
simplification made in hydrological modeling is that no runoff can occur
before the maximum depression storage is reached (Singh, 1995; Singh
and Frevert, 2002), and so there is no contributing area until depression
storage is fully field.

5.5 Discussion

Table 5.2 summarizes the indicators for structural and functional con-
nectivity investigated in this study.
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Table 5.2: Summary of the structural and functional connectivity indicators investigated in this Chapter.

Connectivity Indicator Connectivity
Type

Information Re-
quirement

Binarization Proce-
dure

Discri-
minant ?

(1) Semivariogram structural sampling points none no

(2) Relative Bivariate Entropy structural sampling points none no

(3) n-Point Rectilinear Connec-
tivity

structural transect informa-
tion

by watershed rules no

(4) Connectivity Function Inte-
gral Scale

structural full knowledge by watershed rules yes

(5) Euler Number structural full knowledge threshold based yes

(6) Percolation Thresholds structural full knowledge by watershed rules yes

(7) Relative Surface Connection
Function

functional full knowledge none yes
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5.5.1 Robustness of the structural connectivity indica-
tors: success and failures

Semivariograms were not able to distinguish the different micro-topo-
graphy types because the scenarios were built with a method that was
specifically conceived to preserve the semivariogram shape. All fields
have a similar distribution thanks to the back-transformation given in
equation 4.3 of Chapter 4. Despite the fact that this transformation is
non-linear, Zinn and Harvey (2003) showed that the covariance between
points separated by a lag distance was little affected if a scale factor was
considered to preserve the integral scale of the correlation coefficient.
The semivariograms are rectilinear in that they do not take into account
the curvilinearity of the structures (Krishnan and Journel, 2003) and so
they are not appropriate to capture connectivity. This confirms the
results of Western et al. (2001) and Grayson et al. (2002).

Relative bivariate entropy depends directly on the bivariate PDF.
For two random variables ζ ∼ N(µ, σ) and ζ ′ ∼ N(µ′, σ′) both normally
distributed, their bivariate PDF is expressed by:

fh

(

ζ, ζ ′
)

=
1

2πσσ′
√

1 − ρ2
(5.12)

exp

[

− 1

2 (1 − ρ2)

(

(

ζ − µ

σ

)2

− 2ρ (ζ − µ) (ζ ′ − µ′)

σσ′
+

(

ζ ′ − µ′

σ′

)2
)]

where µ and µ′ are the means, σ and σ′ are the standard deviations and
ρ is the correlation coefficient defined by:

ρζζ′ =
Cov [ζ, ζ ′]

√

V ar [ζ]V ar [ζ ′]
(5.13)

By keeping µ, µ′, σ, σ′ and ρ constant between the different scenarios,
we leave the bivariate PDF unchanged. If ζ represents the variable values
at the locations x and ζ ′ at the location x+d, because of the stationarity
of order 1 and 2 of the Gaussian fields, we know that µ = µ′, σ = σ′.
Moreover, thanks to the renormalization procedure (Equation 4.3), µ
and σ keep the same values whatever the fields. ρζζ′ can be directly
determined from the semivariograms, since by stationarity of order 2:

γ (d) = σ2 − Cov [x,x + d] (5.14)

If the semivariograms γ (d) are similar, for a fixed lag distance d, the
covariance and thus the correlation coefficient will also be similar. All
factors of the bivariate PDF are kept constant whatever the scenarios
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and leave the entropy unchanged. Therefore, entropy, like the semivari-
ograms, can not distinguish between the three micro-topography types.

N-direct connectivity does not take into account the curvilinearity
of the structures (Krishnan and Journel, 2003). Any obstacle in the way
of the flow would be considered as a definitive stop, although in reality
water could flow around that obstacle. Some linear connected features
in the axis of the mean slope are still captured. This explains why
the indicator could slightly discriminate between the three topographic
types (curves are juxtaposed next to each other in function of the type).
However, as there is some overlap between curves of different micro-
topographical types, this indicator was considered insufficiently robust.

The connectivity function integral scale represents an equiva-
lent mean distance from the outlet up to which the surface is connected.
Its value is between 0 up to the maximal distance of the field (in our case
2 meters). This function, which is the equivalent of the n-direct connec-
tivity function but takes into account the possibility of the runoff to flow
in 2 dimensions around the obstacles, improves a lot the discrimination
between the three micro-topography types. The main assumption, due
to the choice of binarization process, is that the water in all the depres-
sions is at the same absolute level, which is not valid in practice since
depressions have different storage volumes and drainage areas. More-
over, the outlet is considered as a depression that fills in. The result
is an over-estimation of the mean water level in the system to ensure
the full connection of the surface. Nevertheless this gives us already a
rough estimation of the relation between the depression storage and the
surface connectivity if we transform the level into a depression storage.

Ds = S

z
∫

−∞

P (Z ≤ z) ∂z (5.15)

where Ds is the depression storage [m3] and S is the surface of the field
[m2].

Take note that since all three micro-topography types have the same
distribution, P (Z ≤ z) will be equivalent for them whatever z. So the
relation between the surface storage and the z-level will be the same for
the different cases.

Percolation probability is a cumulative density function (CDF)
and requires all the 10 scenarios to calculate it. All the threshold val-
ues (presented as geometric symbols in Figure 5.7 (bottom left) are well
grouped as a function of the micro-topography types. Hence, this indica-
tor is capable of discriminating the topography type. It is a measure of
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the continuity between the upstream and downstream ends of the topo-
graphical fields, yet it provides no information on how the continuity of
the water field evolves as the water level is raised. This type of indicator
is therefore of no use to characterize the within-field connectivity, but it
may be of use to characterize the connectivity between adjacent fields.
Indeed, water produced upstream on a slope will only join the down-
stream drainage network if all the patches that it needs to cross are all
at least at the percolation threshold. Hence those values could be useful
for subsequent upscaling of the runoff process, but this falls beyond the
scope of this thesis. The percolation thresholds reported here are not in
adequacy with standard percolation theory, since in our case pixels are
in the field of interest according to watershed rules and not according to
a certain level of probability of occurrence equally distributed over the
entire field, as in percolation theory.

Euler number χ presents some discriminative properties. The
curves for all the fields present a similar shape that is due to a same
behavior: as the threshold level z is increased, more and more pixels are
in the field of interest due to the binarization procedure. Those pixels
are, in the beginning, often isolated from each others (N increases) and
we find few connections (G is comparatively low). This increases the
Euler number (χ = N − G). After a certain threshold level (za), the
previously isolated patches tend to connect to each other progressively.
The Euler number begins to decrease as the number of multiple con-
nections (G) increases between the patches. Rising again the threshold
level z, particular patches begin to merge (N decreases), which erases
their previous multiple interconnections (G decreases faster than N).
This increases again the Euler number. We see that za is lower for the
River micro-topography for which depressions quickly connect to each
other as opposed to the Crater micro-topography. We also see that za
is not so different between River and Random micro-topographies. But
the χ-value reached by the former one is lower than for the latter. This
means that the Random cases are more chaotic as the number of inter-
connections explodes (but thus are less strong) whereas the River cases
keep relatively few but stable connections. As we see, the change in
Euler number with increasing water level contains information on the
dynamics of pond formation.

5.5.2 Robustness of the functional connectivity indicator:
success and development

Simplified hydrographs and especially the derived relative surface con-
nection functions were clearly able to discriminate the three micro-
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topography types. River structures improve the evacuation of the water
and reduce the depression storage, whereas Crater structures favor the
storage of water in depressions. Simplified hydrographs are shifted to
the right as maximum depression storage increases.

A theoretical framework is proposed (see Figure 5.9) to correlate
the local depression storage distribution to the simplified hydrographs
and to the relative surface connection. The four conceptual multiple-
compartment topographies have the same maximum depression storage
but the intrinsic distribution of the depression storage differs. The first
case (a) is an on/off type of surface. All the local depressions of the field
have equivalent storage capacity (i.e., the ratio between particular de-
pressions volumes and their respective contributing areas are constant).
Thus the actual depression storage will have to reach the maximum de-
pression storage value before runoff occurs. As outlined before, it is a
widely-used simplification made in hydrological modeling. The second
case (b) is a surface whose local storage values are distributed uniformly.
A droplet of rain therefore has the same probability of filling a small de-
pression, than a medium or a large one. It will produce a linear simplified
hydrograph. For the third case (c), local storage values follow a Gaus-
sian distribution. The simplified hydrograph has a sigmoid form. The
last case (d) accounts for a surface whose relative surface connection
function evolves linearly with the filling of the depression storage. It
corresponds to the case k = 1

Ds max
for the Linsley et al. (1949) equation

of the depression storage filling:

Ds = Ds max (1 − exp (−kQinC)) (5.16)

where Ds is the surface storage value [m3], Ds max is the maximal surface
storage [m3], k is a constant [m−3] and QinC is the cumulated input of
effective rain [m3].

We established the mathematical expressions for the simplified hy-
drographs and the relative surface connection functions (Tables 5.3 and
5.4). Those simple models are parametrized by few parameters (1 or 2):
the maximal depression storage only (a, b, d) or the maximal depres-
sion storage and a shape factor (c). A combination of the (a) case with
the three others (b, c, d) is easily implemented by subtracting an ini-
tial value to the cumulative rainfall and to the actual depression storage
(e.g., LISEM v 1.63 and earlier is a combination of (a) and (d) 2). In
terms of functional connectivity, the quicker the curve of surface connec-
tion rises, the more reactive the surface is to rain input. The (d) case
reacts like that. An extreme case would be the existence of one deep

2http://www.itc.nl/lisem/index.html
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depression that would account for most of the total depression storage,
but that would only be fed by a small part of the total surface. In that
case, even if the actual depression storage would be low, most of the
surface would be well connected and would participate to the export of
runoff. Connectivity thus increases passing from the (a) to (c), (b) and
(d) conceptual fields (except for relative storage close to 1.).

We can now chose either to work with the true simplified hydro-
graphs and derived relative surface connection functions or to parame-
terize them with one (or a combination) of the simplified models (a, b,
c, d). This last option may be useful for later upscaling procedure or
for regular implementation in actual hydrological models (see Chap. 7).
Our observations were best fitted with the gaussian model (c). Results
are shown in Figure 5.10. The factor µBC (from Tables 5.3 and 5.4)
is almost equivalent to the maximum depression storage and we have
imposed this value. The factor σ is a formal factor that accounts for the
spread of the simplified hydrographs. The lower its value the sharper the
hydrograph. When σ tends to zero, then case (c) tends to case (a) with
a step hydrograph. On the contrary, the larger the sigma, the higher
the potential connectivity is. We compare the dispersion of the fitted
parameters in Figure (5.11). The µ and σ factors are distinct between
the micro-topography types, but the coefficient of variations are alike
for all the micro-topographies meaning that the distribution of local de-
pression storage compartments are comparatively similar. This means
that if the pixel height values of a River-type micro-topographical field
were all multiplied by a unique scaling factor, the new field may produce
a similar hydrograph as the one for a Crater-type field. This may come
from the method used to build the different micro-topographical fields.

5.5.3 The scale problem

The spatial resolution of the digital elevation model for the micro-topogra-
phy is crucial for the computation of its connectivity properties. The
key elements are the small channels that link the depressions together.
Those can be missed if the spatial resolution is too low. As stated by
Western et al. (2001), the apparent presence of near connectedness is
scale dependent. The evaluation of the retention capacity of the depres-
sions is also dependent on the resolution. Real concavities or convexities
between the points of measurement can be missed by the interpolation
methods, resulting in an underestimation or an overestimation of the
depression volume, respectively. In summary, the resolution plays an
important role both in terms of identification of connections and evalu-
ation of depression storage
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Figure 5.9: Conceptual multiple-compartment topographies, their simplified
hydrographs and their derived relative surface connection (RSC)
functions. The local storage depths are distributed according to:
a) a single value, b) a uniform distribution, c) a Gaussian distri-
bution, and d) a particular distribution so that the relative surface
connection function is linear.
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Table 5.3: Mathematical expressions of the simplified hydrographs presented in Figure (5.9) for the different conceptual multiple-
compartment topographies.

Depression Storage Simplified Hydrograph
Distribution

C = Qout

Qin
= f (QinC)

(a) Single value f (QinC ;Ds max) =

{

0 if QinC < Ds max

1 else

(b) Uniform f (QinC ;Ds max) =

{

QinC

2Ds max
if QinC < 2Ds max

1 else

(c) Gaussian f (QinC ;µ ≈ Dsmax, σ) = 1
2

(

1 + erf
(

QinC−µ

σ
√

2

))

(d) Specific so f (QinC ;Ds max) = −exp
(

− QinC

Ds max

)

+ 1

that C ∝ Ds

with Qout the runoff [m3/s], Qin the input of rain [m3/s], QinC the cumulated input of rain [m3],

Ds the actual depression storage [m3], Ds max the maximal depression storage [m3], µ a factor

approximatively equal to Ds max [m3] and σ a factor of dispersion [m3].



102
C

h
ap

ter
5.

C
on

n
ectiv

ity
In

d
icator

Table 5.4: Mathematical expressions of the relative surface connection functions presented in Figure (5.9) for the different conceptual
multiple-compartment topographies.

Depression Storage Relative Surface Connection Function
Distribution

C = Sconnected

Stot
= g (Ds)

(a) Single value g (Ds;Ds max) =

{

0 if Ds < Ds max

1 if Ds = Ds max

(b) Uniform g (Ds;Ds max) = 1 −
√

1 − Ds

Ds max

(c) Gaussian g (Ds;µ ≈ Ds max, σ) = 1
2

(

1 + erf
(

QinC(Ds)−µ

σ
√

2

))

where Ds(QinC) = h
(

QinC ;α = 1
σ
√

2
, β = −µ

σ
√

2
≈ −Ds max

σ
√

2

)

= 1
2

(

QinC + µ− βerf(δ)
α −QinCerf (δ) − exp(−(δ)2)

α
√

π

)

with δ = β + αQinC

(d) Specific so g (Ds;Ds max) = Ds

Ds max

that C ∝ Ds

Sconnected the surface connected to the downstream boundary [m2], Stot the total surface [m2],

Ds the actual depression storage [m3], Ds max the maximal depression storage [m3], µ a factor

approximatively equal to Ds max [m3], σ a factor of dispersion [m3] and QinC the cumulated

input of rain [m3].
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Figure 5.10: Fitted simplified hydrographs (left) and derived fitted relative sur-
face connection functions (right). Gaussian model (c) was used for
the fitting. The gray dotted lines are the fitted curves.
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Figure 5.11: Box plots of the fitted µ or maximum surface storage (a), the
fitted σ (b) and the coefficients of variation (c) for the 3 contrasted
micro-topographies. Gaussian model (c) was used for the fitting.
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Carvajal et al. (2006) and Martin et al. (2008) both observed a de-
crease of maximal depression storage when pixel size increased (from a
mm to a 2 cm scale resolution for the first study, and from the centime-
ter to a half meter scale for the second). On the contrary, Abedini et al.
(2006) observed an increase occasionally followed by a decrease of the
ponds volume when pixel size increased from 5 mm to 3 cm. Kamphorst
et al. (2000) did not observe a significant change in maximum depression
storage when passing from a mm to a 2 cm scale resolution. The effect
of the resolution is thus not obvious and the strategy is to adapt the
resolution in function of the correlation lengths of the field and the size
of the connectors.

As long as the field is sufficiently larger than the correlation length,
Semivariogram and Bivariate Entropy are not dependent on the scale
if stationarity of order 1 and 2 can be assumed (which is true at least
for Gaussian fields). Similarly, the Euler Number for a random binary
field is independent of the scale. This would also be the case for the
percolation threshold if the binary field was random. But the fact that
we consider a watershed rule in this particular binarization process does
not fulfill that condition anymore. In addition, boundary effects affect
more the results when the size of the field decreases, which increases
the uncertainty on the percolation threshold value. Finally, the N-point
rectilinear connectivity integral scale and the connectivity function in-
tegral scale both provide results in length unit and inform on the mean
distance over which pixels are connected. Therefore, those functions
include already the scale in their results.

5.6 Conclusions

• The semivariogram, the bivariate entropy and the n-point rec-
tilinear connectivity are structural connectivity indicators that
were not able to discriminate clearly among the contrasted micro-
topographies. Therefore we think that those methods must not
be used to study the structural connectivity of natural micro-
topographies unless they are improved to integrate spatial pat-
terns.

• The connectivity function integral scale, the percolation proba-
bility and the Euler number are structural connectivity indicators
that had a discriminative capacity. Whereas the connectivity func-
tion integral scale and Euler number provide information regarding
the development of connectivity within micro-topographical fields,
the percolation threshold appears more suitable to characterize
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connectivity between adjacent fields. In any case, despite their
discriminating power, relating the latter three structural connec-
tivity indicators to the hydrological response of a topographical
surface will prove to be a challenging task.

• We proposed a functional connectivity indicator, namely the rel-
ative surface connection function, that is the ratio of surface con-
nected as a function of the actual depression storage. It was com-
puted using a fast and simple filling algorithm that produces sim-
plified hydrographs based only on the depression storage dynamics.
The simulation in Chapter 4 had indeed shown that the depression
storage was the major factor of discrepancies between our con-
trasted scenarios. This indicator was discriminant and could be
used to conceptualize the process of depression filling. Once com-
puted for a small surface, this function could become a descriptive
function of the subgrid dynamics to be integrated in hillslope or
watershed models for which the surface considered for the com-
putation of the connectivity indicator corresponds to a single grid
cell. We recommend this indicator as it requires the same infor-
mation than the discriminant structural indicators, it is almost as
fast to compute, but it contains information more directly linkable
to runoff dynamics.

• At this stage, the proposed functional connectivity indicator does
not take into account the upper boundary conditions, i.e., the ef-
fect of rainfall intensity, nor the surface detention dynamics. This
effect should be integrated in an effective way to correct the present
functional connectivity indicator (see Chap. 7). Finally, the suc-
cessful indicators are now to be applied on real field data, which
will be done in Chapter 6.



Chapter 6

Connectivity evolution1

s

6.1 Outline

We evaluated the ability of different connectivity indicators to capture
temporal change in soil micro-topographical properties. Our study was
based on 9 scanned reproductions of soil surface micro-topographies
which had been subjected to different amounts of cumulative rainfall
erosivity. Among the different connectivity indicators, only the RSC
function was able to detect an evolution in micro-topographical proper-
ties. The RSC function provides the ratio of area that is contributive
as a function of depression storage filling. One major parameter of the
RSC function is the maximum depression storage. A methodology was
therefore proposed to build numerical micro-topographies, taking into
account the depression storage evolution on top of the slope, the random
roughness and the spatial correlation. It allowed to produce numerical
micro-topographies showing realistic RSC functions, which could be use-
ful for later stochastic modeling. With that method, the user choose a
gap factor ∆ that modifies the spatial configuration of micro-topography,
which affects the maximum depression storage value.

6.2 Introduction

It has been demonstrated, based on a numerical study in Chapter 4,
that micro-topographies presenting near-identical macroscopic proper-

1Adapted from: Connectivity evolution of microtopography: measurement for a

bare loamy plot and reproduction in a numerical field generator, Advances in Water
Resources, article to be submitted

107



108 Chapter 6. Connectivity Evolution

ties (such as slope, random roughness and semivariogram) may show
very contrasted hydrological behaviors, which we attributed to differ-
ences in connectivity properties not captured by classical macroscopic
properties.

In Chapter 5, it was demonstrated that only 3 indicators of connec-
tivity taken in the literature allow to discriminate between contrasted
micro-topographies. Those are indicators of structural connectivity, and
are difficult to integrate into current hydrological models. An other in-
dicator of connectivity, functional this time, was therefore proposed and
appeared relevant.

Under the combined action of rain and runoff, we know that the
surface of cultivated plot evolves (Chap. 3). Depression storage and
the effective friction factor decrease as a function of cumulative rainfall
erosivity. Random roughness is relatively less sensitive, at least in the
early times (Fig. 3.2). We can think that this evolution impacts also on
the spatial distribution of surface fluxes, and thus on connectivity.

Therefore, the first objective is to assess if the evolution of the soil
micro-topography leads to an evolution of functional connectivity. The
second objective is to assess if this evolution leads to an evolution of
structural connectivity.

The numerical micro-topographies we used in Chapter 4 accounted
for 2 extreme types of scenarios (River and Crater) we associated ar-
bitrarily to the initial and final states of micro-topography of a tilled
soil exposed to rain. But we should be able to produce intermediary
scenarios if we want to better fit reality and to reflect the connectiv-
ity evolution of the soil micro-topography between the Crater and the
River states. Therefore our last objective is to present a methodology
to generate numerical micro-topographies conditioned by the functional
connectivity, in addition to classical macroscopic properties, which are
the slope, the random roughness and the semivariogram.

6.3 Materials and Methods

6.3.1 Connectivity indicators evolution

The digital elevation models (DEM) of the 92 casts described in Chap-
ter 3 were used for calculating the RSC functional connectivity indicator

2The 10th cast (R≈677) was not considered in this chapter as it corresponds to
another plot submitted to another tillage work. Therefore the patterns of micro-
topography found on the 10th cast are not the evolution of the patterns of micro-
topography observed on the main experimental plot where the 9 first molds were
sampled.
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and the following 3 structural connectivity indicators: connectivity func-
tion integral scale, Euler number and Percolation thresholds. These in-
dicators were described in Chapter 5 and were found capable of discrim-
inating between contrasted numerically-generated micro-topographies.
The 9 molds cover a range of surface roughnesses, starting from a tilled
soil and ending with a severely eroded surface corresponding to 230
MJ.ha−1.mm.h−1 of cumulative rainfall kinetic energy (R). The molds
represented 0.5 m2 of soil micro-topography and were sampled at 4 dif-
ferent levels of R: 0 (2 repetitions), 45 (2 repetitions), 115 (3 repetitions)
and 230 (2 repetitions). Their digital elevation models are shown in Ap-
pendix A.

6.3.2 Numerical micro-topography generator

Contrasted numerical fields of micro-topography can be generated based
on the method proposed successively by Vogel (2002) and by Zinn and
Harvey (2003). This method, explained in detail in Chapter 4, enabled
to generate 3 types of micro-topographical fields that present contrasted
structural and functional connectivity properties while showing identi-
cal random roughness values as well as near-identical isotropic spatial
covariances. The three types of numerical fields are: (1) a field with con-
nected patterns of depressions (River), (2) a standard multi-Gaussian
field (Random) and (3) a field with connected patterns of crests that
isolate from each others the depressions (Crater).

Just after tillage, depressions are mainly isolated from each other
and form Crater-type topographies (Moreno et al., 2008; Carvajal et al.,
2006). After some time, rainfall and overland flow will reshape the
micro-topography, flattening clods, filling depressions and digging small
channels at the soil surface (Favis-Mortlock, 1998; Darboux et al., 2002;
Gomez and Nearing, 2005), which may alter the flow paths and de-
crease the maximum depression storage value. Real micro-topographies
may therefore present intermediate situations between Crater and River
micro-topographies. Hence, we propose a modification of the original
method of Zinn and Harvey (2003) to generate intermediate scenarios
between Crater and River micro-topographies.

The original method is based on the following characteristic of con-
tinuous fields: pixels whose value corresponds to the mean of the entire
field form together a connected network that spans the whole field. On
the contrary, if we consider pixels with the same value but not equal
to the mean of the field, those pixels will form a set of smaller closed
networks. As we consider pixels with values further from the mean,
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lines [mm] are shown on the lines.

the resulting networks will become smaller and more isolated. This is
illustrated in Figure 6.1.

The methods of Zinn and Harvey (2003) considered that the pixels
with an initial value equal to the mean (forming thus a connected net-
work) would become the pixels with the lowest values. This was done
by taking the absolute value of a Gaussian fields Y centered on 0.

Z = |Y − µ| (6.1)

In our case, we will not consider the field centered on 0 anymore,
and introduce a gap factor ∆ [m] inside the absolute value operator:

Z = |Y − µ+ ∆| (6.2)

As ∆ increases, the pixels that are going to receive the lower values
are initially further and further from the mean value of the field and
thus are less and less connected. If ∆ is such that no negative value
is generated inside the absolute operator, then the new field Z will be
exactly the same as the initial field Y , but displaced vertically by the
value of ∆. By varying the value of ∆, intermediate topographies in
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terms of depressions connections can be generated (or crest connections,
if the final field is flipped horizontally, as expressed in Eq. 4.4).

As was done by Zinn and Harvey (2003), Z must be mapped back
to a desired distribution. If the initial and the desired final fields both
present a Normal distribution of heights, the transformation is:

Y ′ =µ′ + σ′
√

2 (6.3)

erf−1

(

2

[

1

2
erf

( |Y − µ+ ∆| + ∆

σ
√

2

)

+
1

2
erf

( |Y − µ+ ∆| − ∆

σ
√

2

)]

− 1

)

where Y ∼ N
(

µ, σ2
)

and Y ′ ∼ N
(

µ′, σ
′2
)

.

Based on 10 repetitions of Y (µ = µ′ = 0 and σ2 = σ′2=100 mm2), we
generated 10x10 scenarios of micro-topography considering 10 ∆ values,
which will be scaled by the standard deviation of the field σ computed
in absence of the slope (∆

σ : 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5 and 3).
For each of the 100 scenarios, we considered a 4-m2 field discretized into
square centimeter pixels and characterized by a semivariogram with a
100 mm2 sill and a 100 mm range. Finally, a global slope (1, 4, 7
or 10 %) was surimposed to the micro-topographical fields, leading to
10x10x4 scenarios in total. In Figure 6.2, we show the impact of ∆

σ on
a virtual micro-topographical field (with a global slope of 1%, which
was not considered when computing σ). The lower ∆ is, the closer the
micro-topography is to the initial River or Crater scenarios. When ∆

σ is
larger than 2.5, the generated field remains ”Random”.

The successive use of the absolute operator (Eq. 6.2) and the map-
ping operation (Eq. 6.3) constitutes a nonlinear transformation of the
original Gaussian field that decreases the correlation length without af-
fecting too much the shape of the semivariogram. Zinn and Harvey
(2003) demonstrated that, for ∆ = 0, the separation distance between
pixels should be increased by the scale factor of 1.86, in order to preserve
the initial range. When ∆ 6= 0, it is not obvious to find analytically a
value for the scale factor. Therefore we will perform a numerical study
to determine the value of the scale factor as a function of ∆, in order to
be able to produce micro-topographies where the range is preserved.

Finally, we will look at the impact of ∆ on the maximum depression
storage value (Ds max). We know from other studies (Kamphorst and
Duval, 2001) that the slope of the field impacts Ds max. Therefore we
will also include the impact of the slope in the analysis. We will express
Ds max in water depth units so that it is independent to the size of
the area taken into account and thus independent to the range too.
Moreover, we will scale ∆ and Ds max depth by the standard deviation of
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height σ to work in a complete dimensionless framework, transposable
for any value of random roughness. Based on 10 replicates of micro-
topography for each slope and each ∆ value, we computed the mean
Ds max

σ ratios [m/m] as well as the envelop curve limited by the 1st and
9th deciles.

6.4 Results and Discussion

6.4.1 Connectivity indicators evolution

As the cumulative rainfall erosivity R increases, the RSC functions tend
to become steeper (Fig. 6.3a). This is due to the large variation in
maximum depression storage between the different micro-topographies
as shown in Chapter 3. Nevertheless, the variability of observed Ds max

depths among micro-topographies with similar R-value results in an im-
perfect ranking of the different curves according to R. This can come
from the natural variability of Dsmax in space, but also from the lim-
ited size of our molds, which increases boundary effect. Larger samples
would therefore provide Ds max values more representative for such a
study. But this would be difficult to make in practice, unless to recom-
pose one area with different neighboring molds.

When scaled by their respective maximum depression storage values
(Fig. 6.3b), the scaled RSC functions for various R-values overlap. For
instance, R=230 curves tend to encompass all the other curves beneath
a 0.4 ratio of depression filling, while R=0 and R=115 curves tend to en-
compass the other curves, after a 0.55 ratio of depression filling. From a
conceptual point of view, it means that the dynamics of depression con-
nections is preserved but happens between depressions whose volume
would be reduced, by deposition for instance. The maximum depres-
sion storage value is therefore the only identifiable factor that governs
the RSC function evolution. Consequently, the evolution of the maxi-
mum depression storage with R represents, for our soil, a good proxy of
functional connectivity evolution.

Figure 6.4 shows the structural connectivity indicators for the differ-
ent molds. For the connectivity function integral scale (Fig. 6.4a), there
is major overlapping between the different curves. The R=230 as well as
the R=0 curves tend to encompass all the other curves, up to a threshold
level z of 0.015. One R=45 curve and one R=230 curve deviate from the
general trend above a threshold level z of 0.025. Clearly, the different
curves can not be discriminated according to the R-value. This means
also that the connectivity function integral scale seems not sensitive to
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Figure 6.3: Observed RSC functions of the 9 micro-topographies (a), the same RSC functions but scaled by the maximum depression
storage (b) and RSC functions for the 4 conceptual multiple compartment topographies explained in Chapter 5 (c).
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the value of Dsmax and that their is no evolution of the paths followed
by water as R increases.

The Euler numbers (Fig. 6.4b) don’t show clear distinct trends as
a function of R either. This indicator is very sensitive to the noise in
digital elevation models as small scale heterogeneities impact directly
on the number of isolated objects and connections for some binarization
thresholds. This explains the high Euler numbers for the R-0 curve at
a z-level of -0.01, as its corresponding DEM was noisy, in addition to
be irregular due to the tillage. Similarly to the connectivity function
integral scale, the Euler numbers don’t seem to be sensitive to the value
of Ds max and the flow paths present similar configurations.

The percolation thresholds (Fig. 6.4c) don’t show a clear decrease
with R, except for R=230 micro-topographies. The limited size of our
fields may lead to large boundary effects (no flow on the border sides),
limiting percolation.

Even though it was shown in Chapter 5 that semivariograms are
not valuable indicators of connectivity, we still show them in Figure
6.4d, as they are often the main characteristic used to describe a micro-
topography, next to fractal properties (Paz-Ferreiro et al., 2008). The
effect of the soil evolution with R is not reflected clearly in the semi-
variograms, as opposed to the observations of Darboux et al. (2002).
But these authors had sampled micro-topography always at the same
place and for rainfall experiments under controlled conditions, contrary
to us. Moreover the evolution they noticed was small and only con-
cerned the sill values. Moreover, there is variability among replicates
larger than among semivariograms for different R-values. Some R=0
and R=45 curves overlap, and we note a lower sill for one R=115 curve
only. The small connectors that develop with time on a soil surface are,
in a way, invisible to the semivariogram, which is more sensitive to a
general decrease of random roughness. As was shown in Chapter 4, ran-
dom roughness (which should be similar to the sill of the semivariogram)
is not a good explanatory factor of surface connectivity.

To summarize, we see that most of the previously identified runoff-
relevant connectivity indicators were not able to capture the evolution
of micro-topography with rainfall erosivity, except the RSC function.

6.4.2 Conceptual representation of the RSC function

As there is no clear evolution with R in the shape of the scaled RSC
functions, we can define a common general shape based on the multiple-
compartment concept (Chap. 5). Figure 6.3c shows the RSC functions
for the 4 conceptual multiple-compartment topographies (On/Off, Lins-
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Figure 6.4: Structural connectivity indicators evolution
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Figure 6.5: Impact of the gap factor ∆ on the scale factor that will allow to
correct the grid size in order to maintain the desired range in the
semivariogram.

ley, Gaussian and Uniform) in front of the observations. It appears
clearly that the On/Off classical assumption significantly underestimates
the ratio of surface connected when the actual depression storage has not
yet reached its maximum value. On the opposite, the Linsley assump-
tion tends to overestimate that ratio. Uniform and Gaussian conceptual
multiple compartment topographies better fit the observations. Note
that the Gaussian shape factor was calibrated as 0.4 times the maxi-
mum depression storage value. Our micro-topographies could therefore
be associated to a Gaussian or Uniform multiple-compartment topogra-
phy whose global maximum depression storage value evolves with R.

6.4.3 Generation of micro-topographical scenarios condi-
tioned by the RSC function evolution

In a first time, we performed a numerical study to determine the value
of the scale factor. For each of the 100 generated micro-topographies,
the scale factor is calibrated in order that the semivariogram fits the
semivariogram for the initial Gaussian field Y . Figure 6.5 shows the
mean value of the scale factor as well as the envelop limited by the 1st
and 9th deciles.
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The scale factor ranges from 1 to 1.86 as ∆ decreases. We propose
an experimental curve to represent it:

Scale Factor = 1 + 0.86 exp

(

−(∆/σ)2

2ψ2

)

(6.4)

where ψ is a shape factor evaluated experimentally at 0.6989. This curve
is represented in Figure 6.5. We are now able to produce intermediate
scenarios between Crater-Random-River micro-topographies, which all
show similar spatial covariance when taking into account the scale factor
expressed by Eq. 6.5.

We can look at the impact of ∆ on the RSC function. The main char-
acteristic of the RSC function is the maximum depression storage value
(Ds max). The impact of ∆ on Ds max is shown in Figure 6.6 a (River
cases) and b (Crater cases). If ∆ increases, Ds max increases in case of
River-type, or decreases in case of Crater-type micro-topographies. In
every case, when the slope increases, Ds max decreases. We interpolated
these results for any slope value. It is shown in Figure 6.7 a (River cases)
and b (Crater cases). This shows that Ds max is directly proportional to
the random roughness (σ) but, for a same level of random roughness,
it may also vary up to a factor 5, if the slope is null, and up to a fac-
tor 3, if the slope is 10 %, when the spatial configuration changes from
Crater to River with ∆ = 0. The slope indeed favors the connectivity
and, as it increases, covers progressively the specific effect of the spa-
tial configuration. When ∆ increases, the difference between River and
Crater scenarios decreases, as the micro-topographies tend to be more
and more as the Random case.

Figure 6.7 allows us to choose the gap factor ∆ in order to produce
a numerical micro-topography constrained by the maximum depression
storage value, if we know the slope, the random roughness (σ), the
maximum depression storage and the correlation length, which will be
preserved thanks to the shape factor found in Equation 6.4.

Finally, we investigate the effect of ∆ on the shape of the RSC func-
tion. When scaled by Ds max, the RSC functions are similar whatever
∆, as shown in Figure 6.8. If associated with a Gaussian multiple-
compartment topography, the best Gaussian shape factor to consider is
0.39 times the maximum depression storage value. It is almost equiva-
lent to the value of 0.4 that was found for our real data, which means
that the numerical micro-topographies and the real observations show
similar depression storage dynamics. However, the evolution of a numer-
ical field of micro-topography with ∆ will not correspond to a physical
erosion-deposition process: indeed, the position of depressions and the
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(a)

(b)

Figure 6.6: Impact of the gap factor ∆ and the slope on the maximum de-
pression storage Ds max (expressed in water depth), considering a
River-type (a) or a Crater-type (b) micro-topography.
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Figure 6.7: Impact of the gap factor ∆ on the mean maximum depression stor-
age (expressed in water depth and scaled by the standard devia-
tion σ of micro-topographical height), interpolated against slope.
Results are shown for River-type (a) or Crater-type (b) micro-
topographies.



6.5. Conclusions 121

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

D
s
/Max. D

s
 [m3/m3]

C
 [m

2 /m
2 ]

 

 

∆/σ = 0
∆/σ = 0.5
∆/σ = 1
∆/σ = 1.5
∆/σ = 2.5

Figure 6.8: Impact of ∆ on the scaled RSC functions

scale of the field will change when modifying ∆. The change in depres-
sion positions will of course also appear when considering DEM for casts
whose molds were taken on different places, as we did in this study.

6.5 Conclusions

We have analyzed how the functional and structural connectivity prop-
erties of micro-topography evolved with the accumulation of rainfall
erosivity. The structural connectivity indicators which were the con-
nectivity function integral scale, the Euler numbers and the percolation
thresholds could not detect any evolution clearly.

In contrary, the functional connectivity indicator, which was the RSC
function, evolved with R. The range of the RSC function, which corre-
sponds to Ds max, decreased with R. But the shape of the RSC func-
tion when scaled by Ds max did not evolve. This allows us to describe
all the various RSC functions by one single model such as the Gaus-
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sian multiple-compartment topography, parameterized by Ds max that
evolves as a function of R.

As the only evolution to consider was thus Dsmax, we developed a
method to generate artificial micro-topographies that are thus condi-
tioned by Dsmax, on top of the macroscopic properties, which are the
semivariogram characteristics (sill or random roughness and range), the
random roughness and the slope. Those micro-topographies can be used
for stochastic studies of runoff evolution with R.

The numerical study was performed under the hypothesis of Gaus-
sian fields. Yet, other types of fields can be generated, which could affect
the RSC function shape.



Chapter 7

Integrating subgrid
connectivity properties of
the micro-topography in
distributed models 1

7.1 Outline

In Chapter 5, we demonstrated the ability of the so-called Relative Sur-
face Connection (RSC) function to capture, at the subgrid scale, the
evolution of the contributing area as a function of the depression stor-
age filling. However, this function neglects the effect of surface deten-
tion, which is proportional to the runoff rate and which must be taken
into account if one wants to predict correctly the discharge dynamics.
Therefore we tested two corrective procedures in association with the
RSC function to integrate, at the grid scale, the effects of both de-
pression storage and surface detention dynamics. The weighted-source
corrective procedure consists in weighting the effective supply of water
between depression storage and runoff using the RSC function. The
weighted-surface corrective procedure consists in splitting a single grid
into parallel independent strips that activate at various times and then
participate to the global runoff production. Those methods allowed to
mimic in a simple way and at the grid scale numerical and experimental
hydrographs for complex subgrid micro-topographies.

1Adapted from: Integrating subgrid connectivity properties of the micro-topography

in distributed models, Antoine, M., Javaux, M. and Bielders, C., J. Hydrol. (under
review).
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The weighted-source and especially the weighted-surface corrective
procedures improved the hydrograph prediction compared to the classi-
cal approach where runoff only starts when depression storage capacity
is full. An alternative to the Linsley et al. (1949) equation for the de-
pression storage filling is proposed which allows a better description of
surface runoff before maximal depression storage was reached.

7.2 Introduction

The spatial configuration of micro-topography affects the runoff connec-
tivity at the interrill scale and, therefore, the shape of the hydrograph.
Introducing connectivity information related to the micro-topographical
configuration at the interrill scale might improve the prediction of runoff
dynamics. In Chapter 5, we proposed the so-called Relative Surface Con-
nection (RSC) function. This function expresses the proportion of an
area that is connected to its downstream border as a function of the ac-
tual depression storage value of that area. The RSC function and related
simplified hydrograph are three orders of magnitude faster to compute
(Table 5.1 in Chap. 5) than solving the 2-D hydrograph based on the
resolution of Saint-Venant equations, with the diffusive wave simplifi-
cation (2-D DW). Moreover, as long as the micro-topography does not
evolve, the simplified hydrograph remains valid. On the contrary, even if
the micro-topography does not evolve, the 2-D DW hydrograph requires
a new simulation for every change in effective rainfall rate. It is thus
interesting, in terms of computation effort, to exploit the information
given by the simplified hydrograph to assess the 2-D DW hydrograph
behavior.

The drawback of the RSC function is that it does not take into
account the boundary condition (rainfall-infiltration) but only depends
on the micro-topography. Consequently, the RSC function does not
take into account the surface detention. It only provides information on
the depression storage dynamics during a rainfall event and the evolv-
ing proportion of the area that contributes to the runoff at the outlet.
However, evidence from measurements (Chap. 3) showed that surface
detention may represent a storage of water as large as the maximum de-
pression storage itself, especially during intense rainfall events. Hence,
a corrective procedure for the RSC function must be implemented to
correctly predict runoff triggering.

Our study aims at predicting the hydrograph at the interrill scale,
starting with information provided by the RSC function and correcting
that information in order to take into account the boundary conditions
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(here the effective rainfall intensity). As in all of this thesis, the two
hypotheses that underline this work are that the infiltration rate never
exceeds rainfall intensity, such that there is always a zero or a net supply
of water, and that this net supply is spatially uniform.

7.3 Materials and Methods

7.3.1 Hydrograph prediction from the RSC function

We propose two different approaches to take surface detention into ac-
count: a weighted-source or a weighted-surface corrective procedure. In
both procedures, our topographical field is assumed to have a uniform
1-D slope on which the overland flow will run as a sheet flow. The
amount of water forming the sheet constitutes the surface detention.
The resolution of the 1-D Saint-Venant equation in the slope direction
is therefore necessary to model that sheet flow. Again, we will use our
hydraulic model based on the diffusive wave simplification, using effec-
tive parameters for the friction characterization.

Weighted-source corrective procedure

During the resolution of the 1-D Saint-Venant equation, the water level
is adjusted in time by the equation of continuity:

∂h

∂t
+
∂vh

∂x
= φ (7.1)

where h is the water depth [m] (in the surface detention only), t is
the time [s], v is the mean water velocity [m s−1] in the x-direction (x
oriented in the main slope direction) and φ is a source term that is equal
to the rainfall rate minus the infiltration rate [m s−1] (hereafter called
effective rainfall rate).

The weighted-source corrective procedure is easy to implement in
distributed models. It consists in adjusting the runoff production of
the field by weighting the source term φ with the RSC function C (Ds),
where Ds is the actual depression storage [m3]. Equation 7.1 then be-
comes:

∂h

∂t
+
∂vh

∂x
= C (Ds)φ (7.2)

The fraction of the source term that does not participate to the runoff
serves to fill the actual depression storage:
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∂Ds

∂t
= (1 −C (Ds))Sφ (7.3)

where S is the surface area of the field [m2].
As an example, if the depression storage value Ds is such that the

RSC function predicts C = 60% of the surface to be connected to the
downstream boundary, the weighted-source procedure will consider that
100 % of the surface is connected but that only 60% of the effective
rainfall φ will contribute to the overland flow. The other 40% is used
for filling the depression storage Ds.

Weighted-surface corrective procedure

The second procedure, illustrated in Figure 7.1, considers that the micro-
topographical field can be divided into parallel independent strips, with
the same slope. Every strip is associated with an increment dCi of the
simplified hydrograph. The width of a particular strip i is given by:

dWi = dCi ·W (7.4)

where W is the grid scale pixel width [m] and dW is the strip width
[m]. Each time a rainfall increment provokes an increase dCi of C, an
additional strip is activated. Runoff starts on that strip and contributes
to the total discharge R [m3 s−1].

At all times, the surface of the pixel connected to the outflow bound-
ary corresponds to the sum of the activated strip areas. Take note that
surface detention varies between strips, as newly activated strips might
not yet have reached the dynamical equilibrium between inflow and out-
flow.

For a constant effective rainfall rate, each strip reaches its equilib-
rium flow rate (governed by 1-D Saint-Venant equations) in the same
way, whatever the activation time. The only difference between strips
is the delay with which each strip is activated. Therefore the temporal
evolution of the discharge per unit width q0(t) [m2 s−1] at the down-
stream end of a strip, from activation to steady state, constitutes a kind
of transfer function that distributes in time the contribution of a newly
activated strip. By convolving this transfer function q0(t) with dC(t)
(the temporal increment of C(t) for a temporal resolution of 1 second)
multiplied by the pixel width W [m], we can reconstruct, with very lim-
ited computation effort, the total discharge R(t) at the downstream end
of the pixel [m3 s−1]. R(t) incorporates both depression storage and sur-
face detention dynamics inside the pixel. This can be mathematically
expressed by:
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Figure 7.1: Principle of the weighted-surface corrective procedure where a sin-
gle large pixel (b) is divided into parallel independent strips having
the same 1-D slope. The width of each strip is proportional to the
increment of relative surface connection (a) with which it is asso-
ciated multiplied by the pixel width. Each strip gets progressively
subjected to the effective rainfall as the cumulative effective rainfall
increases and depression storage of the single large pixel fills.
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R (t) =

τend
∑

τ=0

WdC (t− τ) q0 (τ) (7.5)

For a variable effective rainfall rate, the 1-D Saint-Venant equation
must be solved independently for each strip. When a strip is activated,
its source term φ is switched on. Finally, all the different runoff contri-
butions from the different activated strips are summed up to determine
the total discharge of the pixel.

7.3.2 Case studies

Runoff modeling on synthetic fields

We will use one repetition of the two contrasted numerical micro-topogra-
phical fields present in Chapter 4: the Crater and the River type. The
maximum depression storage changes by a factor of 5 between the two
fields (Table 4.2).

The 1-m2 fields were discretized into square centimeter cells and a
global 1 percent slope was added. The related hydrographs were com-
puted by resolving the 2-D Saint-Venant equations on the numerical
fields (diffusive wave simplification), with the runoff model described in
Chapter 4.

Simulated rainfall-runoff experiments on waterproof molded

surfaces

We used the 9 casts presented in Chapter 3 which cover a range of
roughness states. The 10th cast (R=677) was not used as the runoff it
produced was not sampled with sufficient temporal resolution, in relation
with its small depression storage. The digital elevation models of the
casts were obtained by scanning the surface with a horizontal resolution
of 0.5 mm using the method of Darboux and Huang (2003).

In the laboratory, the casts were tilted to the same slopes as in the
field and hydrologically isolated on the upstream and lateral borders
using a plastic frame. A rainfall simulator (Chap. 3) was used to apply
water at different rainfall rates, until steady state. Each of the nine
molds were subjected to three constant rainfall rates, ranging between 5
mm/h to 60 mm/h, resulting in 27 different experimental hydrographs.
Runoff water was collected in a gutter at the downstream boundary.
The discharge was determined by collecting the runoff during fixed time
intervals (low rainfall rate: 120 s, medium rainfall rate: 30 s, high rainfall
rate: 15 s) and weighing the runoff samples.
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Given that the casts are waterproof, surface detention could be de-
termined by measuring the cumulative volume of runoff after the rainfall
had ceased. Maximum depression storage was measured by collecting
the water in the depressions with a sponge after runoff had completely
stopped. Both volumes were divided by the horizontal projection of the
cast surface and expressed in water thickness units.

7.3.3 Methodology

Through numerical runoff simulation experiments on the 2 synthetic
fields, we first benchmark the classical On/Off approach, the weighted-
source and the weighted-surface corrective procedures with the 2-D DW
hydrograph taken as reference.

In a second step, we validate the best corrective procedure identi-
fied in the previous step, by comparing the hydrographs generated by
the selected corrective procedure with experimental hydrographs from
the laboratory rainfall-runoff experiments on the waterproof molded sur-
faces. The goodness of fit between the experimental and the modeled
hydrographs are evaluated using two indicators: the error variance σ2

ε

and the Nash and Sutcliffe (1970) coefficient E:

σ2
ε =

1

NT

NT
∑

t=1

(

Qt − Q̂t {Θ, Y }
)2

(7.6a)

E = 1 − σ2
ε

σ2
0

(7.6b)

were Qt is the observed discharge, Q̂t {Θ, Y } is the simulated discharge
given parameters Θ and input data Y , NT is the number of time steps,
σ2

0 is the variance of the observations.
The physical model we use is based on the diffusive wave equation

and underestimates significantly the surface detention for rough surfaces.
For rough surfaces, energy dissipation due to the shape of the macro-
roughness that protrudes through the water layer (= form resistance)
is much larger than energy dissipation due to the friction with the par-
ticles of soil (= grain resistance). Our physical model only considers
grain resistance. Moreover, the use of the diffusive wave simplification
of the Saint-Venant equations does not allow dealing with backwater
effects that are significant contributors for the surface detention. Nev-
ertheless, we still consider that using our physical model in this chapter
gives valuable insights as: 1) the physical model was shown to perform
very well for sheet flow (fig 4.6), which is at the base of both weighing
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methods and 2) the underestimation of the backwater detention capac-
ities and form resistance effect was compensated for by choosing large
friction factors that were calibrated for equivalent sheet flows in term
of surface detention (fig 3.8). Yet, we still recommend to perform again
this experiment with a full 2D Saint-Venant model able to work at our
scale, to validate or reject our exploratory results.

7.4 Results and Discussion

7.4.1 Hydrograph prediction for the synthetic fields

Figure 7.2 shows the modeled hydrographs for the synthetic River (left)
and Crater (right) fields, for constant (up) or variable (down) effective
rainfall rates. The 2-D DW hydrograph is used as reference. The On/Off
hydrograph assumes that the maximum depression storage needs to be
reached before runoff can occur (On/Off method), which is a classical ap-
proach in rainfall-runoff models (Singh, 1995; Singh and Frevert, 2002).
When the maximum depression storage is small compared to the sur-
face detention (as for the River topography), using the classical On/Off
approach does not lead to large errors. However, when maximum depres-
sion storage is large compared to surface detention (i.e., Crater case),
the classical On/Off method does not result in realistic hydrographs.
In Figure 7.2 (b) we clearly see that the 2-D DW hydrograph reacts
quickly after the beginning of the effective rainfall, and rises up stepwise
as soon as a new area connects to the downstream boundary, as can be
seen from a comparison with the simplified hydrograph. However, there
is not always a perfect match between those two hydrographs due to
neighbor-connection schemes that differ between the filling algorithm of
the simplified hydrograph (single-flow 8-neighbor scheme) and the hy-
draulic model (multiple-flow de-centered 4-neighbor scheme). Compared
to all the others, the simplified hydrograph generally reacts in advance
in terms of runoff production as the damping effect of surface detention
is not taken into account.

For both topographies, the weighted-source hydrograph is delayed at
the beginning of the runoff simulation, and therefore initially underes-
timates the 2-D DW hydrograph. This is due to the friction effect that
strongly slows down the flow in thin water layers. Thin water layers are
favored by the weighted-source procedure at the beginning. Later, the
weighted-source hydrograph overestimates the 2-D DW hydrograph, due
to compensation effects. Indeed, since the sum of maximum depression
storage and surface detention at dynamical equilibrium is the same for
all hydrographs (except the simplified one), an underestimation of the
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Figure 7.2: Comparisons of the 2-D DW hydrographs based on the 2-D Saint-
Venant equations with the simplified hydrographs (where the ab-
scissa is converted into time units, knowing the effective water
supply rate), the hydrographs based on the weighted-source and
weighted-surface corrective procedures, and the solution of the 1-
D Saint-Venant equations assuming depression storage needs to be
entirely filled before runoff can occur (On/Off). a & b: constant
rainfall, c & d: variable intensity rainfall.
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2-D DW hydrograph at the beginning must lead to an overestimation at
the end to ensure mass conservation.

The weighted-surface hydrograph matches the best the 2-D DW hy-
drograph. We clearly see the runoff triggering controlled by the increase
of surface connected to the downstream end, as is visible from a com-
parison with the simplified hydrograph. Every time the simplified hy-
drograph reaches a new step, the increase of connected surface ratio
activates the transfer function and leads to the characteristic rising of
the weighted-surface hydrograph. Take note that the area between the
2-D DW and the simplified hydrographs as well as the area between the
weighted-surface and simplified hydrographs correspond to the surface
detention in both cases.

For a transient rainfall (Figure 7.2, c & d), the relationships between
the different hydrographs are less straightforward, but in general the
On/Off method underestimates the early rising. With a variable effective
rainfall rate, it is mainly the dynamical damping of runoff triggering by
the surface detention that controls the shape of the 2-D DW hydrograph.
Therefore, the simplified hydrograph, which does not consider surface
detention, is not able to correctly characterize the 2-D DW hydrograph.
Here, the weighted-surface is also the best approximation of the 2-D DW
hydrograph.

7.4.2 Hydrograph prediction for the artificial rainfall ex-
periments on waterproof molded surfaces

In the previous numerical experiment, it was found that the weighted-
surface corrective procedure with the RSC function best approximated
the 2-D DW hydrograph. Therefore only this procedure will be used in
this section. The main characteristics of the molded surface are provided
in Table 7.1, as well as the friction constants used for modeling the
transfer function by means of the 1-D Saint-Venant equation, which
were optimized in Chapter 3.

The RSC functions for the different molded surfaces were computed
based on their digital elevation models. We also computed equivalent
RSC functions for the 4 conceptual multiple-compartment topographies
(On/Off, Linsley, Gauss and Uniform), based on the measured Ds max

values and a Gaussian factor of 0.4 Dsmax (Chap. 6).
Figure 7.3 shows one example of an experimental hydrograph for one

specific uniform rainfall rate on one specific waterproof micro-topography
(the others can be found in the Annexe C). Modeling that hydrograph
using the 2-D Saint-Venant equation at a 2-mm spatial resolution would
take us about 100 days of computation. We could lower that compu-
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Table 7.1: Main characteristics of the 9 waterproof micro-topographical fields. The different rainfall rates are given as well as the
related average surface detention depths at dynamic equilibrium. The optimized friction constants are given to relate
the surface detention to the effective laminar discharge, where λ is the Darcy-Weisbach friction factor and Re is the
Reynolds number. Surface detention and depression storage volumes have been divided by the horizontal projections of
the cast areas, to be expressed in water depth units.

Cast Number 1 2 3 4 5 6 7 8 9

Length [cm] 97.9 94.4 87.8 96.6 95.2 96 94.7 96.4 97.7
Width [cm] 49 49.3 45 46.5 46 45.5 46 47 46
Slope [%] 4.8 4.45 7.06 9.11 7.35 10 7.6 5.19 7.57
Random Roughness [cm] 1.22 0.97 1.1 0.98 1.21 0.97 1.12 0.89 1.25
Depression Storage [mm] 1.04 0.99 1.5 1.04 0.8 0.45 1.19 0.58 0.67

Low Rain [mm/h] 11.4 10.8 10.9 10.4 6.3 9.9 5.1 10.6 10.1
Surface Detention [mm] 0.47 0.4 0.98 0.7 0.41 0.6 0.29 0.46 0.57

Med. Rain [mm/h] 16.7 20.2 27.7 27.8 25.7 25.1 17.6 24.7 16.4
Surface Detention [mm] 0.53 0.61 1.19 0.92 0.93 0.74 0.49 0.58 0.63

High Rain [mm/h] 52.1 53.3 62.5 63 57.5 59.5 40.6 62.3 46.3
Surface Detention [mm] 1.2 1.05 1.82 1.35 1.25 1.08 0.83 0.87 0.94

Friction Constant 918 580 7240 3493 1986 2305 690 567 1551
Cn = λRe
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Figure 7.3: Example of one experimental hydrograph and the hydrographs
based on the weighted-surface procedure using the observed RSC
function or the 4 conceptual models. Because the effective rainfall
rate is constant, the procedure is a simple convolution of a transfer
function.

tation time by considering larger grid cells, but some of the channels
that link depressions together would be omitted, leading to a significant
overestimation of maximum depression storage capacity.

The convolved (= weighted-surface with constant effective rainfall
rate) simplified hydrograph associated with the measured RSC func-
tion reproduces some features of the experimental hydrograph, espe-
cially around 450 seconds and 650 seconds. Discrepancies may be due
to bad representation of some micro-topographical features in the digital
elevation model. Although the scanning methodology allows a spatial
resolution of 0.5 mm, there are always areas in the shadow of protruding
objects where elevation data is missing. This missing data is then com-
pleted by means of an interpolation procedure (here, inverse distance
weighting method with a power parameter of 2). Shadow effects usually
occur at the edge of protruding objects, at the bottom of which some
connecting hydraulic links were found (e.g., water flowing underneath
clod overhangs). The fact that some of the connections are missed in
the digital elevation model leads to an increase in maximum depression
storage, as also observed for similar resolutions by Abedini et al. (2006).
Consequently, the simplified hydrograph is shifted to the right.
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As already said in the previous numerical experiments, the On/Off
hydrograph underestimates the initiation of runoff, and later overesti-
mates it. Note that the rising part of the On/Off hydrograph has the
same shape as the transfer function used by the weighted-surface proce-
dure. The Linsley hydrograph rises up early as a result of a larger sur-
face connection ratio at the beginning of the depression storage filling.
It therefore overestimates the reaction time of the micro-topographical
field to a rainfall stimulus. Gaussian and Uniform hydrographs better
represent the experimental hydrograph, which could already be expected
based on Figure 6.3 in Chapter 6.

We computed the error variance σ2
ε and the Nash and Sutcliffe coef-

ficient E for the 3 x 9 scenarios of constant rainfall rates and waterproof
micro-topographies (Figure 7.4). The On/Off approach clearly leads to
the worst predictions (higher σ2

ε quartiles and lower E quartiles). De-
pending on the aim of our simulations (good predictions on average,
avoidance of extreme bad predictions), we can choose between the other
approaches. The knowledge of the real RSC function seems in general to
be the most reliable approach (low and little dispersed σ2

ε and lowest me-
dian E). But obtaining that real RSC function requires a good scanning
methodology that is able to detect all the small hydraulic connectors in a
soil surface micro-topography. From a practical point of view, it is easier
to just find one parameter, i.e., the maximum depression storage value,
either by direct measurement with the molding technique or calibrated
against runoff and infiltration observations. The Gaussian framework is
attractive in the sense that the simplified hydrograph is differentiable,
although there is no analytical expression for its RSC function (only its
inverse is described through nested error functions, Chap. 5). Therefore
the Uniform model seems to be the easiest conceptual model to deal
with and it performs globally well.

Note that the weighted-surface procedure is much faster with con-
stant effective rainfall rate, as it only requires a convolution between
the temporal incrementation of connected surface ratio with the transfer
function describing the change in discharge per unit width through time,
which is common to every strip. Therefore it might be useful, for com-
putational reasons, to consider only a mean rainfall rate to determine a
unique transfer function to be scaled by rainfall rate and convolved later.
For transient effective rainfall condition, the gain in precision achieved
by taking into account surface connectivity is partly lost by considering
a single scaled transfer function for all strips.

Finally, after the end of the rainfall, runoff will continue to occur until
the surface detention has either infiltrated or sewed away. On waterproof
surfaces, the recession limb (not shown) of the hydrograph could be
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Figure 7.4: Goodness of fit evaluation between observed and hydrographs sim-
ulated using the actual RSC function or different conceptual RSC
functions (On/Off, Linsley, Uniform and Gauss): boxplots of the
error variance σ2

ε (a) and Nash and Sutcliffe (1970) coefficient E
(b).

modeled by an exponential decay function, but under field conditions at
the interrill scale, we have always observed a quasi-instantaneous stop
of the runoff after the rainfall ended.

7.4.3 Main findings

Tables 7.2 and 7.3 summarize the main findings from, respectively, the
numerical experiments and the laboratory experiments to predict the
hydrograph behavior. It was found that the weighted-source procedure
associated with the Uniform multiple compartment topography model
provided a useful methodology to integrate both sub-grid depression
storage and surface detention dynamics at the grid-scale through two
effective parameters: the maximum depression storage value and an
effective friction coefficient.

Therefore we can schematize the hydrological behavior of a partic-
ular micro-topography by a conceptual pierced multiple compartment
topography, shown in Figure 7.5, where the lower part accounts for the
depression storage that partially blocks the flow, and the upper part ac-
counts for the delaying (in relation with the friction factor, or size of the
holes in the scheme) of the runoff flowing through the surface detention,
both parts affecting the hydrological connectivity.

In our case the Uniform model allowed the best simulation. For such
a conceptual topography, the actual depression storage Ds is modeled

by: Ds = QinC

(

1 −QinC/4Ds max

)

, for QinC ≤ 2Ds max, where Ds is the
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Table 7.2: Summary of the numerical experiments to predict the hydrograph
for synthetic fields.

Methods Efficiency Comments

On/Off - - Bad predictions when Ds max is im-
portant

Simplified +/- + Straightforward method
hydrograph - Over-estimation of the 2-D DW hy-

drograph

Weighted-
source

+ + Easy to implement in present dis-
tributed models

+ Allows an improvement compared
to On/Off

Weighted-
surface

++ + Best approximation of the 2-D DW
hydrograph

- 1-D Saint Venant equation must be
solved for each strip in case of tran-
sient rainfall
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Table 7.3: Summary of the laboratory experiments to predict the hydrograph
for waterproof molded surfaces, based on the weighted-surface pro-
cedure.

RSC Efficiency Comments
function

On/Off - - Bad predictions, lowest E coeffi-
cients

Linsley +/- + Method based on a classical equa-
tion

- Median E lower than in the next
methods

Gaussian + + Lowest median σ2
ε

- No direct analytical expression for
the RSC function

Uniform ++ + Good prediction in general, high
quartiles of E

+ Method based on a simple equation
Measured ++ + Best median E

- Sensitive to the scanning perfor-
mance
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Figure 7.5: Full conceptual multiple compartment topography, reacting simi-
larly than a real micro-topography.

actual depression storage value [m3], Dsmax is the maximum depression
storage [m3] and QinC is the cumulative input of effective rainfall [m3].
This equation is an alternative we propose to the classical Linsley et al.
(1949) equation (Eq. 5.16).

7.5 Conclusions

Although the surface micro-topography and its related flow connectiv-
ity have strong influence on the resulting hydrograph, the high compu-
tational requirements do not permit to solve the full 2-D Saint-Venant
equations inside every grid-cell of distributed hydrological models. Hence,
simplified methods that still use some of the micro-topographical infor-
mation need to be explored. The method we propose is based on the
relative surface connection function, which is a functional connectiv-
ity property of the micro-topography. However, that indicator is solely
based on the dynamics of depression storage connection. In reality, sur-
face detention must also be taken into account as it delays the runoff,
thereby storing an increasing amount of water at the soil surface as the
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discharge increases. For high rainfall rates, surface detention can be
larger than the maximum depression storage.

We considered two different corrective procedures, called weighted-
source and weighted-surface, to merge both depression storage and sur-
face detention dynamics. It was found that the weighted-source correc-
tive procedure showed substantial improvement in discharge modeling
compared to a classical On/Off procedure where runoff starts only when
the maximum depression storage is reached. This method is easily im-
plemented in current hydrological models.

The best approximations of 2-D DW hydrographs were, however,
obtained using the weighted-surface corrective procedure. This method
was tested in a second experiment and compared with measured hy-
drographs resulting from artificial rainfall on waterproof realistic micro-
topographies. From that experiment, it was shown that the weighted-
surface corrective procedure associated with real measured RSC func-
tions from scanned digital elevation models generally provides the best
approximations of the experimental hydrographs. If the digital eleva-
tion models are not available for computing the real RSC functions,
we recommend to use the Uniform conceptual multiple-compartment
framework instead of the present day On/Off procedure or the Linsley
approach. Yet, this might also depend on the soil and tillage systems as
well as crop cover. Other soil surfaces should thus be investigated.

All these developments were performed under the assumption that
the rainfall rate equals or exceeds the infiltration rate. In case infiltration
is larger than rainfall, the relative surface connection function presents
a clear hysteresis, as already discussed by Darboux et al. (2002b), if the
depression storage is not set back to 0 between two rainfall events.



Chapter 8

Conclusions and
perspectives

8.1 Conclusions

To correctly understand and predict the hydrological response of a catch-
ment to a rainfall event, it is necessary to take into account the spatial
distribution of soil properties. The concept of hydrological connectiv-
ity has been used to capture the specific effect of spatial configuration
of soil properties on water fluxes. Connectivity can be subdivided into
structural or functional connectivity. Structural connectivity describes
the continuity of state variables that form identifiable patterns, whereas
functional connectivity describes the facility with which water flows, in
interaction with the patterns, in response to a boundary stimulus. Up
to now, hydrological connectivity has mainly been studied at the scale
of small catchments, in order to explain their particular hydrological be-
haviors rather than to improve the prediction of water fluxes. This is due
to the lack of quantitative connectivity indicators that can effectively be
integrated into hydrological models. In this thesis, we hypothesized that
quantitative expressions of hydrological connectivity may be found that
can help to improve the prediction of runoff propagation. Furthermore,
the gain in hydrological prediction improvement is believed to be high-
est if the connectivity concept is applied at the subgrid scale of current
hydrological models, which corresponds to the interrill scale. Therefore,
we focused our study at the interrill scale and we analyzed how runoff
propagates before it flows into the rill network, which has to be modeled
separately.

To achieve this objective, it was necessary to study runoff without
interference from infiltration. For this purpose a molding method was
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developed which relies on molding materials much cheaper than those
currently proposed in the literature. The method is also fast, works on
wet soil and is capable of reproducing complex surfaces with a 1-mm
precision.

At the interrill scale, water flows from one depression to another and
provokes their successive overflows. One part of the water at the soil
surface is stored in the volume of depressions, forming the depression
storage, and the other part is temporarily held in a water layer in excess
of depression storage, which forms the surface detention.

Depression storage and surface detention act as two storages that
buffer runoff propagation at the interrill scale. Their buffering capac-
ities decrease with time when both the maximum depression storage
value and the effective friction factor decrease through the action of
erosion-deposition processes that favor the circulation of water at the
soil surface. However, this trend is not systematically reflected in the
random roughness evolution, which is unfortunately the main soil char-
acteristic presently taken into account in hydrological models to assess
surface detention and depression storage. Random roughness is related
to depression storage, but, for a same value of random roughness, max-
imum depression storage may vary up to a ratio of 1 to 5 in numerical
scenarios (1 to 3 in our field observations). Surface detention may also
vary in a ratio of 1 to more than 2, while keeping the random roughness
constant. Therefore it is better not to use the random roughness as an
indirect measure of depression storage and surface detention but instead
to use the molding technique we proposed to measure directly depression
storage and to derive a friction constant to model surface detention.

The reason why random roughness does not provide robust predic-
tions of depression storage is that it does not consider the spatial con-
figuration of micro-topography. If we want to consider explicitly the
spatial configuration of micro-topography, we need a holistic knowledge
of the micro-topography to take into account all the possible connecting
paths runoff can follow. Sparse sampled points or transect informa-
tion are definitively not sufficient. Knowing the full micro-topography,
we can characterize the spatial configuration through relevant struc-
tural connectivity indicators, such as the connectivity function integral
scale, the Euler number or the percolation threshold. However, the rel-
evance of these indicators was not confirmed when they were applied
onto real micro-topographies, as opposed to the Relative Surface Con-
nection (RSC) function, which is a functional connectivity property we
developed and proposed in this thesis. Although some of the exist-
ing connectivity indicators allowed to partially discriminate among con-
trasted micro-topographies, rare appeared readily usable for integration
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into hydrological models. On the contrary, the RSC function is bet-
ter able to discriminate among different micro-topographies. Further-
more, it requires the same information as the structural indicators, it
is almost as fast to compute and it is more closely related to the pro-
cess of interest. The RSC function can be approximated by conceptual
multiple-compartment topographies, which may prove useful if detailed
micro-topographical information is not available.

The RSC function expresses the ratio of a specific area that con-
tributes to runoff discharge as a function of the depression storage fill-
ing. The RSC function is computed without considering any surface
detention, even though surface detention might hold temporarily a sig-
nificant amount of water at the soil surface. Therefore we have proposed
a methodology for calculating pixel-scale hydrographs by combining the
RSC function together with a corrective procedure to reproduce cor-
rectly the combined action of depression storage and surface detention
on runoff propagation. The first procedure (weighted-source) consisted
to split the rainfall supply into two, one part filling the depression stor-
age and one part participating to the runoff propagation, in accordance
with the ratio of connected surface provided by the RSC function. Al-
though this first procedure improved already the hydrograph prediction
compared to the classical approach where runoff is only allowed to flow
once depression storage is fully filled, the second procedure outperformed
it. This second procedure (weighted-surface) consisted in dividing the
pixel width into independent strips that all accounted for an increase
in the RSC function. Each strip was activated once the increase of the
RSC function it represented occurred. When available, the use of the ob-
served RSC function in the second procedure provided good results. In
the absence of real RSC measurements, Gaussian and Uniform multiple-
compartment topographies could replace them, with only one parameter
to determine or calibrate: the maximum depression storage.

Subgrid characteristics of micro-topography, evolve over time. Our
observations have shown a relatively constant shape of RSC function
over time. Only the range of the function differed significantly among
the micro-topographies, which is a reflection of the change in maximum
depression storage. The measured RSC functions were encompassed
between the RSC functions for the Gaussian and the Uniform multiple-
compartment topographies. Those multiple-compartment topographies
form a convenient modeling framework as there is only one parameter to
consider: the maximum depression storage value. This parameter may
evolve in time to take into account the evolution of micro-topography
due to the action of erosion-deposition processes. Therefore, in present
distributed models, we can use the RSC function of an equivalent Uni-
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form or Gaussian multiple-compartment topography whose maximum
depression storage value evolves in time with the cumulative rainfall
erosivity and combine it, using the weighed-surface procedure, to the
surface detention dynamics computed with an effective friction factor
that also evolves in time with the cumulative rainfall erosivity.

In contrary, if we want to integrate at the subgrid scale the evolving
effect of micro-topographical configuration on overland flow propagation,
our methodology allows to generate scenarios of micro-topographies that
are conditioned by the slope, the correlation length, the random rough-
ness and the maximum depression storage value, taking into account
that some of those properties will evolves with time, with the accumu-
lation of rainfall erosivity.

Surprisingly, the evolution of the depression storage and the effec-
tive friction factor was not reflected in an evolution of the connectivity
function integral scale, the Euler numbers and the shape of the scaled
RSC function. It is as if the spatial configuration of flow paths did not
evolve as a function of R, but that the surface flows connected, through
more and more conductive paths, depressions with smaller and smaller
retention capacities. This could be linked to a mechanism of erosion-
deposition where depressions are progressively filled by deposition and
where the small scale passes are progressively lowered and widened by
erosion. This will need further investigation.

To summarize, this thesis has thus grounded practicals tools and
numerical techniques to study the micro-topographical configuration and
its impact on overland flow connectivity at the interrill scale.

8.2 Limitations and perspectives

Although very promising, several issues remain to be solved before the
proposed connectivity indicator can be used effectively in distributed
hydrological models. Indeed, the RSC function requires detailed micro-
topography information, which is not easily obtained. We developed a
methodology for characterizing the RSC function at the square meter
scale based on micro-topographical measurements on molded surfaces,
but this is not easily extended to larger scales for practical reasons. It is
as yet unknown how the RSC function is affected by scale and whether
its determination on 1 m2 surface elements can be extrapolated to larger
scales (10-100 m2). A digital elevation model of an experimental plot
with a spatial resolution of 1.5 mm millimeter was used to illustrate the
effect of the scale on the RSC function. We computed the RSC function
for a square area of 1.5 x 1.5 m, then for only the upper left quarter of
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Figure 8.1: Scale effect on the RSC function, showed for nested areas of 3
different sizes.

it (0.75 x 0.75 m) and finally for the upper left quarter of the previous
upper left quarter (1/16 of the initial surface, 0.375 x 0.375 m). The
resulting RSC functions are shown in Figure 8.1. We see that there
is a scale dependence, as the maximum depression storage depth tends
to decrease with scale. This decrease is either due to the decrease of
boundary effects that form a virtual barrier around the area considered,
or is due to a natural change in the roughness or the connectivity of the
surface with the slope distance. The effect of the spatial resolution of
the elevation data on the RSC function will have to be investigated too.

Furthermore, it is necessary to determine the time rate of change
of the RSC function as a function of initial soil roughness, soil char-
acteristics, surface slope and boundary conditions. This would require
the monitoring of the temporal dynamics of the RSC function for 1 m2

plots for different initial soil roughnesses, slopes and soil types, with our
molding method and a laser scanning or based on databases of digital
elevation models.

To estimate the RSC function, the knowledge of the maximum de-
pression storage seems essential. Yet, we have seen in Fig 3.3 that the
estimation of the maximum depression storage based on the knowledge
of the slope and RR may suffer of a significant overestimation, as the
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Figure 8.2: Estimations of the friction constant CL [-] based on the cumulative
rainfall erosivity value R [MJ.ha−1.mm.h−1], the random roughness
RR [m] and the maximum depression storage value Ds max [m]. a,
b and c are fitting constants.

appearance of small connectors at the soil surface can decrease the maxi-
mum depression storage significantly without affecting too much neither
the random roughness value nor the slope. The scanning of the soil
surface, or better its molding, may provide a more reliable approach
to measure the maximum depression storage. The knowledge of the
maximum depression storage value may also serve to assess the friction
constant. Indeed we have seen that both terms evolved with R, among
others because the erosion of the small passes between depressions affects
both terms. The estimation of the friction constants CL is illustrated
in Figure 8.2. As we see, our best predictions of CL were found using
the rainfall erosivity value R. When using the RR value, the estimation
is bad, while using the maximum depression storage value provides yet
much better results. When combining RR with the maximum depression
storage, the results are only slightly improved.

In addition, a methodology must be developed to integrate in prac-
tice the proposed connectivity function in a distributed hydrological
model, for instance by simulating conjointly two systems: the interrill
area and the rill network. This would require numerical simulation of
water flow on large (10-1000 m2) and smaller (e.g.,1 m2) grid elements
by means of a rainfall-runoff distributed hydrological model which solves
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the Saint-Venant equation, if possible not simplified, as well as compar-
ison with measured hydrographs from an equipped hillslope. Various
ways of combining subgrid hydrographs will have to be tested against
modeled hydrographs based on available soil micro-topographical scans
and field measured hydrographs from a hillslope. Our indice could also
be computed in presence of oriented roughness features, whose effect
was up to now neglected. But oriented roughness features may show a
characteristic length much larger than the one of soil roughness provoked
by clods distribution. Therefore we will have to pay extra attention to
boundary effects, to avoid the overestimation of depression storage in
oriented roughness features. We must thus compute our indice for ar-
eas sufficiently large to be representative of the real effect of oriented
roughness features on depression storage. At the same time, we must
consider the fact that oriented roughness may deviate the main flow
direction and therefore may displace the reference point for which the
connectivity must be assessed.

Finally, there is the problem of infiltration. As explicitly mentioned
in its definition, functional connectivity depends on boundary conditions
and hence on infiltration. Although, the two hypotheses that underlined
this work were that the infiltration rate never exceeded rainfall intensity,
such that there was always a zero or a net supply of water, and that this
net supply is spatially uniform. This ensures that runoff is produced
uniformly over the area and that the water depth in depressions never
decreases. For the RSC function computation, a uniform infiltration
could be taken into account without problem but its rate must be less
or equal to the rainfall rate. The cumulated input of water considered
for the computation of the simplified hydrograph and the RSC func-
tion will hence concern the effective rainfall supply, which is the rainfall
supply minus the infiltration. Take note that permanent or non per-
manent supply will produce the same simplified hydrograph and RSC
function as those are not dependent on the discharge rate but rather on
its cumulative value.

If infiltration was not uniform but lower than the rainfall supply, the
shape of the RSC function would then depend on initial and boundary
conditions. Depressions would show various infiltration capacities. If a
uniform water supply to overland flow was still conceptually considered
to compute the RSC function, it will be as if the individual contributive
areas for each depressions were proportionally increased or decreased in
relation with the proportional decrease or increase of infiltration capac-
ity.

If infiltration was uniform but larger than the rainfall supply, the
water depth in depression would decrease. This will lead to hysteretic
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effects as the emptying of depressions will not occur in the inverse se-
quence of their filling. If infiltration was in addition not uniform, the
system could not be characterized with a simple equation, but will re-
quire detail modeling, eventually with a full conceptual multiple com-
partment topography such as in Figure 7.5, which will be leaking this
time.

The fact that we did not consider infiltration was chosen to simplify
the problem. In practice, infiltration is highly variable in space, even at
short distance. As an example, due to surface sealing, the infiltration is
highly reduced in the depressions compared to infiltration at the clods
surface. Differences in hydraulic head between depressions and clods
may partly compensate for these differences. Therefore, the variability
of infiltration should in theory be taken into account. But including
spatially non uniform infiltration would first require measurement tech-
niques that are able to capture this variability. Up to now, direct mea-
surement tools applicable under field conditions investigated surfaces
much larger than individual clods surface, which inevitably smooths out
variability.
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Appendix A

Digital elevation models

In this section, we show the different digital elevation models (DEM) of
the ten waterproof casts. The DEM are grouped by cumulative rainfall
erosivity value (R) to which they correspond: R = 0 (2 repetitions), R
= 45 (2 repetitions), R = 115 (3 repetitions), R = 230 (2 repetitions)
and R ≈ 677 (1 repetition).
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Figure A.1: Digital elevation models of the casts, just after tillage (R=0). SC = S1, SG = S2.
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(a) (b)

Figure A.2: Digital elevation models of the casts, after a first period of rain (R=45)
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Figure A.3: Digital elevation models of the casts, after a second period of rain (R=115)
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(a) (b)

Figure A.4: Digital elevation models of the casts, after a last period of rain (R=230)
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Figure A.5: Digital elevation model of the cast, taken on another plot, after 5 months of rain (R≈677)



Appendix B

Experimental overland flow
on a corrugated surface

For the validation of the overland flow model (Chap. 4), we confronted
the numerical solutions to the observations of experimental 1-D steady-
state overland flows on a corrugated PVC surface (flow is perpendicular
to the furrows), with an amplitude of 8 mm and a wave length of 32 mm.
In the experimental flumes, the slope was adjustable as well as the runon
intensity (Fig. B.1). Water depth was estimated by diving plastic sheets
previously coated with a soluble dye (Potassium permanganate). Were
the water was flowing, the dye was washed off the plastic sheets, allowing
to clearly identify the water level on the plastic sheets. The mean water
level was then computed. The velocity could no be assessed by floating
polystyrene beads as they blocked on the crests of the corrugated PVC
surface. Therefore the mean velocity was assessed by timing the center
of a plume created with a droplet of dye (Brilliant Blue).

The main characteristics of the overland flow experiments on a cor-
rugated PVC surface are provided in Table B.1. The experiment was
repeated 6 times, considering 3 slopes (≈ 2%, ≈ 5−8% and ≈ 11%) and
2 types inflow rates (low and high runon). Measurements of velocity
were repeated 3 times in order to get an estimation of the confidence
intervals (calculated as ±1.96 the standard deviation). The standard de-
viation of the water depth was directly derived from the variation of the
observed water levels along the flow. Figure B.2 shows the comparison
between the numerical simulations and the observations. The RMSE is
0.09 m/s for the velocity, 3.55 mm for the water depth and 2.37 s for the
propagation time. Compared to the results for the flow on rough planes,
water depth error is much larger. This is mainly due to the diffusive
wave simplification that neglects the convective term ( v̄x

g
∂v̄x

∂x ). In the
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Figure B.1: Experimental flume to measure overland flow on a corrugated sur-
face (left) and dye-coated plastic sheet used for measuring water
thickness (right).

Table B.1: Main characteristics of the overland flow experiments on a corru-
gated PVC surface.

mean grain
diameter
[mm]

Slope
[%]

q0
[cm2 s−1]

velocity
[m s−1]

water
depth
[mm]

propa-
gation
time
[s]

≈ 0 1.77 0.85 ± 0.05 0.06 ± 0.02 0.72 ± 0.72
≈ 0 2.58 7.29 ± 0.69 0.18 ± 0.05 4.41 ± 3.08 11.7
≈ 0 7.59 3.76 ± 0.69 0.11 ± 0.04 2.24 ± 1.66 13.8
≈ 0 4.77 7.28 ± 0.48 0.13 ± 0.02 3.48 ± 1.68 11.1
≈ 0 11.05 3.47 ± 0.51 0.10 ± 0.01 3.48 ± 2.60 13.1
≈ 0 10.82 9.64 ± 0.25 0.17 ± 0.03 7.54 ± 5.02 9.2

model, water can only flow in the direction of an absolute decreasing
water level. The small hydraulic jumps are therefore not represented
by the model although those are recognised as an important source of
surface detention (Dunkerley, 2003). This is a major drawback of the
model, which leads to an underestimation of the water depth, as shown
in Figure B.3. This underestimation of surface detention migth possibly
be compensated for by considering larger friction factors.

The discrepancies between the observed and simulated velocities may
partially be explained by the fact that the velocity field was very het-
erogeneous, mainly due to velocity profiles not uniform at all, especially
in depressions. Therefore assessing the mean velocity of the plume of
dye was really difficult as some of the dye was blocked in quasi-immobile
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Figure B.2: Comparison between simulations and observations of overland flow
properties, for a corrugated surface.
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Figure B.3: Discrepancies between the modeled water level and the observation
for an overland flow on a corrugated surface: underestimation of
the surface detention provoked by hydraulic jumps

water at the bottom of depressions. Finally, the underestimation of the
propagation time for the model is probably due to an underestimation of
the surface detention, as, for the smaller runon rates that provoked the
longest propagation times and the smaller surface detentions compared
to depression storage, observations and simulations fitted more closely.



Appendix C

Measured and modeled
hydrographs

In this section, we show the different modeled and measured hydrographs
for the rainfall simulation on the waterproof casts. The hydrographs are
grouped by cast.
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Figure C.1: Hydrographs for the cast 1 (S1), with a low (a), a medium (b) or a high (c) rainfall supply.
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Figure C.2: Hydrographs for the cast2 (S2), with a low (a), a medium (b) or a high (c) rainfall supply.
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Figure C.3: Hydrographs for the cast 3 (B1), with a low (a), a medium (b) or a high (c) rainfall supply.
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Figure C.4: Hydrographs for the cast 4 (B2), with a low (a), a medium (b) or a high (c) rainfall supply.
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Figure C.5: Hydrographs for the cast 5 (O1), with a low (a), a medium (b) or a high (c) rainfall supply.
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Figure C.6: Hydrographs for the cast 6 (O2), with a low (a), a medium (b) or a high (c) rainfall supply.
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Experimental hydrograph
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weighted−surf. + Uniform
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(c)

Figure C.7: Hydrographs for the cast 7 (O3), with a low (a), a medium (b) or a high (c) rainfall supply.
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Experimental hydrograph
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weighted−surf. + On/Off
weighted−surf. + Linsley
weighted−surf. + Uniform
weighted−surf. + Gauss

(c)

Figure C.8: Hydrographs for the cast 8 (L1), with a low (a), a medium (b) or a high (c) rainfall supply.
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(c)

Figure C.9: Hydrographs for the cast 9 (L3), with a low (a), a medium (b) or a high (c) rainfall supply.



Appendix D

Source code

We provide here the source code, in FORTRAN 90 language, of the
physical overland flow model (DIRECT FLOW), which use a function to
compute the water velocity (WATERSPEED), and the filling algorithm
(COND WALKER).

D.1 DIRECT FLOW script

!

! PROGRAM:

! DIRECT_FLOW - Entry point of console application.

!

!*******************************************************

!

! Main: DIRECT_FLOW

!

! M. Antoine (19/04/07)

! Modèle de ruisselement, basé sur un bilan de force à

! l’équilibre au sein du pas de temps: pas de variation

! de quantité de mouvement dans l’espace pris en compte.

!

!*******************************************************

! shéma spatial:

! dem (nx,ny) est chargé dans z, en préservant une bande

! de 0 tout autour :

! -----

171
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Figure D.2: DIRECT FLOW functioning scheme.
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! | |

! -----

!

! zone de calcul

! .....

! . .

! .....

!

! o: h_t, h_tp1, z, u, v (nx+2*bufferStrip,ny+2*bufferStrip)

! x: h_x, u_dc (nx+2*bufferStrip-1,ny+2*bufferStrip)

! *: h_y, v_dc (nx+2*bufferStrip,ny+2*bufferStrip-1)

!

! bufferStrip =2

! <------------>

!

! o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0

!

! *=0 *=0 *=0 *=0 *=0 *=0 *=0 *=0

!

! o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0

!

! *=0 *=0 *=0 *=0 *=0 *=0 *=0 *=0

! ..........................

! o=0 x=0 o=0 x=0 .o--x---o---x---o---x---o. x=0 o=0 x=0 o=0

! .| |.

! *=0 *=0 .* * * *. *=0 *=0

! .| |.

! o=0 x=0 o=0 x=0 .o x o x o x o. x=0 o=0 x=0 o=0

! .| |.

! *=0 *=0 .* * * *. *=0 *=0

! .| |.

! o=0 x=0 o=0 x=0 .o x o x o x o. x=0 o=0 x=0 o=0

! .| |.

! *=0 *=0 .* * * *. *=0 *=0

! .| |.

! o=0 x=0 o=0 x=0 .o--x---o---x---o---x---o. x=0 o=0 x=0 o=0

! . .

! *=0 *=0 .* * * *. *=0 *=0

! ..........................

! o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0

!

! *=0 *=0 *=0 *=0 *=0 *=0 *=0 *=0
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!

! o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0 x=0 o=0

!*******************************************************

! les conditions limites sont donc:

! - une vitesse nulle sur les bords latéraux et sur le

! bord amont

! - une vitesse calculée par WATERSPEED en considérant

! une hauteur d’eau nulle à j+1 et un un altitude

! similaire à j et j+1

program DIRECT_FLOW

!USE AVDef

!USE DFLIB

!****************************************************

! DECLARATION VARIABLES

implicit none

!coordonnées topographiqes

real, allocatable, dimension (:,:) :: dem, z

real dx,dy

!hauteurs d’eau [m] NB:a(m,n) = m columns and n lines

real, allocatable, dimension (:,:) :: h_t, h_tp1, h_x, h_y, hmean

!vitesses [m/s], en x (u) et en y (v)

real,allocatable,dimension (:,:) :: u,umean,u_dc,Qx_dcmean,u_dc_last

real,allocatable,dimension (:,:) :: v,vmean,v_dc,Qy_dcmean,v_dc_last

!débit aval [m3/s]

real, allocatable, dimension (:,:) :: Q_dev

!données temporelles et constantes de stabilité

real(8) t, dt, t_debut, t_fin, dt_ini, dt_max, dt_min

real Cn

!hydrogram (G étant la moyennisation de l’hydrogramme

!pour countMax itération)

real, allocatable, dimension (:,:) :: hydrogramG

!données d’apport d’eau (pluie et débit amont) et infiltraion

real, allocatable, dimension (:,:) :: Rain, Q_up, Connectivity

real Infi

!bilan de masse et masse en défaut [m3]

real BILAN, DEFAUT

!cumul des déversement aval, de la pluie et des apports amonts

real Q_dev_cum, Q_R_I_cum, Q_up_cum
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!paramètre de détermination de l’apport à prendre en compte

real lastData, lastData2, R, Q

!paramètre de la procédure de comblement des hauteurs d’eau négatives

real h_neg, h_sum

!valeur pour calcul des moyennes sur countMax itérations

real tmean, dtmean, Q_devT_mean, RT_mean, RT_QT_mean, Rmean

! fonction de calcul de la vitesse par Darcy Weisbach

real WATERSPEED

real t_print

! prise en compte de la connectivité dans plan linéaire

integer ConnectOK

real SurfStorage, Conn ! true/false, m3, -

! methode d’integration lineaire multistep d’Adams-Bashforth

integer AdamsOK

integer AdamsCount

real, allocatable, dimension (:,:) ::rh_0,rh_1,rh_2

real, allocatable, dimension (:,:) ::Q_dev_0,Q_dev_1,Q_dev_2

!compteurs divers

integer nx, ny, i, j, ii, jj, nP, nQ, count, count2, countMax, nC

! paramètres pour archivages intermédiaires des résultats

integer nnn

! procédure hauteurs d’eau négatives

integer bufferStrip,neighb

! zone d’amenenée de débit amont: le débit amont sera amené

! sur toute la largeur et sur QinStrip pixels (en y) tout à

! l’amont du dem

integer QinStrip

! arguments pour la fonction WaterSpeed, pour la résolution

! de Darcy-W en turbulent

integer method

real paramMeth

real C_L

! température, pour calcul de la viscosité de l’eau et visco-

! sité cinématique [m2/s] (1e-6 à 20°C, 1.3e-6 à 10°C)

real t_degree, nu

! valeur pour le calcul du temps de propagation du front d’eau

! (tip lancement chrono, top arrêt chrono, et i j les coord des

! cellules de tip top)
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integer tipCell_i,tipCell_j,topCell_i,topCell_j

real tip,top

! vitesse maximum admissible

real v_max

!chaines de caractères

character*100 titre

character FileName*13

character FileName1*13

character FileName2*9

character FileName3*9

character FileName4*9

character FileName5*9

character FileName6*8

character FileName7*8

character FileName8*12

character FileName9*12

!****************************************************

!! DECLARATION CONSTANTES

real g, rho ! constantes: g la gravité 9.81m/s2;

! rho la masse volumique de l’eau [kg/m3]

! et C_L la constante pour le nominateur en

! situation laminaire

parameter(g=9.81, rho=1000.)

!****************************************************

! ATTRIBUTION DES VALEURS

! chargement dem et introduction dans z

open (unit=1, file=’dem.in’, status=’old’)

read(1,*) titre

read(1,*) ny, nx

AdamsCount=0

SurfStorage=0.

if (nx.eq.1) then

print *, ’Connectivity computation (0/1) ? nb: if 1, &

&connect.in required’;read *, ConnectOK

if (ConnectOK.eq.1) then

print *, ’Connectivity taken into account’
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endif

if (ConnectOK.eq.0) then

print *, ’Connectivity NOT taken into account’

endif

endif

read(1,*) titre

read(1,*) dy, dx !taille maille (m)

read(1,*) titre

read(1,*) bufferStrip

! allocation des matrices liées à la taille du dem et

! du bufferStrip

allocate (dem(nx,ny))

allocate (z(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (h_t(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (rh_0(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (rh_1(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (rh_2(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (h_tp1(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (h_x(nx+2*bufferStrip-1,ny+2*bufferStrip))

allocate (h_y(nx+2*bufferStrip,ny+2*bufferStrip-1))

allocate (hmean(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (u(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (umean(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (u_dc(nx+2*bufferStrip-1,ny+2*bufferStrip))

allocate (Qx_dcmean(nx+2*bufferStrip-1,ny+2*bufferStrip))

allocate (u_dc_last(nx+2*bufferStrip-1,ny+2*bufferStrip))

allocate (v(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (vmean(nx+2*bufferStrip,ny+2*bufferStrip))

allocate (v_dc(nx+2*bufferStrip,ny+2*bufferStrip-1))

allocate (Qy_dcmean(nx+2*bufferStrip,ny+2*bufferStrip-1))

allocate (v_dc_last(nx+2*bufferStrip,ny+2*bufferStrip-1))

allocate (Q_dev(nx+2*bufferStrip,1))

allocate (Q_dev_0(nx+2*bufferStrip,1))

allocate (Q_dev_1(nx+2*bufferStrip,1))

allocate (Q_dev_2(nx+2*bufferStrip,1))
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read(1,*) titre

read(1,*) QinStrip

read(1,*) titre

do i=1,ny

read(1,*) (dem(j,i),j=1,nx)

enddo

close (1)

! z, le dem entouré de 0

z=0.; !altitude de 0 entourant le dem

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

z(j,i)=dem(j-bufferStrip,i-bufferStrip)

enddo

enddo

! chargement des apports d’eau

open (unit=1, file=’water.in’, status=’old’)

read(1,*) titre

read(1,*) nP, nQ

allocate (Rain(2,nP))

allocate (Q_up(2,nQ))

read(1,*) titre

do i=1,nP

read(1,*) (Rain(j,i),j=1,2)

enddo

read(1,*) titre

do i=1,nQ

read(1,*) (Q_up(j,i),j=1,2)

enddo

close (1)

! chargement de la connectivité

if (ConnectOK.eq.1) then

open (unit=1, file=’connect.in’, status=’old’)

read(1,*) titre

read(1,*) nC

allocate (Connectivity(2,nC))

read(1,*) titre

do i=1,nC

read(1,*) (Connectivity(j,i),j=1,2)

enddo

endif
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! chargement des données temporelles

open (unit=1, file=’time.in’, status=’old’)

read(1,*) titre

read(1,*) t, t_debut, t_fin

read(1,*) titre

read(1,*) dt_ini, dt_min, dt_max

read(1,*) titre

read(1,*) Cn

read(1,*) titre

read(1,*) countMax, t_print

if (t_fin>99.*t_print) then

write(*,*) ’t_print trop petit! 99 archives maximum, &

&ou les données seront écrasée au fur et a mesure &

&(press enter)’

read(*,*)

endif

read(1,*) titre

read(1,*) C_L, method, paramMeth

read(1,*) titre

read(1,*) AdamsOK

read(1,*) titre

read(1,*) v_max

read(1,*) titre

read(1,*) t_degree

read(1,*) titre

read(1,*) tipCell_i,tipCell_j,topCell_i,topCell_j

close (1)

allocate (hydrogramG(6,int((t_fin-t_debut)/(dt_min*(countMax)))))

!Calcul de la viscosité par la formule de Sutherlands

nu=(2.414e-5*10.**(247.8/(273.15+t_degree-140.)))/rho

!*****************************************************

!INITIALISATION DES VALEURS (NULLE)

nnn=int(t/t_print)+1 ! vaut 1 s’il n’y a pas eu d’autre

! simulation préalable et que t = 0

write(*,*) ’nnn=’,nnn

if (t.eq.t_debut) then

count2=0
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hydrogramG=0. ! à modifier si reprise d’un ancien

! calcul en cours v_dc_last=v_dc_last

! dernière sauvegarde

h_t=0. ! à modifier si reprise d’un ancien calcul en

! cours h_t=hmean dernière sauvegarde

u_dc_last=0. ! à modifier si reprise d’un ancien calcul

! en cours u_dc_last=u_dc_last dernière sauvegarde

v_dc_last=0. ! à modifier si reprise d’un ancien calcul

! en cours v_dc_last=v_dc_last dernière sauvegarde

else ! reprise d’ancien calculs (il suffit que t actuel soit

! différent de t début. attention à ne pas modifier la

! fréquence des printing times)

count2=0

write(FileName1,’(A12)’) ’hydrogram. ’

write(FileName2,’(A8)’) ’hmean. ’

write(FileName6,’(A7)’) ’u_dc. ’

write(FileName7,’(A7)’) ’v_dc. ’

!! creation des noms de fichier à explorer

if (nnn-1<10) then

write(FileName1(11:11),’(A1)’) ’0’

write(FileName1(12:12),’(I1)’) nnn-1

write(FileName2(7:7),’(A1)’) ’0’

write(FileName2(8:8),’(I1)’) nnn-1

write(FileName6(6:6),’(A1)’) ’0’

write(FileName6(7:7),’(I1)’) nnn-1

write(FileName7(6:6),’(A1)’) ’0’

write(FileName7(7:7),’(I1)’) nnn-1

elseif (nnn-1>=10 .and. nnn<100) then

write(FileName1(11:12),’(I2)’) nnn-1

write(FileName2(7:8),’(I2)’) nnn-1

write(FileName6(6:7),’(I2)’) nnn-1

write(FileName7(6:7),’(I2)’) nnn-1

else

write(*,*) ’99 archives maximum, (press enter), erreur’

read(*,*)

endif

open (unit=1, file=FileName1, status=’old’)

count2=0

i=1

do

read(1,*,end=110) (hydrogramG(j,i),j=1,6) ! quand on
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! arrive à la fin du fichier on saute au label 110

count2=count2+1

i=i+1

enddo

110 close (1)

write(*,*) ’count2 (press enter)=’,count2

read(*,*)

t=hydrogramG(1,count2) ! on récupère le temps précis

! du dernier enregistrement

write(*,*) ’time (press enter)=’,t

read(*,*)

h_t=0.

open (unit=1, file=FileName2, status=’old’)

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

read(1,*) h_t(j,i) ! reprise des anciennes valeurs

enddo

enddo

close (1)

u_dc_last=0.

open (unit=1, file=FileName6, status=’old’)

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip-1

read(1,*) u_dc_last(j,i) ! reprise des anciennes valeurs

enddo

enddo

close (1)

v_dc_last=0.

open (unit=1, file=FileName7, status=’old’)

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

read(1,*) v_dc_last(j,i) ! reprise des anciennes valeurs

enddo

enddo

close (1)

endif
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h_tp1=0.

h_x=0.

h_y=0.

hmean=0.

u=0.

umean=0.

u_dc=0.

v=0.

vmean=0.

v_dc=0.

Q_dev=0.

Q_dev_0=0.

Q_dev_1=0.

Q_dev_2=0.

Infi=0. ! infiltration [m/s]

!****************************************************

!INITIALISATION DES DONNES POUR L’ITERATION

dt=dt_ini !pas de temps dans l’iteration [s]

count=0 !compteur de boucle

BILAN=0.

DEFAUT=0.

Q_dev_cum=0. ![m3]

Q_R_I_cum=0. ![m3]

Q_up_cum=0. ![m3]

Rmean=0.

!! nnn a été défini dans la rubrique précédente

tip=0. ![s]

tip=0. ![s]

!****************************************************

! BOUCLE TEMPORELLE

!****************************************************

do while (t<=t_fin)

t=t+dt

count=count+1

!****************************************************
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!pluie, débit et infiltration correspondants

R=0.

do i=1,nP

if (Rain(1,i)<=t ) then

R=Rain(2,i) !dernière pluie en date [m/s]

endif

end do

Q=0.

do i=1,nQ

if (Q_up(1,i)<=t) then

Q=Q_up(2,i) !dernier débit en date apporté à l’amont [m3/s]...

endif

end do

Q=Q/(nx*dx*QinStrip*dy) !...et transformé en lamme [m/s]

!****************************************************

! grille des altitudes du fond et des hauteurs d’eau

! interpolée en x décentré

! write(*,*) ’grille des altitudes’

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip-1

h_x(j,i)=(h_t(j,i)+h_t(j+1,i))/2. !interpolation linéaire

enddo

enddo

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

h_y(j,i)=(h_t(j,i)+h_t(j,i+1))/2. !interpolation linéaire

enddo

enddo

!****************************************************

!calcul des vitesses [m/s] en x

!write(*,*) ’calcul des vitesses’

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip-1

u_dc(j,i)=WATERSPEED(h_t(j,i),h_t(j+1,i),z(j,i), &

z(j+1,i),dx,u_dc_last(j,i),C_L,method,paramMeth,nu,v_max);

enddo

enddo

!write(*,*) ’ok u_dc’

!read(*,*)
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do i=bufferStrip+1,ny+bufferStrip-1

do j=bufferStrip+1,nx+bufferStrip

v_dc(j,i)=WATERSPEED(h_t(j,i),h_t(j,i+1),z(j,i),z(j,i+1), &

dy,v_dc_last(j,i),C_L,method,paramMeth,nu,v_max) !idem

enddo

enddo

i=ny+bufferStrip !aval: z identique et hauteur d’eau nulle

do j=bufferStrip+1,nx+bufferStrip

v_dc(j,i)=WATERSPEED(h_t(j,i),0.,z(j,i),z(j,i),dy,v_dc_last(j,i), &

C_L,method,paramMeth,nu,v_max) !idem

enddo

!****************************************************

!ajustemet des hauteur (taylor 1er degré)

!write(*,*) ’ajustemet des hauteur’

if (ConnectOK.eq.1) then ! on tient compte de la

! connectivite pour pondéré le terme puit-source

!connectivité correspondante

Conn=0

do i=1,nC

if (Connectivity(1,i)<=SurfStorage) then

Conn=Connectivity(2,i) !dernière connectivité en date [-]

endif

end do

! incrémentation du stockage superficiel

SurfStorage=SurfStorage+(R-Infi)*(1-Conn)*dt*dx*dy*nx*ny

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

if (i>=(bufferStrip+1) .and. i<=(bufferStrip+QinStrip)) then

h_tp1(j,i)=h_t(j,i)+dt*((R+Q-Infi)*Conn-(u_dc(j,i)*h_x(j,i)-&

u_dc(j-1,i)*h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)* &

h_y(j,i-1))/dy);

else

h_tp1(j,i)=h_t(j,i)+dt*((R-Infi)*Conn-(u_dc(j,i)*h_x(j,i)-&

u_dc(j-1,i)*h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)* &

h_y(j,i-1))/dy);

endif

enddo

enddo

! calcul flux aval
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i=ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

Q_dev(j,1)=v_dc(j,i)*h_y(j,i)*dx

enddo

else if (AdamsOK.eq.1) then ! procedure Adams-Bashfort

AdamsCount=AdamsCount+1

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

if (i>=(bufferStrip+1) .and. i<=(bufferStrip+QinStrip)) then

if (AdamsCount.eq.1) then ! Euler

rh_0(j,i)=((R+Q-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*rh_0(j,i);

rh_1(j,i)=rh_0(j,i);

else if (AdamsCount.eq.2) then ! AB2

rh_0(j,i)=((R+Q-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*((3./2.)*rh_0(j,i)-(1./2.)*rh_1(j,i));

rh_1(j,i)=rh_0(j,i);

rh_2(j,i)=rh_1(j,i);

else ! AB3

rh_0(j,i)=((R+Q-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*((23./12.)*rh_0(j,i)-(16./12.)*&

rh_1(j,i)+(5./12.)*rh_2(j,i));

rh_1(j,i)=rh_0(j,i);

rh_2(j,i)=rh_1(j,i);

endif

else

if (AdamsCount.eq.1) then ! Euler

rh_0(j,i)=((R-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*rh_0(j,i);

rh_1(j,i)=rh_0(j,i);

else if (AdamsCount.eq.2) then ! AB2

rh_0(j,i)=((R-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*((3./2.)*rh_0(j,i)-(1./2.)*rh_1(j,i));

rh_1(j,i)=rh_0(j,i);

rh_2(j,i)=rh_1(j,i);
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else ! AB3

rh_0(j,i)=((R-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

h_tp1(j,i)=h_t(j,i)+dt*((23./12.)*rh_0(j,i)-(16./12.)* &

rh_1(j,i)+(5./12.)*rh_2(j,i));

rh_1(j,i)=rh_0(j,i);

rh_2(j,i)=rh_1(j,i);

endif

endif

enddo

enddo

! calcul flux aval

i=ny+bufferStrip

if (AdamsCount.eq.1) then ! Euler

do j=bufferStrip+1,nx+bufferStrip

Q_dev_0(j,1)=v_dc(j,i)*h_y(j,i)*dx

Q_dev(j,1)=Q_dev_0(j,1)

Q_dev_1(j,1)=Q_dev_0(j,1)

enddo

else if (AdamsCount.eq.2) then ! AB2

do j=bufferStrip+1,nx+bufferStrip

Q_dev_0(j,1)=v_dc(j,i)*h_y(j,i)*dx

Q_dev(j,1)=(3./2.)*Q_dev_0(j,1)-(1./2.)*Q_dev_1(j,1)

Q_dev_1(j,1)=Q_dev_0(j,1)

Q_dev_2(j,1)=Q_dev_1(j,1)

enddo

else ! AB3

do j=bufferStrip+1,nx+bufferStrip

Q_dev_0(j,1)=v_dc(j,i)*h_y(j,i)*dx

Q_dev(j,1)=(23./12.)*Q_dev_0(j,1)-(16./12.)*Q_dev_1(j,1)+ &

(5./12.)*Q_dev_2(j,1)

Q_dev_1(j,1)=Q_dev_0(j,1)

Q_dev_2(j,1)=Q_dev_1(j,1)

enddo

endif

else ! procedure classique

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip
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if (i>=(bufferStrip+1) .and. i<=(bufferStrip+QinStrip)) then

h_tp1(j,i)=h_t(j,i)+dt*((R+Q-Infi)-(u_dc(j,i)*h_x(j,i)- u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

else

h_tp1(j,i)=h_t(j,i)+dt*((R-Infi)-(u_dc(j,i)*h_x(j,i)-u_dc(j-1,i)* &

h_x(j-1,i))/dx-(v_dc(j,i)*h_y(j,i)-v_dc(j,i-1)*h_y(j,i-1))/dy);

endif

enddo

enddo

! calcul flux aval

i=ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

Q_dev(j,1)=v_dc(j,i)*h_y(j,i)*dx

enddo

endif

!*******************************************************

!****************************************************

!comblement des hauteurs négatives

!write(*,*) ’comblement des hauteur’

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

if (h_tp1(j,i)<0) then

h_neg=abs(h_tp1(j,i))

h_tp1(j,i)=0.

h_sum=h_tp1(j,i-1)+h_tp1(j,i+1)+h_tp1(j-1,i)+h_tp1(j+1,i)

! cellules cardinales

if (h_sum>=h_neg) then

h_tp1(j,i-1)=h_tp1(j,i-1)-h_neg*h_tp1(j,i-1)/max(h_sum,1e-20)

h_tp1(j,i+1)=h_tp1(j,i+1)-h_neg*h_tp1(j,i+1)/max(h_sum,1e-20)

h_tp1(j-1,i)=h_tp1(j-1,i)-h_neg*h_tp1(j-1,i)/max(h_sum,1e-20)

h_tp1(j+1,i)=h_tp1(j+1,i)-h_neg*h_tp1(j+1,i)/max(h_sum,1e-20)

else ! h_sum<hneg, il faut puiser plus largement que les cellules

! cardinales

neighb=0

do while (h_sum<h_neg .and. neighb<bufferStrip)

neighb=neighb+1

h_sum=sum(h_tp1(j-neighb:j+neighb,i-neighb:i+neighb))

enddo

if (h_sum<h_neg) then !si on ne trouve pas suffisemment d’eau

! dans le voisinage, on met tout à 0 et on archive le défaut
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! de hauteur

DEFAUT=DEFAUT+(h_neg-h_sum)

do ii=-bufferStrip,bufferStrip

do jj=-bufferStrip,bufferStrip

h_tp1(j+jj,i+ii)=0.

enddo

enddo

else

do ii=-neighb,neighb

do jj=-neighb,neighb

h_tp1(j+jj,i+ii)=h_tp1(j+jj,i+ii)-h_neg* &

h_tp1(j+jj,i+ii)/max(h_sum,1e-20)

enddo

enddo

endif

endif

endif

enddo

enddo

!****************************************************

! traitement résultat

!write(*,*) ’traitement resultat’

tmean=tmean+t

dtmean=dtmean+dt

Q_devT_mean=Q_devT_mean+sum(Q_dev)

RT_mean=RT_mean+R*nx*dx*ny*dy

RT_QT_mean=RT_QT_mean+R*nx*dx*ny*dy+Q*nx*dx*QinStrip*dy

Rmean=Rmean+R

Q_dev_cum=Q_dev_cum+sum(Q_dev)*dt

Q_R_I_cum=Q_R_I_cum+(R-Infi)*nx*dx*ny*dy*dt

Q_up_cum=Q_up_cum+Q*nx*dx*QinStrip*dy*dt

!BILAN=BILAN+(sum((h_tp1-h_t)*dx*dy)+(R-Infi)*(1-Conn)* &

dt*dx*dy*nx*ny-((R-Infi)*dx*dy*nx*ny*dt+Q*nx*dx*QinStrip* &

dy*dt-(sum(Q_dev*dt))))

! quantité en trop (+) ou en défaut(-), infiltration pas

! prise en compte!!!

BILAN=BILAN+sum((h_tp1-h_t)*dx*dy)-(R-Infi)*dt*dx*dy*nx*ny- &

Q*nx*dx*QinStrip*dy*dt+sum(Q_dev*dt) !

!****************************************************

! calcul des vitesse centrée par Roe’s average

!write(*,*) ’Roes average’
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do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

u(j,i)=(h_x(j-1,i)**0.5*u_dc(j-1,i)+(h_x(j,i))**0.5* &

u_dc(j,i))/max(1e-20,h_x(j-1,i)**0.5+(h_x(j,i))**0.5)

enddo

enddo

!write(*,*) ’ok vitesse u centree’

!read(*,*)

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

v(j,i)=(h_y(j,i-1)**0.5*v_dc(j,i-1)+(h_y(j,i))**0.5* &

v_dc(j,i))/max(1e-20,h_y(j,i-1)**0.5+(h_y(j,i))**0.5)

enddo

enddo

!write(*,*) ’ok vitesse v centree’

!read(*,*)

!****************************************************

! condition de stabibilité CFL

!write(*,*) ’CFL’

dt=dt_max

!write(*,*) ’CFL debut’

!read(*,*)

do i=bufferStrip+1,ny+bufferStrip

do j=bufferStrip+1,nx+bufferStrip

if (nx.eq.1) then

dt=min(dt,Cn/(abs(v(j,i))/dy + (g*h_tp1(j,i)/(dy*dy))**0.5))

!CFL 1D

else

dt=min(dt,Cn/(abs(u(j,i))/dx + abs(v(j,i))/dy + &

(g*h_tp1(j,i)/(dx*dx)+g*h_tp1(j,i)/(dy*dy))**0.5)) !CFL 2D

endif

enddo

enddo

if (dt<dt_min) then

dt=dt_min

endif

!write(*,*) ’ok CFL’

!read(*,*)

!****************************************************

! préparation boucle suivante

u_dc_last=u_dc
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v_dc_last=v_dc

Qx_dcmean=Qx_dcmean+u_dc*h_x

Qy_dcmean=Qy_dcmean+v_dc*h_y

umean=umean+u

vmean=vmean+v

hmean=hmean+h_tp1

h_t=h_tp1

!write(*,*) ’ok boucle suivante’

!read(*,*)

!****************************************************

! moyennisation

if (count==countMax) then

count2=count2+1

hmean=hmean/real(countMax)

umean=umean/real(countMax)

vmean=vmean/real(countMax)

Qx_dcmean=Qx_dcmean/real(countMax)

Qy_dcmean=Qy_dcmean/real(countMax)

tmean=tmean/real(countMax)

dtmean=dtmean/real(countMax)

Q_devT_mean=Q_devT_mean/real(countMax)

RT_mean=RT_mean/real(countMax)

RT_QT_mean=RT_QT_mean/real(countMax)

Rmean=Rmean/real(countMax)

hydrogramG(1,count2)= tmean

hydrogramG(2,count2)= dtmean

hydrogramG(3,count2)= Q_devT_mean

hydrogramG(4,count2)= RT_mean

hydrogramG(5,count2)= RT_QT_mean

hydrogramG(6,count2)= 100.*BILAN/(Q_R_I_cum+Q_up_cum)

! à verifier s’il est correct dans le cas d’une

! reprise de calcul

write(*,*) tmean,’[s]:’,Q_devT_mean,’[m3/s], bilan [%]’, &

100.*BILAN/(Q_R_I_cum+Q_up_cum)

if (tmean>=nnn*t_print) then

write(FileName1,’(A12)’) ’hydrogram. ’

write(FileName2,’(A8)’) ’hmean. ’

write(FileName3,’(A8)’) ’vmean. ’



192 Appendix D. Source code

write(FileName4,’(A8)’) ’umean. ’

write(FileName5,’(A8)’) ’h_tp1. ’

write(FileName6,’(A7)’) ’u_dc. ’

write(FileName7,’(A7)’) ’v_dc. ’

write(FileName8,’(A11)’) ’Qx_dcmean. ’

write(FileName9,’(A11)’) ’Qy_dcmean. ’

if (nnn<10) then

write(FileName1(11:11),’(A1)’) ’0’

write(FileName1(12:12),’(I1)’) nnn

write(FileName2(7:7),’(A1)’) ’0’

write(FileName2(8:8),’(I1)’) nnn

write(FileName3(7:7),’(A1)’) ’0’

write(FileName3(8:8),’(I1)’) nnn

write(FileName4(7:7),’(A1)’) ’0’

write(FileName4(8:8),’(I1)’) nnn

write(FileName5(7:7),’(A1)’) ’0’

write(FileName5(8:8),’(I1)’) nnn

write(FileName6(6:6),’(A1)’) ’0’

write(FileName6(7:7),’(I1)’) nnn

write(FileName7(6:6),’(A1)’) ’0’

write(FileName7(7:7),’(I1)’) nnn

write(FileName8(10:10),’(A1)’) ’0’

write(FileName8(11:11),’(I1)’) nnn

write(FileName9(10:10),’(A1)’) ’0’

write(FileName9(11:11),’(I1)’) nnn

elseif (nnn>=10 .and. nnn<100) then

write(FileName1(11:12),’(I2)’) nnn

write(FileName2(7:8),’(I2)’) nnn

write(FileName3(7:8),’(I2)’) nnn

write(FileName4(7:8),’(I2)’) nnn

write(FileName5(7:8),’(I2)’) nnn

write(FileName6(6:7),’(I2)’) nnn

write(FileName7(6:7),’(I2)’) nnn

write(FileName8(10:11),’(I2)’) nnn

write(FileName9(10:11),’(I2)’) nnn

else

write(*,*) ’99 archives maximum, (press enter), retour à 1’

read(*,*)

nnn=0
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endif

write(*,*) ’saved values at time ’, t,’ (s)’

write(*,*) ’-------------------------------’

write(*,*) FileName1, FileName2, FileName3, FileName4, &

FileName5, FileName6, FileName7, FileName8, FileName9

nnn=nnn+1

open (unit=1, file=FileName1, status=’replace’)

write(1,60) hydrogramG(:,1:count2)

close (1)

open (unit=1, file=FileName2, status=’replace’)

write(1,10) hmean(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName3, status=’replace’)

write(1,10) vmean(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName4, status=’replace’)

write(1,10) umean(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName5, status=’replace’)

write(1,10) h_tp1(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName6, status=’replace’)

write(1,10) u_dc(bufferStrip+1:nx+bufferStrip-1, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName7, status=’replace’)

write(1,10) v_dc(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName8, status=’replace’)
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write(1,10) Qx_dcmean(bufferStrip+1:nx+bufferStrip-1, &

bufferStrip+1:ny+bufferStrip)

close (1)

open (unit=1, file=FileName9, status=’replace’)

write(1,10) Qy_dcmean(bufferStrip+1:nx+bufferStrip, &

bufferStrip+1:ny+bufferStrip)

close (1)

endif

hmean=0.

umean=0.

vmean=0.

Qx_dcmean=0.

Qy_dcmean=0.

count=0

tmean=0.

dtmean=0.

Q_devT_mean=0.

RT_mean=0.

RT_QT_mean=0.

Rmean=0.

endif

enddo ! fin de la boucle temporelle

!****************************************************

FileName=’hydrogram.out’

open (unit=1, file=FileName, status=’replace’)

write(1,60) hydrogramG(:,1:count2)

close (1)

write(*,*) ’tip [s]’,tip,’top [s]’,top

write(*,*) ’top-tip [s]’,top-tip

FileName=’tiptop.out’

open (unit=1, file=FileName, status=’replace’)

write(1,30) tip,top,top-tip

close (1)

write(*,*) ’END’
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!read(*,*)

!********************!

!********************!

10 format(1e14.6)

20 format(2e12.3)

30 format(3e12.3)

40 format(4e12.3)

50 format(5e12.3)

60 format(6e14.6)

end !program DIRECT_FLOW
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D.2 Function WATERSPEED

! WATERSPEED.f90

!

! FUNCTIONS:

! WATERSPEED - Entry point of console application.

!

!*******************************************************

!

! Function: WATERSPEED

!

! M. Antoine (04/05/07)

! Return runoff speed, considering equilibrium of forces

! (Darcy-Weisbach) with assumption no variation of movement

! quantity u=sqrt(8g/la h Sf), la (or lamda) = CL/Re for

! laminar and is found by the modified Coolebrook-White

! equation (Henderson 1966) for turbulent flow

!

! u=WATERSPEED(h_i,h_ip1,z_i,z_ip1,dx,utm1,C_L,method,paramMeth)

!

! where:

! u is the velocity [m/s], negative value means water flows

! from i+1 to i

! _i is the value at cell i

! _ip1 is the value at cell i+1

! h is the water level above the ground [m]

! z is the ground altitude [m]

! utm1 is the velocity à t-1 [m/s], in order to evaluate

! a-priori the regime of flux

! C_L is a constante for computation of the friction factor

! in the laminar domain (Horton: C_L=96); to be optimised

! method: for computation of the friction factor in the turbulent

! domain:

! if method = 1, lambda is founded from modified

! Colebrook; if method = 2, lambda is constant and fixed

! by the user

! paramMeth: if method = 1, paramMethod = ks which is the size

! of grain

! particles [m] that provoke friction;

! if method = 2, paramMethod = the fixed lambda in
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Figure D.3: WATERSPEED functioning scheme.
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! turbulent domain.

!

!*******************************************************

real function WATERSPEED(h_i,h_ip1,z_i,z_ip1,dx,utm1, &

C_L,method,paramMeth,nu,v_max)

implicit none

! Variables

real u, h_i, h_ip1, z_i, z_ip1, dx, utm1, C_L, ks

! paramètres formels

real Sf, h, u_ini, la, la_ini, Re, u_L, u_T, eps

real tol, tol2, err, err2 !paramètres boucles while

real paramMeth

real nu ! nu, la viscosité cinématique [m2/s]

! (1e-6 à 20°C, 1.3e-6 à 10°C)

real v_max ! vitesse maximale admise; la mettre très élevée

! si on ne souhaite pas la restreindre en pratique

integer method, itMeth1, itHender

! Constantes

real g ! constantes: g la gravité 9.81m/s2

parameter(g=9.81)

!Initialisation

tol=0.1 ! erreur relative admissible pour calcul de la

! vitesse turbulent

tol2=0.1 ! erreur relative admissible pour calcul de

! lamda par Henderson

if (method.eq.2) then

la=paramMeth

elseif (method.eq.1) then

ks=paramMeth

else

write(*,*) ’method must have value 1 or 2’

read(*,*)

endif
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! Body of WATERSPEED

Sf=((h_i+z_i)-(h_ip1+z_ip1))/dx !pente de la surface d’eau

!Calcul préalable du Reynolds

h=(h_i+h_ip1)/2.

Re = abs(4.*utm1*h/nu)

if (Re.lt.2000.) then !à priori laminaire

u_L=32.*g*(h**2.)*Sf/(nu*C_L)

Re=abs(4.*u_L*h/nu)

if (Re.lt.2000.) then !à priori laminaire confirmé

u=u_L

else !la solution laminaire envoie vers le turbulent

if (method.eq.1) then !résolution Colebrook-White

u_ini=u_L

err=1.e20

itMeth1=0

do while (err.gt.tol) ! tant qu’on a pas convergé (

! à tol près)

itMeth1=itMeth1+1

if (itMeth1.gt.10) then ! si converge pas au bout de 10 it

tol=tol*2. ! alors on augmente le seuil de tolerance

!write(*,*) ’tol=’,tol

itMeth1=0

endif

Re=abs(4.*u_ini*h/nu)

err2=1.e20

la_ini=0.05 !a priori lamda

eps=ks/(4.*h) !relative roughness

itHender=0

do while (err2.gt.tol2) ! tant qu’on a pas convergé

! (à tol2 près)

itHender=itHender+1

if (itHender.gt.10) then ! si converge pas au bout

tol2=2.*tol2 ! de 10 it alors on augmente le seuil

! de tolerance

!write(*,*) ’tol2=’,tol2

itHender=0

endif

la=((-2.*log10(eps/3. + 2.5/(Re*la_ini**0.5)))**(-1.))**2.

err2=abs((la-la_ini)/la_ini)
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la_ini=la

enddo

u_T=(h*Sf)/abs(h*Sf)*(8.*g*abs(h*Sf)/la)**0.5

err=abs((u_T-u_ini)/u_ini)

u_ini=u_T

enddo

elseif (method.eq.2) then

u_T=(h*Sf)/abs(h*Sf)*(8.*g*abs(h*Sf)/la)**0.5

endif

Re=abs(4.*u_T*h/nu)

if (Re.lt.2000) then ! mais la solution turbulente renvoie

! vers le laminaire

u=(u_L+u_T)/2. !moyenne des solutions laminaire et turbulente

else !turbulent finalement confirmé

u=u_T

endif

endif

else !à priori turbulent

if (method.eq.1) then

u_ini=utm1

err=1.e20

itMeth1=0

do while (err.gt.tol)

itMeth1=itMeth1+1

if (itMeth1.gt.10) then

tol=tol*2.

!write(*,*) ’tol=’,tol

itMeth1=0

endif

Re=abs(4.*u_ini*h/nu)

!Henderson66

err2=1.e20

la_ini=0.05 !a priori lamda

eps=ks/(4.*h) !relative roughness

itHender=0

do while (err2.gt.tol2)

itHender=itHender+1

if (itHender.gt.10) then

tol2=2.*tol2

!write(*,*) ’tol2=’,tol2

itHender=0

endif
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la=((-2.*log10(eps/3. + 2.5/(Re*la_ini**0.5)))**(-1.))**2.

err2=abs((la-la_ini)/la_ini)

la_ini=la

enddo

u_T=(h*Sf)/abs(h*Sf)*(8.*g*abs(h*Sf)/la)**0.5

err=abs((u_T-u_ini)/u_ini)

u_ini=u_T

enddo

elseif (method.eq.2) then

u_T=(h*Sf)/abs(h*Sf)*(8.*g*abs(h*Sf)/la)**0.5

endif

Re=abs(4.*u_T*h/nu)

if (Re.gt.2000) then !à priori turbulent confirmé

u=u_T

else !la solution turbulent envoie vers le laminaire

u_L=32.*g*(h**2.)*Sf/(nu*C_L)

Re=abs(4.*u_L*h/nu)

if (Re.gt.2000) then ! mais la solution laminaire renvoie

! vers le turbulent

u=(u_L+u_T)/2. !moyenne des solutions laminaire et turbulente

else !laminaire finalement confirmé

u=u_L

endif

endif

endif

! la vitesse est contrainte à v_max, pour réduire les temps

! de calculs et éviter les oscillations

if (u.gt.v_max) then

WATERSPEED=v_max

else

WATERSPEED=u

endif

return

end
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D.3 Filling Algorithm

program COND_WALKER

!*******************************************************

! DECLARATION VARIABLES

implicit none

!coordonnées topographiqes

real, allocatable, dimension (:,:) :: dem,h,q

integer nl,nc

real dx,dy

real Qdev

real, allocatable, dimension (:,:) :: Rain

integer nP

real R

!real, allocatable, dimension (:,:) :: KK,LL

real marcheurV, marcheurV_ini

integer i,j,ilower,jlower,ii,jj,k,l

real Qin, QinC, QdevC

real hydrogram(6,100000) ! à améliorer en le dimensionnant

! dynamiquement

real resultat(3)

integer count

character*100 titre

real WATERSPEED

real t,dt

common /dataReal/Qdev,dx,dy,marcheurV,dt

common /dataInteger/nl,nc,ilower, jlower

!*******************************************************

! chargement MNT et entourage pour conditions limites

open (unit=1, file=’dem.in’, status=’old’)

read(1,*) titre

read(1,*) nl, nc

read(1,*) titre

read(1,*) dy, dx !taille maille (m)

read(1,*) titre

read(1,*) titre ! correpsondant au buffer strip, non

! utilisé dans ce model

read(1,*) titre

read(1,*) titre ! correpsondant au QinStripstrip, non
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Figure D.4: COND WALKER functioning scheme.
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! utilisé dans ce model actuellement, à

! adapter si l’on souhaite que l’eau soit

! amenée en amont seulement

! allocation des matrices liées à la taille du dem

allocate (dem(nc+2,nl+2))

allocate (h(nc+2,nl+2))

allocate (q(nc+2,nl+2))

!allocate (KK(nc+2,nl+2))

!allocate (LL(nc+2,nl+2))

dem=1000000. ! valeur élevée partout

! ==> no flux sur les bords

h=0.

read(1,*) titre

do i=2,nl+1

read(1,*) (dem(j,i),j=2,nc+1)

enddo

dem(:,nl+2)=dem(:,nl+1)! -1000000. ! valeur égale à

! la derniere ligne pour permettre à l’eau de la

! dernière cellule de retourner en arrière ! valeurs

! très basse à la base ==> tout s’évacue

close (1)

!*******************************************************

! chargement pluie

!open (unit=1, file=’Q.in’, status=’old’)

!read(1,*) titre

!read(1,*) Rain

!close (1)

open (unit=1, file=’water.in’, status=’old’)

read(1,*) titre

read(1,*) nP

allocate (Rain(2,nP))

read(1,*) titre

do i=1,nP

read(1,*) (Rain(j,i),j=1,2)

enddo

close (1)
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!*******************************************************

dt=1.

Qin=1000000

!Qin=Rain*nl*dy*nc*dx ![m3/s]

!marcheurV_ini=Qin*dt/(nl*nc) !volume marcheur [m3]

Qdev=0.

QinC=0.

QdevC=0.

t=0

count=0

!*******************************************************

!BOUCLE

do while ((Qdev/dt)<Qin*0.99) ! 0.999 pour éviter problèmes

! d’arrondis

count=count+1

t=t+dt

Qdev=0

R=0

do i=1,nP

if (Rain(1,i)<=t ) then

R=Rain(2,i) !dernière pluie en date [m/s]

endif

end do

Qin=R*nl*dy*nc*dx ![m3/s]

marcheurV_ini=Qin*dt/(nl*nc) !volume marcheur [m3]

q=0.

do k=2,nl+1 ! a modifier si Qinstrip

do l=2,nc+1

ilower=k

jlower=l

marcheurV=marcheurV_ini

call WATERFALL2(dem,h,q,nc+2)

!KK(k,l)=ilower

!LL(k,l)=jlower

enddo

enddo

QinC=QinC+Qin*dt

QdevC=QdevC+Qdev
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hydrogram(1,count)=t

hydrogram(2,count)=Qin

hydrogram(3,count)= Qdev/dt

hydrogram(4,count)= QinC

hydrogram(5,count)=QdevC

hydrogram(6,count)=(Qdev/dt)/Qin

write(*,*) ’time [s]: ’,t,’| QinC [m3]: ’,QinC, &

’| C [-]: ’,(Qdev/dt)/Qin

enddo

open (unit=1, file=’hydrogram.out’, status=’replace’)

write(1,60) hydrogram(:,1:count)

close (1)

open (unit=1, file=’h.out’, status=’replace’)

write(1,10) h(2:nc+1,2:nl+1)

close (1)

open (unit=1, file=’q.out’, status=’replace’)

write(1,10) q(2:nc+1,2:nl+1)

close (1)

open (unit=1, file=’dem.out’, status=’replace’)

write(1,10) dem(2:nc+1,2:nl+1)

close (1)

write(*,*) ’END’

!read(*,*)

10 format(1e14.6)

60 format(6e11.3)

end ! program COND_WALKER

!*******************************************************

SUBROUTINE WATERFALL2(dem,h,q,a)

implicit none

common /dataReal/Qdev,dx,dy,marcheurV,dt

common /dataInteger/nl,nc,ilower, jlower

integer ilower,jlower,nl,nc
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integer a

real dem(a,*)

real h(a,*)

real q(a,*)

real dx,dy

real dt

real Qdev

real marcheurV

real epsilon

real z_h, z_h_lower

integer i,j,ii,jj

real depot

100 continue

i=ilower

j=jlower

epsilon=0.0001 ! évite d’avoir des zones complètements

! planes (1% de pente puisque dx =0.01)

! trouver le voisin immédiat le plus bas

z_h_lower=100000000.

do ii=i-1,i+1

do jj=j-1,j+1

if (ii.ne.i.or.jj.ne.j ) then !tous sauf lui-meme

!write(*,*) ’i,j: ’,i,’,’,j,’ ii,jj: ’,ii,’,’,jj

z_h=dem(jj,ii)+h(jj,ii)

if (z_h<z_h_lower) then

z_h_lower=z_h

ilower=ii

jlower=jj

endif

endif

enddo

enddo

z_h=dem(j,i)+h(j,i)

if (z_h_lower<z_h) then ! si mouvement possible

if (ilower==nl+2) then ! bord aval, le marcheur est sommé

! pour calculer le flux de sortie
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Qdev=Qdev+marcheurV ![m3]

q(j,i)=q(j,i)+marcheurV/dt ![m3/s]

marcheurV=0

else

!write(*,*) i,j,z_h,ilower,jlower,z_h_lower

q(j,i)=q(j,i)+marcheurV/dt ![m3/s]

go to 100 ! on continue le déplacement vers l’aval

endif

else ! si comblement d’une dépression nécessaire

depot=min(marcheurV/(dx*dy), &

(z_h_lower-(h(j,i)+dem(j,i))+epsilon)) ![m]

h(j,i)=h(j,i)+depot ! [m]

marcheurV=marcheurV-depot*dx*dy ! [m3]

if (marcheurV>0) then ! il y a encore de l’eau qui

! peut être transporté

if (ilower==nl+2) then ! bord aval, le marcheur est sommé

! pour calculer le flux de sortie

Qdev=Qdev+marcheurV ! [m3]

q(j,i)=q(j,i)+marcheurV/dt ![m3/s]

marcheurV=0

else

q(j,i)=q(j,i)+marcheurV/dt ![m3/s]

go to 100 ! on continue le déplacement vers l’aval

endif

endif

endif

end ! WATERFALL
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Département des sciences du milieu et de l’aménagement
du territoire

• N°1. Auquiere, Eric, SAR temporal series interpretation and backscattering
modeling for maize growth monitoring.
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• N°10. Tilmant, Amaury, Sustainable management of reservoir resources using
flexible stochastic dynamic programming.
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cole pour l’analyse des politiques durables.
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• N°46. Lefebvre, Benôıt, Plant H+-ATPase targeting to the plasma membrane
is not by default and requires cytosolic structural determinants.

• N°50. Dries Jan, Development and comparison of different multifunctional
permeable reactive barrier (MPRB) concepts for the treatment of groundwater
contaminated by pollutant mixtures.



229

• N°51. Cranenbrouck, La culture monoxénique, un outil privilégié pour la
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ressources génétiques animales.



231

• N°85. Kambale Valimunzigha, Charles, Étude du comportement physiologique
et agronomique de la tomate (Solanum lycopersicum L.) en réponse à un stress
hydrique précoce.
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Département de chimie appliquée et des bio-industries

• N°117, Zelazny, Enric, Regulation of maize aquaporin trafficking to the plasma
membrane.

• N°122, Bobik, Krzysztof, The two major tobacco plasma membrane H+-ATPases,
PMA2 and PMA4 are differentially phosphorylated on their penultimate thre-
onine.

• N°123, Cabana, Hubert, Elimination des perturbateurs endocriniens nonylphénol,
bisphénol A et triclosan à l’aide de laccase de Coriolopsis polyzona. C
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Summary

To predict the hydrological response of a hillslope to a rainfall event, the spatial
configuration of soil roughness needs to be taken into account. Quantitative
expressions of hydrological connectivity based on topography may improve the
prediction of overland flow propagation, especially if the connectivity concept
is applied at the subgrid scale of current hillslope models, which corresponds
to the interrill scale.

Our first objective was to measure the effect of micro-topography on over-
land flow. Some of the water is stored in depressions (depression storage) and
some is temporarily stored in the flowing water layer (surface detention). To
measure those storages, we used a new molding technique that reproduced re-
alistic but waterproof soil surfaces, which were subjected to artificial runoff.
The evolution of both storages following rainfall was related to the cumulative
rainfall erosivity value.

Our second objective was to find runoff-relevant connectivity properties
of micro-topography. Based on numerical runoff experiments, we found that,
among a number of existing structural connectivity indices and a proposed
new functional connectivity index (namely the Relative Surface Connection
function), the RSC function was the most robust and directly linkable to the
runoff dynamics.

Our last objective was to introduce the connectivity properties captured
by the RSC function at the subgrid (interrill) scale in distributed hydrological
models. A corrective procedure was proposed to combine both surface detention
and depression storage dynamics. It allows mimicking the hydraulic behavior
of small plots where the effect of the micro-topography is characterized by few
(1 or 2) effective parameters implementable in hillslope models.

Born in Brussels on the 8th of April 1981, Michaël Antoine holds a Masters
degree in bio-engineering (2004) from the Université catholique de Louvain. He
was then teaching assistant in hydrology and devoted half of its professional time
to research.
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