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Résumé

La pression anthropique liée a ’agriculture intensive est souvent a I'origine d’une ac-
célération des processus érosifs, avec des taux d’ablation souvent supérieurs aux vitesses
de formation des sols. En Europe et dans le monde, 1’érosion hydrique affecte quasi-
ment toutes les zones géographiques, a des degrés divers. La modélisation de 1’érosion
hydrique peut fournir des informations utiles pour la mise en ceuvre de mesures anti-
érosives sur les bassins versants agricoles afin de conserver les ressources en sol et dimin-
uer le transport de sédiments vers les cours d’eau. L’objectif général de cette these a
été de mener une réexion et une analyse critique sur la problématique de la modéli-
sation de 1’érosion hydrique, avec différents angles d’attaque : conceptuel, exploration
de modele et paramétrisation. Nous avons effectué dans un premier temps une analyse
bibliographique sur deux des questions qui semblent les plus problématiques dans les
modeles d’érosion actuels : la premiere sur la paramétrisation de ’érosion diffuse et
la seconde sur le fonctionnement des éléments d’interfaces du paysage comme les ban-
des enherbées. Nous avons ensuite développé un modele d’érosion hydrique distribué
et a base physique applicable aux échelles du bassin versant et de I’événement plu-
vieux. Cette modélisation permet de prendre en considération les éléments d’interface
du paysage tout en s’appuyant sur une paramétrisation distribuée facilitée par le re-
cours aux systemes d’information géographique (SIG). Le modele développé a été calé et
validé sur un bassin versant Méditerranéen, en utilisant une procédure de calage multi
échelles. Un autre résultat de ce travail a été le développement d’un cadre général pour
I’analyse de sensibilité des modeles d’érosion aux parametres d’entrée et a leur dis-
tribution spatiale, et ceci pour des modeles distribués congus pour différentes échelles
d’espace et de temps. Cette procédure d’analyse a été appliquée a quatre modeles
d’érosion (MHYDAS-Erosion, STREAM, MESALES et PESERA). Les résultats mon-
trent des similitudes de comportement pour les différents modeles testés par rapport

aux parametres d’entrée.
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Abstract

Anthropogenic activity associated with intensive agricultural production is often
the origin of an acceleration in soil erosion processes, such that the rate of erosion
will exceed the rate of soil formation. In Europe and the world, water erosion af-
fects all types of landscapes to different degrees. Water erosion models may provide
helpful information for the development and application of land management practices
in catchments with soil and water conservation concerns. The objective of this work
was to reflect on and then critically analyse the problem of water erosion modelling
from different points of view: conceptually, model exploration and model parameter-
isation. From this reflection, and after a literature review, which focused on two of
the main problems identified with present-day erosion models, namely model parame-
terisation and sedimentological connectivity, we have developed a physically based and
distributed water erosion model, able to provide dynamic information about soil loss
and sediment transport within small agricultural catchments during rainfall events.
The model takes into account the effects of land management practices on sediment
transport using a distributed GIS parameterisation. The model was calibrated and
validated for a Mediterranean catchment, using an automatic and multi-scale calibra-
tion procedure. Another result from this work was the development of a sensitivity
analysis framework to provide an exploratory analysis of distributed erosion models at
different space and time scales. This framework has been applied to four water erosion
models (MHYDAS-Erosion, STREAM, MESALES and PESERA). Results have shown
a similarity in behaviour of the four erosion models with regards to input parameter

variations.
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Introduction Générale

1.1 Contexte et problématique

L’érosion hydrique des sols correspond a l’ensemble des phénomenes de déplacement
de matériaux a la surface du sol sous 'action de I'eau. L’érosion hydrique peut re-
couvrir différents types d’érosion telle que 1’érosion marine littorale, I’érosion fluviatile
et I’érosion pluviale. Néanmoins, nous nous intéressons dans ce travail uniquement a
I’érosion pluviale en zones agricoles, ou les impacts de l'activité humaine sur les pro-
cessus érosifs des sols peuvent étre particulierement importants.

Les problemes économiques et environnementaux graves provoqués par 1’érosion des
sols sont de plus en plus fréquents. Les dommages les plus notables sont surtout ressentis
par les collectivités locales. Ces dernieres doivent faire face aux cotits engendrés par les
coulées de boue dans les zones urbanisées, la détérioration des chaussées, la pollution
des points de captage d’eau potable et la perte de capacité de production agricole
(Boardman et al., 1994; Papy and Douyer, 1991).

Les modeles empiriques globaux peuvent donner des informations bien utiles con-
cernant les charges en sédiment dans les rivieres ou les pertes en terre a la sortie
de grands bassins versants. Ces modeles utilisent fréquemment des équations dans
lesquelles la perte en terre est déterminée en fonction du débit, mais les modeles de-
viennent alors spécifiques au site. Une autre limite de ces modeles est 'impossibilité
de fournir des résultats de perte en terre d’une maniere spatialisée au sein du bassin
versant. Ils ne peuvent donc pas traiter des questions du type : “quel est 'impact des
activités agricoles sur les processus d’érosion ?” ou “comment réduire le taux d’érosion
?7”. Pour lever ces limites, de nombreux efforts de recherche ont été investis depuis
une dizaine d’années dans le développement de modeles distribués a base physique :

WEPP (Laflen et al., 1997), LISEM (De Roo et al., 1996b), EUROSEM (Morgan et al.,
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1998a), KINEROS (Woolhiser et al., 1990), SHETRAN (Ewen et al., 2000), PERFECT
(Littleboy et al., 1992), ANSWERS (Beasley et al., 1980), GUEST (Yu et al., 1997),
CREAMS (Knisel, 1980b), TOPOG (Haskins and Davey, 1991). Pourtant, les résul-
tats des tests d’évaluation menés jusqu’a présent sur ce type de modele ne sont pas
tres encourageants, comme le montrent les conclusions publiées a la suite des ateliers
organisés par le réseau érosion du programme GCTE (Global Change and Terrestrial
Ecosystem) (Boardman and Favis-Mortlock, 1998; Favis-Mortlock, 1998; Folly et al.,
1999; Jetten et al., 2003, 1999; Nearing and Nicks, 1998; Takken et al., 1999).

Selon Boardman (2006), nous ne devrions pas étre dégus par les résultats peu sat-
isfaisants des modeles d’érosion car les modeles sont toujours en développement. En
particulier, les manques peuvent indiquer les points a réviser pour de futures amélio-
rations. Tous les efforts investis dans le perfectionnement des modeéles a base physique
ont permis de générer des pistes de recherches et d’améliorer nos connaissances des
mécanismes des processus d’érosion. Cependant, comme le soulignent Parsons et al.
(1997), Boardman (1998) et Bryan (2000), il est possible que tous les processus et in-
teractions impliqués dans I’érosion des sols ne soient jamais complétement modélisés
physiquement.

La modélisation distribuée & base physique de I’érosion permet cependant de fournir
une estimation spatiale des “sources” et des “puits” de sédiment sur un bassin versant.
Les modeles d’érosion hydrique sont généralement couplés a des modeles de ruisselle-
ment : les processus d’érosion sont alors calculés apres les variables hydrologiques, qui
peuvent donc étre considérées comme des entrées du modele d’érosion. Ceci explique
la forte dépendance des modeles d’érosion par rapport aux parametres hydrologiques,
démontrée par de nombreux tests de sensibilité (De Roo et al., 1996a; Nearing et al.,
1990; Veihe and Quinton, 2000).

Les modeles d’érosion distribués a base physique peuvent étre classés dans deux
groupes selon leur type de discrétisation spatiale. D’un coté les modeles qui s’appuient
sur un découpage du bassin versant composé d’unités hydrologiques surfaciques sur
les versants et de trongons linéaires pour le réseau de drainage (Morgan et al., 1998b;
Nearing et al., 1989; Smith et al., 1995), modéles que nous pouvons appeler “modeles
basés sur des vecteurs” (point, ligne et polygone). D’un autre coté il existe les modeéles
“raster” qui sont basés sur un maillage régulier de ’espace, maillage pouvant provenir

par exemple du modele numérique du terrain. Ces modeles ont la particularité d’étre
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bi-dimensionnels (De Roo et al., 1996b; Ewen et al., 2000). Chacune des deux ap-
proches possede des avantages et des inconvénients en ce qui concerne la description
des processus érosifs, leur paramétrisation et le résultat obtenu en sortie (Merritt et al.,
2003). Le choix entre les deux types de modeles doit se faire en fonction des objectifs
généraux de la modélisation, en particulier des données disponibles et du type de pro-
cessus érosif & modéliser (Morgan, 2005). En effet, il existe un lien étroit entre le mode
de discrétisation spatiale et la description des différents processus érosifs (par exemple
la distinction entre les processus d’érosion diffuse et concentrée).

D’une maniere générale, les efforts de modélisation réalisés ces dernieres années ont
permis d’améliorer la connaissance des processus érosifs. Selon Boardman (2006), seuls
le développement et 'utilisation des modeéles donnent la possibilité de quantifier les
taux d’érosion et d’estimer le risque d’érosion dans des secteurs o nous n’avons pas de

mesure d’érosion.

1.2 Objectifs

L’objectif général de ce travail a été de faire progresser la modélisation distribuée de
I’érosion hydrique a travers d’une réflexion et d’une analyse critique des modeles exis-
tants. Différents angles d’attaque ont été retenus : conceptuel, exploration de modele et
paramétrisation. Un des fruits de cette réflexion a été 1’élaboration d’une modélisation
de 1’érosion hydrique distribuée et a base physique applicable aux échelles du bassin
versant et de I’événement pluvieux. Cette modélisation, basée sur une paramétrisation
distribuée facilitée par le recours aux systémes d’information géographique (SIG), tente
de lever certaines limites des modeles existants. Un autre résultat de ce travail a été le
développement d’un cadre général (“framework”) pour ’analyse exploratoire de modeles
distribués a différentes échelles d’espace et de temps.

L’objectif opérationnel de la modélisation proposée est de prendre en compte les
aménagements de I’homme afin de pouvoir analyser I'impact des ces aménagements
sur le déplacement des particules de terre, la localisation des “sources” et des “puits”
des sédiments, et in fine de prévoir les taux d’érosion en tout point du bassin versant.
Ce modele devrait en particulier étre capable de simuler 'influence d’aménagements
anthropiques, comme les dispositifs anti-érosifs, sur la connectivité sédimentologique,

dans le contexte de petits bassins versants agricoles. Nous avons choisi de développer ce
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modele sur la base de la segmentation spatiale et des processus du modele hydrologique

MHYDAS qui a été développé et validé sur des petits bassins versants agricoles.

1.3 Plan de la these

La partie I de la these est consacrée a une analyse bibliographique portant sur les
concepts et les points de blocage généralement rencontrés dans les modeles d’érosion
existants. Les chapitres 1 et 2 présentent deux aspects de cette analyse bibliographique
sous forme de deux articles.

Le premier, publié dans CATENA, présente une synthese sur la maniere dont les
modeles décrivent I’érodibilité diffuse (“interrill erodibility”), principal parametre utilisé
pour décrire le processus d’érosion diffuse. La question est examinée en particulier sous
I’angle de la sensibilité des modeles d’érosion a ce parameétre. Le deuxieme article,
en cours de révision pour Earth Surface Processes and Landforms, fait le point sur la
fagon dont les modeles existants gerent la connectivité sédimentologique. La réflexion
vise également a définir des pistes d’amélioration pour cette gestion de la connectivité
sédimentologique dans le cadre de modeles d’érosion destinés a des bassins versants
agricoles.

La partie IT de la these est focalisée sur le développement d’un nouveau modele
d’érosion hydrique distribué et & base physique: MHYDAS-Erosion. Le chapitre 3
présente un bref rappel sur le modele hydrologique MHYDAS ayant servi de base pour
le développement du modele d’érosion. Le chapitre 4 décrit ensuite le modele d’érosion
sous la forme d’un article soumis a Journal of Soil and Sediments.

La partie III de ce travail est dédiée a ’analyse de sensibilité, la calibration et la
validation du modele développé. Le chapitre 5 présente la méthodologie utilisée pour
I’analyse de sensibilité et I’exploration des modeles d’érosion. Ce chapitre est com-
posé d’un article en révision pour Water Resources Research. Le chapitre 6 présente
I’application de la procédure d’analyse de sensibilité proposé dans le chapitre 5 a qua-
tre modeles d’érosion différents, incluant MHYDAS-Erosion. Ce chapitre est également
proposé sous la forme d’un article en préparation pour Water Resources Research . Le
chapitre 7, correspond a un article en préparation sur ’analyse de la sensibilité de
MHYDAS-Erosion & la distribution spatiale des bandes enherbées affectant la connec-

tivité sédimentologique. Le chapitre 8 présente une procédure de calibration et de
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Figure 1.1: Schema synoptique du mémoire de these

validation multi-échelles de MHYDAS-Erosion sur le bassin versant expérimental de
Roujan (France). Ce chapitre, rédigé sous la forme d’un article en préparation, est une
synthese d’un stage de Master 2 recherche que j’ai co-encadré. La figure 1.1 présente

une vue synoptique de ce mémoire de these.
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Introduction

Les tests d’évaluation des modeles ont souvent montré des résultats peu satisfaisants
par rapport aux mesures de perte en sol (Boardman and Favis-Mortlock, 1998; Evans
and Brazier, 2005; Favis-Mortlock, 1998; Folly et al., 1999; Jetten et al., 2003, 1999;
Nearing and Nicks, 1998; Takken et al., 1999). Nombreuses sont les raisons de cette

performance limitée, nous en énumérons ici certaines :

e La plupart des modeles d’érosion supposent que le ruissellement est généré seule-
ment par le processus hortonien (Evans and Brazier, 2005), tandis que dans la
réalité une grande part de I’écoulement superficiel peut provenir des pluies de

faible intensité sur sol saturé ;

e Les modeles événementiels sont notamment sensibles aux conditions initiales, en

général tres difficiles & déterminer (Boardman, 2006);

e Les parametres d’entrée des modeles ont une variabilité spatiale et temporelle qui

vient s’ajouter a 'incertitude intrinseque de leur mesure (Jetten et al., 2003);

e Le fonctionnement du bassin versant peut étre différent selon I'intensité des événe-
ments hydrologiques (Jetten et al., 2003). Des barrieres topologiques, existant
dans le bassin versant pour les événements faibles ou moyens, peuvent complete-
ment s’effacer au cours des forts événements, rendant ainsi obsolete la topologie

initiale fixée dans le modele;

e Certains facteurs du modele sont considérés comme constants pendant la durée

de I’événement, alors qu’ils ont un comportement dynamique.

Il y a eu beaucoup d’études sur la diminution des parametres d’infiltrabilité du sol

et de la rugosité superficielle sous l'influence des précipitations (Boiffin and Monnier,



1986; Torri et al., 1987). Ces études n’ont pas toujours été incorporées dans les modeles,
de plus il s’agit souvent des expériences faites en conditions de laboratoire. Or in
situ, les changements de la structure du sol peuvent étre beaucoup plus rapides et
plus prononcés. Par conséquent, 'anomalie entre le comportement des modeles et le
comportement réel pourrait augmenter d’autant plus qu’il s’agit de forts événements
pluviométriques.

Nearing (1998), soutient un autre point de vue sur la faible performance des modeles
d’érosion, qui serait liée a une variabilité inévitable de la mesure de perte en terre.
Wendt et al. (1986), cité par Nearing (1998) ont fait une étude sur la variabilité des
valeurs d’érosion mesurées avec 40 répétitions sur des parcelles en sol nu dans des
condition de ruissellement naturel: les coefficients de variation obtenus vont de 18 a
83 %. Dans cette étude, Wendt et al. (1986) n’ont pas trouvé de relation statistique
entre les valeurs d’érosion et les caractéristiques des parcelles. Comme Nearing (1998,
2000); Nearing et al. (1999), qui défendent 'idée qu’une partie de la différence entre les
valeurs mesurées et les valeurs simulées provient de la variabilité des mesures, propose
une évaluation des modeles qui prenne en compte cette variabilité. La difficulté devient
alors de caractériser cette variabilité des mesures, ce qui nécessite de multiplier ces
mesures.

Selon Jetten et al. (2003), parmi toutes les raisons mentionnées ci-dessus, les prin-
cipales explications des faibles performances des modeles d’érosion sont la variabilité
spatiale et temporelle ainsi que l'incertitude sur les parametres d’entrée du modele.
Ces imperfections affectent plus les modeles complexes a base physique que les modeles
empiriques plus simples. Les modeles complexes comportant une meilleure description
des processus érosifs devraient en principe, étre capables de faire de meilleures prévi-
sions en ce qui concerne la perte de sol d’un bassin versant donné. Mais ces modeles
complexes ont généralement besoin d’un grand nombre de parametres d’entrée, affectés
d’une incertitude mal connue. Cette incertitude peut se propager et étre parfois am-
plifiée par les processus itératifs utilisés pour les résolutions numériques des équations
différentielles, ce qui détériore le résultat final.

La deuxiéme raison citée par Jetten et al. (2003) est le changement de comportement
des bassins versants par rapport a l'intensité de 1’événement pluviométrique. Cette
problématique concerne la connectivité hydrologique et sédimentologique entre les ob-

jets qui composent le paysage. Par exemple, le degré de connexion entre les parcelles
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agricoles et les canaux de drainage dépend du type d’interface entre les deux objets
et de son action sur le flux de matiere. Une bande enherbée qui se trouve entre une
parcelle agricole et un canal de drainage agit comme un filtre qui retient tout ou partie
des sédiments jusqu’a un débit donné, mais au-dela de ce débit la bande enherbée n’a
plus d’effet significatif sur la charge en sédiments.

Dans le cadre de cette these il n’était pas envisageable de traiter simultanément
toutes les limites indiquées. Nous avons choisi d’approfondir deux de ces questions :
la premiere concerne le parametre d’entrée relatif a I’érodibilité interrill et la seconde
traite de la variabilité, au cours de la crue, du comportement des éléments d’interface du
paysage en fonction des conditions hydrologiques. Les deux chapitres suivants présen-

tent des analyses bibliographiques concernant ces deux questions.
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Chapter 1

Soil Resistance to Interrill
Erosion: Model Parameterization

and Sensitivity

Méme si Uérosion diffuse est généralement moins

visible que l’érosion linéaire ou l’érosion ravinaire,

elle peut causer d’important dégats, notamment en

ce qui concerne le dépot de sédiments a l’aval des

parcelles cultivées. L’érosion diffuse est souvent as-

sociée au ruissellement produit a la suite de la for- o
mation de croute de surface et d des propriétés du Générale
sol comme la détachabilité ou la stabilité structural - -~ e
du sol. L’érodibilité d’un sol traduit la résistance | m
inhérente au détachement des particules et a leur | s e e
transport. A partir d’une synthése bibliographique = L e o
sur ’érodibilité diffuse du sol et ses différentes mé- Développement

thodes de détermination, nous avons identifié trois du modele

principaux types de méthodes : les méthodes basées -----------rzz2------ oo

Analyse biblio:
érodibilité diffuse

Partie |
Analyse Biblio

o P [ I
sur la mesure de la stabilité structurale des agré- Analyse de Calage et
gats (“aggregate stability”), les méthodes basées sur sensibilite validation

\

la mesure du splash (“splash cups”) et les méthodes . ———————— S ——
basées sur des placettes d’érosion (“mini-plots”). Les Conclusion
résultats de ’analyse bibliographique nous ont per-

mis d’identifier les avantages et inconvénients liés

a chaque méthode en vue de paramétrer les modéles

d’érosion. Ce chapitre montre également la sensibi-

lité des modéles d’érosion au paramétre d’érodibilité

diffuse.




1. Soil Resistance to Interrill Erosion: Model Parameterization and Sensitivity

Soil Resistance to Interrill Erosion: Model Parameterization and Sensi-

tivity!

Gumiere, S. J.; Le Bissonnais, Y. & Raclot, D. (published article in CATENA)
Abstract

Interrill erosion, which is less visible in the landscape than rill and gully erosion,
may cause major sediment deposits in the lower part of cultivated fields. It is often as-
sociated with runoff resulting from sealing and crusting, and soil properties such as soil
detachability or soil aggregate stability have been used to express soil resistance to inter-
rill erosion processes, i.e., interrill erodibility. From a literature review including more
than fifteen erosion models, we have identified three main methods used to measure
these properties: aggregate stability and splash cup detachability, methods performed
in the laboratory using only a few grams of soil, and standard plot methods that are
based on field plot measurements. This difference makes the parameters involved in
assessing interrill erodibility dependent upon the scale and the hydrological processes
involved and difficult to compare. According to the literature, the sensitivity of ac-
tual erosion models to interrill erodibility is lower than the sensitivity to hydrological
properties and rill erodibility parameters. This numerical study shows that erodibility
measurements from the three major assessment methods give different results regarding
the contribution of interrill erosion and show that the sensitivity of erosion modeling
to interrill erodibility may in fact be greater than shown in the literature on global

sensitivity analysis.

1.1 Introduction

The development of erosion models such as physically based, stochastic or empirical
models involves simplifying reality in order to establish a balance between process
representation and computational complexity. The universal soil loss equation (USLE)
developed by Wischmeier and Smith (1978) has been the most widely used model of soil
erosion at the field scale. However, this model was developed for long-term simulations,
and its input parameters are annual averages. The USLE model concept lacks the ability

to describe the spatial variability of soil erosion within a watershed for a single rain

!Gumiere, S. J.; Le Bissonnais, Y. & Raclot, D. Soil resistance to interrill erosion: Model parame-
terization and sensitivity, Catena, 2009, 77, 274-284
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event. This is part of the reason why there has been a shift from empirical modeling to
process-based dynamic modeling. As a result, a number of process-oriented dynamic
models of soil erosion have been developed. Examples of such models are listed in
Table 1.1. Estimates of spatial and temporal soil loss variabilities in these models are
determined as a function of factors including soil resistance to rill and interrill erosion
(Bryan, 2000; Knapen et al., 2007), slope characteristics (Kinnell, 1993; Watson and
Laflen, 1986), vegetation and land use, rainfall erosivity (Rosewell, 1986; Salles and
Poesen, 2000), and hydraulic factors (Kinnell, 2005). A conceptual framework showing
the different processes involved with regard to rainfall and runoff characteristics has
been proposed by Kinnell (2005).

The process of soil resistance to erosion is called erodibility. This complex concept is
supposed to represent the combined effects of the various sub-processes that determine
soil behavior in response to erosive agents (Bryan, 2000; Sheridan et al., 2000). All of
the models cited in Table 1.1 use one or more parameter(s) to describe soil erodibility
in order to account for the fact that some soils are intrinsically less resistant to erosive
agents than others (Bryan, 1976).

The first approach was made for USLE development (Wischmeier and Smith, 1978),
where the erodibility factor is called K. This empirical variable in the USLE is used
for the characterization of both rill and interrill erosion processes, and it is determined
by measurements of soil loss over a standard plot with 22 m in length and with a 9%
slope (Foster et al., 1980; Knisel, 1980a). This simplification of erosion processes was
later criticized by Laflen et al. (1991) and Zhu et al. (1995), who argued that it is not

possible to describe two distinct processes with only one parameter.

More recent process-based models make an explicit distinction between rill and
interrill erosion processes (De Roo et al., 1996b; Morgan et al., 1998a; Woolhiser et al.,
1990). Parameters describing soil cohesion or critical shear strength are often used
to express soil resistance to the rill erosion process (Knapen et al., 2007). For interrill
areas, parameters like aggregate stability (De Roo et al., 1996b) or index of detachability
(Morgan, 2001) are generally used.

Knapen et al. (2007) conducted an extensive literature review dedicated to soil
resistance to concentrated flow. Knapen et al. (2007) analyzed the literature’s data on
the resistance of topsoils to concentrated flow erosion in terms of channel erodibility (k)
and critical shear stress (7.) and then compared that data with other soil properties.
However, there are few if any works in the literature that specifically review interrill
erodibility and methods for its assessment. Thus, the resistance of soil to interrill erosion

is still a grey area, and important research issues remain (Bryan, 2000). To understand
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and to model interrill erosion appropriately, clear insight into the soil’s resistance to
this process and interrill erosion controlling parameters are of vital importance.

The literature indicates that the soil interrill erodibility is influenced by many soil
properties, such as soil texture and organic matter content and quality (Wischmeier
and Smith, 1978), water content (Bryan, 2000), and surface soil conditions like surface
crusting (Darboux and Le Bissonnais, 2007; Le Bissonnais et al., 2005). Soil erodibility
is also affected by cropping systems. Rachman et al. (2003) show that together with
other soil properties, such as aggregate stability or shear stress, soil detachability is
the most sensitive parameter for cropping systems. These authors suggest that mea-
surements of soil properties related to erodibility, like splash detachment, aggregate
stability and shear stress, might provide information to help orient and manage the
application of different cropping systems.

Soil interrill erodibility for a large variety of soil types and surface conditions has
been determined experimentally in the field and in the laboratory. Nevertheless different
experimental procedures were used, and so far no attempt has been made to compare
all of these results.

This paper presents a dataset of soil interrill erodibility values from the three major
assessment methods, all of which are identified in the literature. The first method is
the standard erosion plot using natural or simulated rain, the second is the splash cup
method, and the third is the aggregate stability test. The main objectives of the study
are (1) to present a state of the art parameterization of soil resistance to interrill erosion
and a discussion of the soil interrill erodibility values for 12 typical soil textures based
on different assessment methods; (2) to assess models’ sensitivities to the erodibility
parameter and discuss the application of the interrill erodibility factor in physically-
based erosion models; and (3) to test the influence of the interrill erodibility parameter
on the contribution of interrill erosion as calculated by models of the three assessment
methods.
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1.2 Interrill erodibility parameter in soil erosion models

1.2 Interrill erodibility parameter in soil erosion models

Three different determination methods of interrill soil erodibility have been identified
based on a literature review of erosion models: (i) standard erosion plots and derivation,
(ii) splash cups, and (iii) aggregate stability tests. Table 1.1 shows the analyzed models

and the erodibility assessment method.

Table 1.1: Erodibility assessment methods for erosion models

Model Interrill and Rill Erodibility Assessment Reference
EUROSEM yes Splash Cups Morgan et al. (1998a)
KINEROS yes Splash Cups Woolhiser et al. (1990)
PSEM-2D yes Splash Cups Nord (2005)

USLE no Stand. Plots Wischmeier and Smith (1978)
CREAMS no Stand. Plots Foster et al. (1980)
AGNPS no Stand.Plots Young et al. (1987)
SWAT no Stand. Plots Arnold and Williams (1995)
RUSLE no Stand. Plots Renard et al. (1991)
WEPP yes Mini-Plots Ascough et al. (1997)
USLE-M no Stand. Plots Kinnell and Risse (1998)
USPED no Stand. Plots Mitas and Mitasova (1998)
USLE-2D no Stand.Plots Van Oost et al. (2000)
RUSLE 2 no Stand. Plots Desmet and Govers (1996)
LISEM yes Aggregate Stab. De Roo et al. (1996b)

Below, we analyze the characteristics and consequences of these methods for interrill

erodibility parameter assessment.

1.2.1 Standard erosion plots and derivations

In models based on or derived from the USLE (Universal Soil Loss Equation), a single
erodibility value combining interrill and rill processes is inferred from the soil loss mea-
sured at the end of a standard erosion plot that is 22 m long and has a 9% gradient.
In these standard conditions, other factors of the USLE (L, S, C and P) are considered
unitary, and the factor K is defined as the slope coefficient between soil loss and R
(the rainfall erosivity index). In practical terms for the USLE and the RUSLE (Re-

vised Universal Soil Loss Equation), soil erodibility is the average long-term soil and
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1. Soil Resistance to Interrill Erosion: Model Parameterization and Sensitivity

soil-profile response to the erosive power of rainfall. This means that the soil erodibil-
ity factor for the USLE is a lumped parameter that represents an integrated average
annual value of the total soil profile reaction to a large number of hydraulic and erosive
processes. These processes include rainwater infiltration into the soil profile, raindrop
detachment with transport by raindrop splash (RD-ST), raindrop detachment with
transport by raindrop-induced flow transport (RD-RIFT), raindrop detachment with
transport by flow (RD-FT), flow detachment with transport by flow (FD-FT) (Kin-
nell, 2005), and localized deposition due to topography and tillage-induced roughness
(Wischmeier, 1976). Normally, the measurements of soil loss and R are annual means
as mentioned above, and their application to single event models is not necessarily rel-
evant. Actual references for K come from a series of experiments over periods of 20
years in the eastern United States. Such experiments are expensive, and therefore few of
them were conducted in other areas of the world. Rainfall simulations make it possible
to perform many more experiments concerning soil erodibility determination. These
experiments facilitate the establishment and measurement of empirical relationships
between soil erodibility and other primary soil properties. From a statistical analysis of
all these standard plot results, Wischmeier et al. (1971) proposed a nomograph where
the erodibility factor is first a function of soil characteristics, such as texture and or-
ganic matter content, and second one of soil properties, like structure and permeability.

The algebraic function of the nomograph is shown in eq.(1.1).

ki - Ko+ ks + Ky
100

where K is the soil erodibility factor; kt ! is the texture sub factor; ko is the organic

K:

(1.1)

matter sub factor; ks is the soil structure sub factor and kp is the soil profile permeability
sub factor. The nomographs relationship is derived from rainfall simulation data from
55 Midwestern soils of medium texture (Wischmeier et al., 1971). Because these soils
only represent the medium-textured soils, the nomograph is well suited for a limited
range of soil types. Correctional factors have been developed to facilitate estimates
of erodibility from nomographs to other soil types. Figure 1.1 presents the range of
erodibility values calculated with the nomograph for typical soils textures and for three
values of the soils” organic matter content (0.5%, 2% and 4%) (Stewart et al., 1975).
The erodibility values range from [0.07- 1.0 ton - ha~!], with higher values for loam
and sandy-loam and lower values for sand. In unit plot measurements, clay soils have
medium soil erodibility, because they have good resistance to detachment by flow.

However, sandy soils have the lowest soil erodibility values as shown in Figure 1.1.

ici kt est utilisé en dehors du significat proposé dans la nomenclature
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Figure 1.1: Soil Erodibility for USLE/RUSLE from (Stewart et al., 1975)

In fact, soils produce less sediment because of reduced runoff that results from high
infiltrability; soil particles could be detached and splashed easily. However, sandy soils
also have low transportability, and little runoff is available to detach and transport
soil particles. The transport limitation of coarse-size particles has been observed by
(Parsons et al., 1991) on a 35x18 m? plot. However, when runoff comes from upslope,
sand may be very prone to erosion (Toy et al., 2002). Erodibility from standard plots
as USLE was designed to allow prediction of soil erosion and recommendations for
applying conservations practices.

Among the models based on standard erosion plots and their derivations, the WEPP
(Water Erosion Prediction Project) is based on a particular concept of soil erodibility.
It uses two erodibility parameters: one related to rill processes and another one related
to interrill processes. The interrill erodibility parameter is determined using a mini-
plot (0.6x1.2 m) without vegetation that is submitted to rainfall simulation. Like the
erodibility from standard erosion plots, the measurement is made over the erosion rate

and converted to erodibility. The WEPP interrill soil erodibility parameter is calculated
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with:
D.

Ki=—"—
I2. Sy

(1.2)

where, D; is the delivery of sediment from plot (kg.m~2.s71), Ki is interrill erodibility
(kg.m~%.s), 1 is the effective rainfall intensity (m.s~!), and Sf is a slope adjustment
factor given by Sy = 1.05 — 0.85¢~45(a) where « is the slope of the surface toward a
nearby rill.

As with erodibility from standard erosion plots, the WEPP model has developed an
indirect way to determine soil interrill erodibility as a function of primary soil properties.
For croplands, the erodibility values are based on experiments conducted in 1987 and
1989 by Elliott et al. (1989). Two different empirical equations of interrill soil erodibility
were developed for croplands: one composed of soil with 30% or more sand (eq.(1.3))
and another for the soils with 30% or less sand (eq.(1.4)). The equation for the baseline

(standard) erodibility is shown below.

K, = 2728000 + 19210000 - v fs (1.3)

K, = 6054000 — 5513000 - clay (1.4)

where vfs is the very fine sand (0.05 to 0.15mm) in the surface soil, and clay is the
fraction of clay in surface soil.

The interrill erodibility equation for croplands uses the baseline erodibility with
correction factors to account for various effects, including canopy cover, ground cover,
roots, and sealing and crusting. These factors are calculated empirically and multiplied
by the interrill baseline erodibility to find the adjusted interrill erodibility for croplands.

The suggested limit for the predicted values of erodibility to croplands is [0.5-12]
in (10%.kg.m~%.5). In Figure (1.2) and Table (1.2) the range of values is [0.77-4.5
10%.kg.m~*.s], with the highest values for silty-loam and the lowest values for sandy-
loam. Observing erodibility values from the standard erosion plot and mini-plot meth-
ods we note that the dependence of hydrological phenomena is maintained and that

the capacity of soil runoff production is a very important factor.
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1.2 Interrill erodibility parameter in soil erosion models

Table 1.2: Erodibility from mini-plot assessment method values in 10%.kg.m=*.s for
WEPP, source Elliott et al. (1989) and Laflen et al. (1991) , N is the number of samples

Soil Texture N Minimum Average Maximum
clay 3 1.70 2.13 2.50
clay loam 3 2.04 2.57 2.20
loam 9 1.45 2.24 3.17
loamy sand 2 0.77 2.45 4.12
sand 1 - 0.87 -
sandy clay - - - -
sandy clay loam 1 - 1.86 -
sandy loam 5 1.21 2.37 3.93
silt - - - -
silty loam 12 1.26 2.85 4.32
silty clay 1 - 1.85 -

silty clay loam - - - -
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Figure 1.2: Soil Interrill Erodibility for WEPP croplands from (Elliott et al., 1989)

values in 106.kg.m 4.5
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1.2.2 Splash cups

A second method currently used for determining interrill soil erodibility is based on
the measurement of soil detachability. This approach derives from the pioneer work of
Ellison (1947). Several techniques have been developed to measure soil detachability
using raindrops. One consists in embedding a circular cup into the topsoil in order to
collect the soil particles that detach from the surrounding surface by the kinetic energy
of rainfall (Bollinne, 1975; Savat and Poesen, 1981). Another procedure used to measure
soil detachment with splash cups is the reverse of that previously shown: it consists in
filling a cylinder with soil and measuring the mass of the sediment that detaches from
this cylinder by rainfall kinetic energy (Morgan, 1978). In these two cases, raindrop
detachment with transport by raindrop splash (RD-ST) is the only process involved.
In addition the two type of tests generally use a little amount of soil.

Sreenivas et al. (1947) used round cups or funnels embedded in the soil to catch
splashed particles. They considered the mass of the collected material divided by the
surface area of the cup (with radius r in m), denoted here by m,, as an indicator of the
detachment rate on the surrounding soil. This method has been applied in subsequent
studies, a number of which were reviewed by Poesen and Torri (1988). The index of

detachability is determined by:

m
" KE
where k is the detachability index (g.J71) , m, is the mass of soil particles detached
(g) and, K E is the total rainfall kinetic energy (J).

However, the splash rate (m,.) is dependent on the cup size, and the relationship be-

k

(1.5)

tween the cup size and splash rate is also influenced by the distribution of the distances
over which the splashed particles travel. Given a particular amount of soil detached
per unit of area outside the cup, more sediment will end up in the cup as the distance
over which splashed particles travel increases. Poesen and Torri (1988) developed a
correction factor for the splash cup diameter effect based on Savat and Poesen (1981)
that had shown the mass of deposited splashed sediment decreases exponentially with
the distance to the impact point. The equation developed by Poesen and Torri (1988)

is shown in eq.(1.6).

My = . - ¢ 0-054D (1.6)

where mg, is the real mass of splashed soil material per unit area (g.cm=2) and D is

the splash cup diameter (cm).
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Table 1.3: Erodibility from splash cups assessment method values in ¢.J ! source:
Morgan (2001) and Morgan et al. (1998a), N is the number of samples

Soil Texture N Minimum Average Maximum
clay 1 - 0.05 -
clay loam 1 - 0.70 -
loam 1 - 0.80 -
loamy sand 1 - 0.30 -
sand 1 - 1.20 -
sandy clay 1 - 0.30 -
sandy clay loam 1 - 0.10 -
sandy loam 1 - 0.70 -
silt 1 - 1.00 -
silty loam 1 - 0.90 -
silty clay 1 - 0.50 -
silty clay loam 1 - 0.80 -

However, there are many geometric possibilities for the splash cups and comparing
results from different geometry is very difficult. Therefore each one of the device’s
geometry has its own correction function. Poesen and Torri (1988) proposed to measure
splash detachment in a field using a circular cup with a diameter larger than 10 cm in
order to reduce the edge effect.

The analysis of splash processes and modeling was further refined by Legout et al.
(2005); Van Dijk et al. (2002) and Leguédois et al. (2005) . These studies established
theoretical splash distribution functions to interpret results from different experiments.

However, the literature does not provide enough references to the erodibility values
of the splash cup method to establish a statistical analysis. Morgan (2001) proposed
reference values for erodibility from splash cups; these values are shown in Figure 1.3
and Table 1.3 . Unfortunately these are only average values, and we have no information
about their variability for either the texture classes or the number of soils tested.

The theoretical range of values for erodibility from splash cups is [0.01-10 g.J ]
(Morgan, 2001; Morgan et al., 1998a). The real observed range of values is [0.05-1.2

g.J 1] with a maximum value for sand and a minimum value for clay.
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Figure 1.3: Soil Interrill Erodibility from splash cups from Morgan, 2001

1.2.3 Aggregate stability tests

A third method used for the determination of interrill soil erodibility is based on the
measurement of soil aggregate stability. In the LISEM (Limburg Soil Erosion Model)
(De Roo et al., 1996b), this parameter is determined with a drop test that consists in
counting the number of drops necessary to reduce the mass of an aggregate by 50%.
The range of value for aggregate stability is [1 to 200 or more| drops according these
authors. It is important to note that the number of drops is inversely proportional to
soil resistance. A complete experimental set of values for soil textures is not available
in the literature; however, some papers such as (Dijk et al., 1996; Hessel et al., 2006;
Liu et al., 2003) present aggregate stability values for different soil treatments and
land-uses.

Hessel et al. (2006) present a set of values for clay loam soils submitted to different
agricultural cultures in east Africa (coffee, banana, vegetables, wood plots, and maize).
The erodibility values found by Hessel et al. (2006) for clay loam soils range from 22
to 376 drops; the lowest value is for coffee and the highest value is for wood plots.

Liu et al. (2003) present a set of values for silt soils submitted to different soil uses in
the Chinese Plateau (steep slope, terrace, cropland, woodland, fallow and wasteland).

The values of soil erodibility vary from 8 to 18 drops with cropland having the lowest
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value and woodlands the highest. Dijk et al. (1996) present a set of values for silt soils
submitted to different uses in South Limburg. The values of erodibility from this work

range from 10 to 30 drops.

In addition to the drop test method, there are many other methods that can de-
scribe soil aggregate stability. Amezketa (1999) reviewed these methods. Le Bissonnais
(1996) proposed a standardized method based on the most common and reproducible
aspects of the classical methods of erodibility assessment. Le Bissonnais’s method
uses relatively large aggregates (3-5 mm), and performs various tests corresponding to
different conditions of water impact on soil. These tests represent the mechanisms of
aggregate breakdown in natural conditions, from intense rainstorms on dry soils to long
low intensity rains on wet soils. Although the measurement of the aggregate stability
of some isolated samples does not completely characterize a soil material submitted to
erosive stress, it generally correlates well with the erosion measured on plots in con-
trolled conditions or in the field (r = -0.85 from Amezketa et al. (1996) and r = -0.70;
p > 0.01 from Barthés et al. (2000)). This has to be related to the fact that desaggrega-
tion, which is measured in the aggregate stability test, is most often the main process
involved in soil erosion and particularly in interrill erosion (Bryan, 2000). However,
some authors found no correlation between stability and measured erosion (Young,
1974). In some cases these results correspond to specific situations where runoff rate is
high that it can transport stable micro- or macro-aggregates(Janeau et al., 2003). The
intensity of the correlation between the erosion and aggregate stability also depends
on the methods used for both measurements. For example, the smaller the aggregates
used for stability tests, the greater the chance of erosion to affect stable aggregates and
thus the chance for a contradiction between stability and erosion. It has been shown
that stronger correlations between measured interrill erosion and aggregate stability
were observed when using Le Bissonnais’s test compared to other classical methods
(Amezketa et al., 1996; Le Bissonnais et al., 2007). However, no erosion model using
an aggregate stability tests like the erodibility parameter was found in the literature,
although Yan et al. (2008) successfully used it as a substitute for the interrill erodibility

parameter Ki that was considered irrelevant for an application of WEPP model.

Because of the absence of a sufficient data set for the drop test, only aggregate
stability values from the Le Bissonnais method were plotted in figure 1.4 using data
from table 1.4 . The results of the tests are plotted in 1/MWD (Mean Weight Diameter)
to give the same aspect of for all of the presented erodibility graphics (high values
indicate high erodibility).

The theoretical range value for 1/ MWD is [0.2-40 mm™!] (Le Bissonnais, 1996;
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Table 1.4: Erodibility from aggregate stability assessment method, values in mm™!

source: Darboux et al. (2008) , N is the number of samples, MWD (Mean Weight

Diameter)

Soil Texture N Minimum Average Maximum
clay 4 0.53 0.73 1.90
clay loam 11 0.50 0.67 1.41
loam 4 0.33 0.84 2.44
loamy sand - - - -
sand - - - -
sandy clay - - - -
sandy clay loam - - - -
sandy loam 9 0.74 1.19 1.82
silt - - - -
silty loam 61 0.32 1.12 2.72
silty clay 2 0.79 0.85 0.92
silty clay loam 11 0.40 0.77 1.79

Le Bissonnais and Singer, 1992). In Figure 1.4 the range value is [0.3-2.8 mm 1]
(Darboux et al., 2008) with a maximum value for silt-loam texture and a minimum

value for loam.
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Figure 1.4: Aggregate stability for typical soil textures from Le Bissonnais method,
from Darboux et al. (2008), MDW (Mean Weight Diameter)

1.2.4 Discussion on erodibility assessment methods

The three assessment methods presented are used to determine soil erodibility pa-
rameters and are different in terms of the erosion processes involved and the scale
size samples. In the standard plot method, erodibility combines interrill and rill pro-
cesses and depends on hydrological processes like infiltrability and runoff production
capacity. For these reasons, soil with high clay and soil with high sand content has
both low measured erodibility, the first because it has good aggregate stability and
the second because of the intrinsic high infiltration capacity of sandy soils (Toy et al.,
2002). Medium-textured soils with high silt content present high erodibility values in
this method, because these soils generally produce high overland runoff due to surface
crusting. This runoff provides greater energy for the detachment and transport of soil
particles. Thus, runoff substantially influences the standard erosion plot method (Toy
et al., 2002). Kinnell (1993) proposed a modification in the index of rainfall erosivity
determination to allow the USLE/RUSLE models to calculate erosion for a single rain-
fall event. This modification consisted in multiplying the rainfall erosivity index by the
runoff rate; consequently, this change in the erosivity index changed the soil erodibil-

ity. This modification improved erodibility assessment, because it made the erodibility
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factor independent of runoff. However, it still remains the only global erodibility factor
for both rill and interrill erosion, and it is impossible to separate soil loss from each

process.

New erodibility parameters have been developed to predict erosion in the field more
precisely. For example, WEPP uses two different erodibility parameters to account
for the different processes of erosion; rill erodibility is determined from standard plots
and interrill from 1.0 m? mini-plots where there is supposedly no rill erosion process
(Elliott et al., 1989). This method accounts for the major erosional and hydrological
processes that occur simultaneously during time tests at interrill areas (RD-ST, RD-
RIFT and RD-FT) (Kinnell, 2005). Soils with high clay content have low erodibility
values, whereas soil textures like loamy sand and silty loam have the highest erodibility

values due to low cohesion between soil particles.

However, other “process-based” models such as AGNPS, SWAT or CREAMS calcu-
late runoff and erosion separately using the K index derived from standard plots as an
erodibility parameter. Therefore, there is a risk that these models give low erosion rates
for high runoff conditions on sandy soils because of a low K value; whereas in reality
high erosion may occur because of the detachability of sandy materials. Additionally,
soil erodibility may vary in time. Soil in high moisture conditions induces an increased
amount of runoff and a peak rate that produces increased erosion. Soil erodibility
tends to be higher during the late winter and early spring than in late summer. The
temperature during the summer months increases biological activity in the soil, which

produces organic compounds that may decrease soil erodibility in these months.

Another soil property used as an interrill erodibility parameter is the index of rainfall
detachability in erosion models, such as EUROSEM and PSEM-2D. This property is
determined by splash cup measurements (Nord, 2005; Poesen and Torri, 1988). This
method is a local method, and it depends on device geometry, as shown by Poesen and
Torri (1988). The raindrop detachment with transport by raindrop splash (RD-ST),
which depends primarily on aggregate stability, is the only erosion process taken into
account. For this reason clay soils have the lowest erodibility value, and sand soils
have the highest value. Soil aggregate stability is also used as an interrill erodibility
factor. This soil property can be obtained by many methods Amezketa (1999). The
aggregate stability test uses a small amount of soil aggregates: only one single aggregate
in drop test (Low, 1954) and up to 10g in the wet sieving aggregates tests (Kemper and
Rosenau, 1986). The only process analyzed is the aggregate breakdown. The organic
matter content in soil often affects its aggregate stability Le Bissonnais (1996). This

sensitivity to the organic matter content can be used to help recommend the appropriate
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conservation practices.

Splash cups and aggregate stability methods do not integrate detached particle
transportation. However, aggregate stability provides information about particles’ size
distribution and, therefore, about the transportability of the sediment (Legout et al.,
2005).

Two inconveniences of local methods, like splash cups or aggregate stability tests,
are that they cannot account for temporal evolution in soil structure or for changing
from non-coherent to coherent soil (Bryan, 2000). With regard to non-coherent soils,
soil’s erosion resistance by flow (Knapen et al., 2007) or detachability (Savat and Poe-
sen, 1981) is determined by the particles’ size and mass. However, when the coherence
of soil increases, individual particle’s properties lose importance in the erosion pro-
cess. In practice a few properties, particularly soil aggregation, consistency and shear
strength, usually dominate erosion processes, and other properties are only indirectly
effective (Bryan, 2000). These other properties may act simultaneously, influencing
water movement into and over the soil, influencing soil resistance to entrainment and
changing erosion processes. Thus, the most important aspect for an ideal erodibility
parameter is to express soil loss response to a rainfall event, whatever the context and
erosion factors. It should also reflect a parameter that is stable and directly related to
soil loss.

A direct comparison of interrill values based on the three major assessment methods
is not possible because these methods differ in terms of scale, physical concept and units
of measure. However, the interrill erodibility assessment has an impact on erosion
modeling sensitivity. We have observed this impact, first by looking at the erosion
model sensitivity analysis in literature (part 3) and second, by numerically simulating
interrill detachment calculated using various interrill erodibility assessment parameters
in order to compare how they affect the results of detachment for different typical

textural classes.

1.3 Models of sensitivity to interrill erodibility

Sensitivity analysis can be used for different purposes, such as for understanding model
behavior in response to changes in parameter values, for helping identify model pa-
rameter optimization in the calibration process, for guiding model parameterization
or for model validation (Ferreira et al., 1995; Walsh et al., 1994). There are many
techniques for sensitivity analysis, including linear regression or correlation analysis,

measures of sensitivity indices, Monte-Carlo method, etc (Helton, 1993; Saltelli et al.,
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2000). The choice of method depends on the model type and the objective of the analy-
ses. Several of them were used to measure erosion model sensitivity. Veihe and Quinton
(2000) analyzed the sensitivity of EUROSEM, which uses splash cup measurements as
soil interrill erodibility parameter. They applied there sensitivity analysis with a fixed
rainfall intensity of 50 mm.h~!'. They applied the Monte Carlo method to test soil
properties, such as the saturated hydraulic conductivity, the maximum volume mois-
ture content, the initial volume moisture content, the effective net capillarity drive,
the soil porosity, soil cohesion, median particle size and the detachability index of soil.
Veihe and Quinton (2000) found that the EUROSEM output model is more sensitive to
hydrological parameters like saturated hydraulic conductivity and net capillarity than
to erosion parameter. The total soil loss output is 5 times less sensitive to the interrill
erodibility parameter called the detachability index of soil in EUROSEM (p < 0.1)
level of statistical significance) than to saturated hydraulic conductivity, and 1.3 times
less sensitive than to the net capillarity (p < 0.1 level of statistical significance). Peak
sediment discharge is 2 times less sensitive to the soil interrill erodibility (p < 0.1 level
of statistical significance) than to saturated hydraulic conductivity. Veihe and Quinton
(2000) concluded that the soil interrill erodibility represented in EUROSEM by index

of detachability is a low to moderately sensitive parameter.

Nearing et al. (1990) analyzed the sensitivity of the WEPP model. The variables
they tested were soil textures (clay content and sand content), topology parameters
(slope length, slope gradient and rill spacing), hydrological variables (runoff, rainfall
intensity and initial soil moisture), vegetation parameters (canopy cover, canopy height
and incorporated residue), and soil properties (rill erodibility, interrill erodibility and
critical shear stress). Nearing et al. (1990) found that soil detachment and sediment
delivery output were more sensitive to saturated hydraulic conductivity and to rill
erodibility parameter than to interrill soil erodibility and initial soil moisture. Soil de-
tachment and sediment delivery was 6 times less sensitive to interrill erodibility than
to rill erodibility for 50 mm.h~! and 3 times less sensitive to interrill erodibility than
to rill erodibility for 100 mm.h~! rainfall intensity. This can be explained because the
rill detachment rate is a function not only of rill erodibility, but also of the amount
of sediment in the flow. Thus, when interrill contribution is high, the rill contribution
is reduced; it is a compensating process, and this may explain the low sensitivity to
interrill erodibility parameter. Soil interrill erosion is also a function of rainfall inten-
sity, because the interrill contribution to the sediment load increases in proportion to
the square of rainfall intensity. This is the reason for the double sensitive value for 100

mm.h~! rainfall intensity. Nearing et al. (1990) found that saturated hydraulic conduc-
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tivity and soil interrill erodibility fall into the moderately sensitive range parameters.
However, Nearing et al. (1990) also suggested that the influence of these factors on
prediction depends on specific conditions, because the soil interrill erodibility might be
considerable on short and low slope gradients.

De Roo et al. (1996b) analyzed the sensitivity of the LISEM (LImburg Soil Ero-
sion Model). They have analyzed the hydraulic conductivity, slope gradient, initial soil
moisture, Manning coefficient, leaf area index, soil cohesion and random roughness.
Their analysis showed that the sediment discharge output was more sensitive to hy-
draulic conductivity than to the other tested parameters. However, the sensitivity to
interrill erodibility represented in LISEM by the aggregate stability was not shown in
this analysis.

Nord (2005) completed the PSEM-2D (Plot Soil Erosion Model 2D) sensitivity
analysis using the linear method. The variables tested were median particle diameter,
initial loose soil depth, rill soil erodibility, interrill soil erodibility, soil critical shear
stress and the Darcy-Weisbach friction factor. The slope used in the analysis was 9%
and rainfall intensity was 50 mm.h~!. Nord (2005) found that the dominant erosion
process in these conditions was rill erosion and that erosion was more sensitive to soil
critical shear stress, rill erodibility, and the Darcy-Weisbach friction factor than to
the others tested parameters. A decrease of 33% in soil critical shear stress led to an
increase of 100% in soil loss. An increase of 100% in rill erodibility led to an increase in
soil loss of 75% and an increase of 500% in interrill erodibility led to an increase of 40%
in soil loss. Nord (2005) concluded that in their model, soil loss was poorly sensitive to
soil interrill erodibility parameter.

The sensitivity analyses realized by the authors cited above show a low sensitivity
of actual erosion models to interrill soil erodibility parameters and that models are
globally more sensitive to hydrological parameters. However, the sensitivity analysis
of erosion models as presented above may be overlapped by the test configuration that
often uses conditions potentially more favorable to rill erosion than to interrill erosion
in terms of rain intensity (100 mm.h~! for the Nearing et al. (1990) and 50 mm.h~*
for the Nord (2005) and Veihe and Quinton (2000)), or slope (9%).

1.4 Numerical comparison of three major interrill erodi-

bility assessment methods

We compared the three erodibility assessment methods using a numerical test that

calculates the theoretical interrill contribution to total erosion using values of interrill
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erodibility. The theoretical soil interrill detachment by rainfall was calculated over a
virtual plot with 1.0 m? using three rainfall intensities (30, 60 and 90 mm.h~!) during
one hour. There was a particular equation for interrill detachment by rainfall related

to each assessment method (Table 1.5).

Table 1.5: Interrill erosion equations for three assessment methods

Model and Method Original Interrill Equation Simplified Equation
WEPP (mini-plots) D;=k;-I?-Sf D;=k;-I?
EUROSEM (splash cups) Di=k-KE e 2" D;,=k-KE

LISEM (aggregate stab.) D; = (% CKE .- e 1480 4 1_61> I D;= (A%?D .KE + 1.61> i

where is the interrill detachment by rainfall g-s~!, I is the rainfall intensity in (mm-
h~1), KE is the kinetic energy of rain (J.m~2) calculated by KE = 11.9 +8.7log(I), ki
is the erodibility from the mini-plots, k is the erodibility from splash cups and MWD
is the erodibility from the aggregate stability test.

Three interrill detachment equations have been extracted from the existing erosion
models as examples of interrill erodibility assessment methods. Thus, we selected ero-
sion equations from WEPP, EUROSEM and LISEM to represent the mini-plot, splash
cup and aggregate stability assessment methods, respectively. For this numerical test we
have used the simplified /transformed equations, and we consider the slope adjustment
factor (Sf) of the WEPP equation equal to 1 to express only the interrill detachment
(Table 1.5). Likewise we did not consider the influence of water height (h) on the inter-
rill in EUROSEM and LISEM equations, and the terms in these equations were instead
considered equal to 1 (Table 1.5). Finally the LISEM equation was transformed to use
MWD values instead of drop test values.

The results quantify the importance of the variability of interrill detachment by
rainfall for a given texture class, when the available data-set reveals this variability,
as it is the case for the mini-plots and aggregate stability test (Figure 1.5). This
variability may be larger than the inter-textural variability, which may be explained by
the influence of other soil properties, such as the organic matter content or the cation
content that affects soil erodibility.

The relative ranking of the various textural classes’ average erosion may be com-
pletely different from one assessment method to another. For example, the detachment
rate for sandy soil is maximal for splash cup and aggregate stability tests, whereas

it is minimal for the mini-plots. Conversely, the detachment rate is minimal for the
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Figure 1.5: Box plot of theoretical interrill contribution to total erosion values for

typical soil textures for three assessment methods rain intensity 60 mm - h~!
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clay with splash cup method, whereas it is medium for the aggregate stability test and
mini-plots. Such contradictions between models may be one of the reasons for the di-
vergence between erosion models’ results and the validation data gathered in evaluation
tests (Jetten et al., 2003, 1999) .

This numerical test shows that the three different assessment methods may produce
different values for interrill detachment by rainfall for the same textural class (e.g., CV
for clay = 67%; CV for loam = 72%; CV for sand = 111%; CV for silt = 126%).
Statistical tests with level of 95% of significance proved that detachment values eval-
uated through the three different methods are not equal regardless of the considered
textural class. More importantly the relationships between the interrill detachments
given by the three methods show the following results: (i) a positive and significant
correlation between splash cups and aggregate stability methods (R? = 0.99) with a
statistically significant level of 95% and (ii) a negative (but not statistically significant
at 95%) correlation between the interrill detachment values for mini-plots and both
splash cups and aggregate stability test. Although these results may be affected by the
limited availability of erodibility data sets, they are in accordance with those obtained
by Rachman et al. (2003).

In addition, if we look at the effect of rain intensity and its interaction with interrill
detachment (Figure 1.6), we may observe a different ranking of the various texture
classes for different rain intensities: interrill detachment by rainfall increases with rain
intensity more in the case of mini-plots than that of aggregate stability tests or splash
cups. This is due to the fact that the exponent of intensity within the WEPP equation
is 2, whereas it is a logarithm for LISEM and EUROSEM.

1.5 Discussion and Conclusion

There is a large data set of references for soil erodibility values in the literature for
standard plot methods. Thus, the scientific community frequently uses models based
on this assessment method. However, the standard plot assessment method is used to
assess lumped interrill and rill erodibility together with runoff. Therefore, the use of
erodibility (as a parameter of specific interrill or rill erosion) in process-based models
that calculate runoff and interrill and rill erosion separately seems inappropriate. For
these models, we think that the aggregate stability test is a preferable approach for the
parameterization of interrill erosion, because it specifically characterizes this process.
Another advantage of the aggregate stability test is that it provides information about

the size of potentially transported particles that indirectly indicates information about
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the deposition process. Unfortunately, the data-set available in the literature for local
erodibility assessment methods, such as splash cups and the drop test, is not sufficient
for a comparative model application analysis. However, a large data set exists in
the literature for standardized aggregate stability methods (Kemper or Le Bissonnais
methods), which could be used as an interrill erodibility parameter in process-based
models.

The erodibility values from the standard plot assessment methods are frequently
high for loam soil textures and low for sand and clay soils textures, whereas sandy
soils are more erodible than loam soil textures for splash cups and aggregate stabil-
ity test. An erodibility assessment method like standard plots is strongly influenced
by hydrological processes. Sandy soil generally has high infiltration capacity and low
transportability, which results in reduced runoff production, particle transport and,
consequently, erosion (intensity). Medium textured soils are more erodible based on
unit plot and mini-plot assessment. As these soils tend to produce increased runoff,
soil particles are easily detached and transported (Toy et al., 2002). In fact, erodibil-
ity assessment is influenced by the experimental scale of the method, with increasing
effects of hydrological processes for increasing scales. That is one of the reasons for the
difference between interrill erodibility values in the three different assessment methods.
Making comparisons between interrill soil erodibility parameters from different methods
is difficult, because some methods have few reference values for typical soil textures.
However, the values of interrill detachment by rainfall from local assessment methods,
i.e. splash cups and aggregate stability test, are positively correlated (R? = 0.99), with
statistically significant level of 95%. Negative correlations, though not statistically sig-
nificant at 95%, between interrill detachment values derived from mini-plots and both
splash cups and aggregate stability test have been found. The sensitivity of erosion
models’ outputs to interrill erodibility is generally considered in the literature as low
to moderate, compared with hydrological properties and other soil parameters. This
result may be related to the reference conditions for the sensitivity analysis.

Whatever the method used, direct measurements are preferable to pedotransfer
function derived values. We think that a universal pedotransfer function that predicts
interrill erodibility for a large range of soils does not exist. Estimated values from
pedotransfer functions (as nomograph for K) would be acceptable only if the strictly
observe the validity application domain of the function. For this reason standardized
and straightforward methods, such as the aggregate stability test, would be useful to
make these direct measurements more easily accessible. A new interrill erosion equation

based on this parameter is yet to be developed.
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Interface Effects on Sedimentological Connectivity of Agricultural Catch-

ments in Erosion modelling: A Review!

Gumiere, S. J.; Le Bissonnais, Y.; Raclot, D. & Cheviron, B. (article accepted with

major revision in ESPL)
Abstract

Sedimentological connectivity of agricultural catchments may be affected by man-made
structures (land management practices) established to reduce sediment exportation
from agricultural plots to water streams. Distributed erosion models may in theory
provide information about where and how these structures should be installed in catch-
ments to reduce sediment exportation. The interaction between sediment exportation
and land management practices is very complex in both theoretical and experimental
points of view. Vegetated filters are a widely used land management practice which
interacts with water flows, changing turbulence conditions, affecting in turn sediment
transport and deposition processes. Experimental results have shown that the efficiency
of sediment trapping in vegetated filters is influenced by flow characteristics, sediment
size, vegetation type as well as by the slope and width of the filter in the streamwise
direction. At the catchment scale the spatial organisation of management practices is
crucial for the global sedimentological connectivity. Present-day erosion models propose
different approaches to simulate the influence of management practices on soil loss and
sediment export for agricultural catchments. Some of them use the Sediment Delivery
Ratio (SDR) to describe sediment transport from source to sink areas. An alternative
is to rely on process-based descriptions involving changes in roughness and infiltrability
along flow paths to study the effect of management practices. From the literature re-
view conducted here we identified the lack of an “intermediate” approach between very
detailed descriptions of management practices not taking into account their distribu-
tion, and “black boxes” not offering sufficient understanding of the processes governing

sediment filtration.

2.1 Introduction

In agricultural catchments, sediment transport between landscape objects such as cul-
tivated fields and ditches, may be modified by human activities depending on the na-

ture and characteristics of the interfaces between these objects. Some catchments are

!Gumiere, S. J.; Le Bissonnais, Y.; Raclot, D. & Cheviron, B., Interface Effects on Sedimentological
Connectivity of Agricultural Catchments in Erosion modelling: A Review, Earth Surface Processes and

Lanforms, 2009, accepted with major revision required
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equipped with soil conservation practices like grass strips or terraces that trap sed-
iment particles, others include drainage channels which accelerate natural flows and
increase their erosive power. A useful concept to address the behaviour of the inter-
faces under variable runoff conditions is that of connectivity between landscape objects

of agricultural catchments.

The linkages between runoff and sediment sources in upper regions and the corre-
sponding sinks in lower regions of catchments are called hydrological and sedimentologi-
cal connectivities (Croke et al., 2005). Bracken and Croke (2007) cited (i) the landscape
connectivity, which refers to the physical coupling of landforms within a drainage basin
via its topography, e.g. from agricultural plots to drainage channels, (ii) the hydrolog-
ical connectivity, which refers to the transfer of water from one part of the landscape
to another; (iii) the sedimentological connectivity, which relates to the physical transfer
of sediments and attached pollutants through the drainage basin. The connectivity
is therefore a function of topography and topology, as well as climate and anthropic
impact.

The concept of connectivity is a priori relevant at any scale, in particular at the
zonal, reach and hillslope-channel scales. Harvey (2001) established that zonal scale
connectivity influences the transfer of sediments between major sources of sediments
like rivers systems, while reach scale connectivity influences sediment transport between
reach segments of a catchment. At hillslope-channel scale, connectivity affects the

channel response to sediment supply from hillslopes.

Many studies have shown the importance of sedimentological connectivity in mod-
elling sediment transport and erosion processes in natural catchments. Fryirs and Brier-
ley (1999) in the Wolumla catchment (Australia) showed that hillslope was effectively
not coupled with the channel network due to the presence of farm dams. Harvey (2001)
argued that hillslope-channel connectivity plays a central role in channel geomorpholog-
ical processes and that connectivity follows a pattern determined by the intensity and
frequency of rain events. Michaelides and Wainwright (2002) in a hillslope-channel cou-
pling model suggested that connectivity was determined by more than just topographic
linkages: surface properties of the catchment, spatial variability of these properties as
well as rainfall intensity and duration should also be taken into account. Wang et al.
(2005) showed that the interface effects of buffer structures between landscape objects
reduce the total suspended load of 73% for continuous runoff condition in a Chinese

catchment.

Distributed erosion models may provide important information about the effects of

soil loss and sediment exportation or redistribution for agricultural and water quality
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concerns. Sedimentological connectivity has been used implicitly in erosion and sedi-
ment transport modelling as exemplified by the application of SDR (Sediment Delivery
Ratio) (Young et al., 1987), which quantifies the physical transfer of material from hill-
slopes to channels through the catchment. This approach has traditionally been called
a “black box” (Bracken and Croke, 2007) not aiming at a real understanding of the
spatial and temporal patterns of sediment sources and sinks in the catchment. Others
erosion models have used more physically based concepts to express sedimentological
connectivity. These models generally rely on the concept of transport capacity of the
flow to describe detachment and deposition processes (Ewen et al., 2000; Laflen et al.,
1997; Morgan et al., 1998b). In addition, other models have applied empirical weight
factors and efficiency functions determined by field observations to describe sediment
transport from source to sink areas (de Vente and Poesen, 2005; Verstraeten et al.,
2003; Vertessey et al., 2001; Viney et al., 2000). However, the common factor between
these approaches is that none of them is directly linked to the amount of water passing
through the landscape object. Among many works reviewing erosion models, Rustomji
and Prosser (2001) discussed the use of sediment transport capacity in sediment trans-
port modelling and Wheater et al. (1993) classified and reviewed the representation
of the processes in conceptual, empirical and physics-based erosion models. Parsons
et al. (2001) reviewed 14 agricultural erosion models in a very detailed description of
functionality of the models. Merritt et al. (2003) reviewed 17 erosion and water qual-
ity models, concluding they provided knowledge about model structure, model limits,
input /output procedure and complexity. However, these works do not give information
about the approach used to treat interfaces inside erosion models. There are only few
works in literature about sedimentological connectivity routines adopted in present-day
erosion and water quality models. There are many data sources about the impact of
management practices on sedimentological connectivity at the local scale but very few
at the catchment scale. Thus, the two main objectives of this paper are: first, to present
a review and a synthesis of the impacts of interfaces found in agricultural catchments
and their effects on sedimentological connectivity focusing on vegetated filters, and
second, to critically review how present-day water erosion models take interfaces into

account.

40



2.2 Interfaces effect on sedimentological connectivity in agricultural landscape

2.2 Interfaces effect on sedimentological connectivity in

agricultural landscape

2.2.1 Interfaces in agricultural landscape

Agricultural landscapes have more linkages (artificial drains, gullies, rills and channels)
and discontinuities (terraces, hedges, vegetated waterways and grass strips) than nat-
ural landscapes. In agricultural catchments, human activities interfere with sediment
fluxes in each component of the “connectivity cascade” (Warner, 2006). Agricultural
catchments are characterised by a strong landscape transformation in terms of water
flow directions, surface roughness, slope steepness, vegetation type and soil erodibility.
These transformations affect both sediment production and sediment transport pro-
cesses from one part of a catchment to another. The connectivity may be influenced by
“new objects” placed in the catchment to control sediment transport and erosion pro-
cesses. These management practices include grass strips, riparian vegetation, hedges,
vegetated waterways, mulches, terraces and dams. Each practice affects sedimentolog-
ical connectivity in a specific way, impacting the hillslope-channel and channel-channel
sediment transport at the time scale of the rainfall events. Figure 2.1A) and B) shows
the natural and anthropic drainage networks in a typical Mediterranean agricultural

catchment.

agricultural plots

—— reach segments

Figure 2.1: Example of a Mediterranean agricultural catchment. A) Represents the
natural drainage network and B) the same catchment with an artificial network of
ditches, adapted from Lagacherie et al. (2009)(submitted).
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Figure 2.1A) was adapted from Lagacherie et al. (2009)(submitted) where the chan-
nel network was automatically extracted from the Digital Elevation Mapping (DEM),
established from aerial photographs with a 2 m resolution. The technique used is based
on the Band (1986) method, assuming that the channel network follows the steepest
slope and that all extremities of the channel network drain the same source area. In
Figure 2.1B) the channel network was measured in situ. From a qualitative point
of view the man-made network channel (Figure 2.1B) has been changed compared to
natural flow path (Figure 2.1A) of the catchment. The man-made ditches are often
placed perpendicularly to the natural flow direction line, which might cause overbank
phenomena during heavy rain events. Hillslope-channel and channel-channel interfaces
have been investigated by Brunsden (1993), who describes the three types of coupling
at this scale: not coupled, coupled and dis-coupled. Not coupled means no linkage
exists between two components. Coupled objects have free transmission of materials
and energy between them. Objects that were previously coupled but for some reason
were disconnected during the event are called dis-coupled. The disconnection is often
the result of sediment deposition obstructing the flow path. Conversely, some objects
initially not coupled may become coupled during the rain event if overflowing occurs.
In catchments with high connectivity, increases of erosion rates on hillslopes lead to in-
creasing sediment inputs to the channels. On the contrary, increasing erosion rates on
hillslopes of low connectivity catchments may cause local degradation of soils without
any transmission effect. The coupling state of interfaces within a catchment is both
spatially distributed and time-dependent. Parts of the catchment may be inactive or
active sediment sources and may be connected or not connected to the drainage channel
network. The time dependence of linkages is related to magnitudes of the considered
events. Over short rain events, hillslopes are “a priori” not coupled to the drainage
network, but when rain volumes and/or intensity reaches a threshold hillslopes become
connected to the drainage network and sediments are transmitted down into the sys-
tem. Some interface systems have filtering properties: they capture sediment particles
by decelerating the running water. These objects are classified in literature as vegeta-
tive filters (Dillaha et al., 1989; Magette et al., 1989; Young et al., 1980) and may have
a strong impact on sedimentological connectivity. In the following subsection we will

focuses on these filters, describing experimental, theoretical and modelling aspects.
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2.2.2 The case of vegetative filters (VF)
2.2.2.1 Experimental aspects

Vegetative filters are placed in catchments to reduce exportation of sediments, soil and
pollutants from agricultural activities (Dillaha et al., 1989). As showed by Borin et al.
(2005); Deletic and Fletcher (2006); Le Bissonnais et al. (2004) among others, grass
strips act as filters, trapping sediment particles suspended in overland flow, thus reduc-
ing sedimentological connectivity. Sedimentological connectivity in agricultural catch-
ments is the underlying concept of management practices aiming at controlling erosion,
among which vegetative filters are widely used. The spatial disposition and charac-
teristics of these vegetative filters may completely transform the connectivity pattern
within a catchment. Increases of infiltrability and surface roughness provided by these
vegetated filters may decrease flow transport capacity and thus reduce sedimentological
connectivity. Ludwig et al. (1995) showed that interactions between land managements
and topographic features possibly result in a complex hydro-sedimentological structure:
the efficiency of VF depends on filter width and slope, particle size, vegetation type
and incoming runoff, not necessarily in this order of importance. A literature review
was undertaken to synthesise values of sediment removal in vegetated filters reported
in experimental studies for different localisations, vegetation type, sediment size etc.
These studies include (i) field experiments in agricultural plots, (ii) field experiments
in agricultural catchments, (iii) flume experiments in laboratory using real vegetation
and (iv) flume experiments in laboratory using synthetic vegetation. Table 2.1 and 2.2

summaries the results.
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Table 2.1: Vegetated filters efficiency for homogeneous and heterogeneous vegetation ¢

refers to homogeneous vegetation and “* refers to heterogeneous vegetation

Source Country ~ Width Slope Vegetation Efficiency Sed. diam. Discharge Runoff
Article (m) (%) type (%) (mm) (L.s7h) (mm)

Roose and Bertrand (1971)® Ivory Coast 4 7 cassava 80 - - 138
Ivory Coast 4 7 - - - - -
Neibling and Alberts (1979)* USA 5 - - 90 - - -
Hall et al. (1983)" USA 6 14 - 76 - - -
Hayes and Hairston (1983)* USA 2.6 2.35 - 60 - - -
Dillaha et al. (1989)* USA 4.6 16 - 53.5 - - -
USA 9.1 5 - 93 - - -
USA 4.6 5 - 83.5 - - -
USA 9.1 11 - 97.5 - - -
USA 4.6 11 - 86 - - -
USA 9.1 16 - 70.5 - - -
Magette et al. (1989)" USA 4.6 2.7 - 64.3 - - -
USA 9.2 4.1 - 80.3 - - -
USA 4.6 4.1 - 65.8 - - -
USA 9.2 2.7 - 92.4 - - -
USA 9.2 2.7 - 88.3 - - -
USA 4.6 2.7 - 82.8 - - -
USA 8.5 - 85 - - -
USA 4.3 § - 75 - - -
Line (1991)* USA 1.5 - - 60 - - -
Schauder and Auerswald (1992)*  Germany - - - 55 - - -
Parsons et al. (1994)* USA 8.5 1.9 - 81 - - -
USA 4.3 1.9 - 78 - - -
Coyne et al. (1995)* USA 4.6 9 - 99 - - -
Ligdi and Morgan (1995)* Lab. - 15 synthetic 38 - 0.07 -
Lab. - 10 synthetic 75.8 - 0.04 -
Lab. - 5 synthetic 86.2 - 0.04 -
Lab. - 15 synthetic 38 - 0.04 -
Lab. - 5 synthetic 30 - 0.07 -
Lab. - 10 synthetic 81.5 - 0.07 -
Meyer et al. (1995)* Lab. 0.2 5 vetiver 63 - - -
Arora et al. (1996)* USA 20.12 3 - 87.6 - - -
USA 20.12 3 - 83.6 - - -
Chaubey et al. (1993)* USA 21.4 - fescue 9 - - -
USA 3.1 - fescue 40 - - -
Daniels and Gilliam (1996)* USA 3 4.9 - 59 - - -
USA 6 4.9 - 61 - - -
USA 3 2.1 - 45 - - -
USA 6 2.1 - 57 - - -
Robinson et al. (1996)* USA 3 7 fescue 70 - - -
USA 9.1 12 fescue 85 - - -
USA 9.1 7 fescue 85 - - -
USA 3 12 fescue 80 - - -
Dijk et al. (1996) * Netherlands 5 2.3 - 3 - 0.5 -
Netherlands 4 5.2 - 8.5 - 0.5 -
Netherlands 10 8.5 - 97.5 - 0.5 -
Netherlands 5 8.5 - 92 - 0.5 -
Netherlands 10 2.5 - 99 - 0.5 -
Netherlands 1 5.2 - 49.5 - 0.5 -
Netherlands 10 2.3 - 94 - 0.5 -
stherlands 5 2.5 - 64.5 - 0.5 -
Ghate et al. (1997)® USA 24 3 Bermuda 89.6 - 0.43 B
USA 24 1.5 Bermuda 72.8 - 0.43 -
Patty et al. (1997) France 12 15 - 97 - - -
France 18 10 - 98 - - -
France 6 10 - 87 - - -
France 12 10 - 100 - - -
France 18 10 - 100 - - -
France 6 7 - 98.9 - - -
France 12 7 - 99 - - -
France 6 15 - 91 - - -
France 18 7 - 99.9 - - -
Barfield et al. (1998)* USA 13.7 9 - 99.7 - - -
USA 4.5 9 - 97 - - -
USA 9.1 9 - 99.9 - - -
Coyne et al. (1998)* USA 9 9 - 99 - - -
USA 9 9 - 98 - - -
USA 4.5 9 - 95 - - -
Tingle et al. (1998)* USA 2 3 - 94 - - -
USA 3 3 - 96 - - -
USA 0.5 3 - 88 - - -
USA 4 3 - 98 - - -
USA 1 3 - 93 - - -

Continued on the next page...
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Table 2.2: Continuation of Table 1

Source Country Width Slope Vegetation Efficiency Sed. diam. Discharge Runoff
Article (m) (%) type (%) (mm) (Ls7h) (mm)
Lee et al. (2000)* USA 13.7 3 S+ B 90 - 0.66 -
USA 6 3 S+ B 76.5 - 0.66 -
USA 3 3 S+ B 65.5 - 0.66 -
USA 7.1 5 S+ B* 70 - - -
Munoz-Carpena et al. (1999) USA 43 G - 86 - - -
USA 8.5 6 - 93 - - -
Schmitt et al. (1999) USA 75 6.5 - 85 - - -
Sheridan et al. (1999)" USA 8 2.5 - 81 - - -
Fasching and Bauder (2001)® USA 122 - wheat grass 68 - - -
Appelboom et al. (2002)* USA 0.9 - - 56 - - -
Abu-Zreig et al. (2003)* Canada 2 2.3 - 68 - - -
Canada 15 2.3 - 98 - - -
Blanco-Canqui et al. (2004)* USA 8 5 - 90 - - -
Le Bissonnais et al. (2004)® France 3 4 ray grass 73 - - -
France 6 4 ray grass 86 - - -
France 6 4 ray grass 60 - - -
Borin et al. (2005) Ttaly 6 1.8 - 94 - - -
Helmers et al. (2005) USA 13 1 - 80 - - -
Gharabaghi et al. (2006)* Canada 20 - - 98 0 - -
Canada 2.5 - - 50 0 - -
Deletic and Fletcher (2006)* Australia 24 1.6 - 74.6 0 5 -
Australia 24 1.6 - 574 0 15 -
UK 6.2 7.8 - 67 0.01 - 72
Australia 24 1.6 - 87.7 0 2 -
Australia 24 1.6 - 67.2 0 8 -
Australia 24 1.6 - 59.1 0 12 -
Ghadiri et al. (2001)* Lab. 0.3 5 vetiver 90.5 0.002-2 - -
ShuHui et al. (2006)* China 0.5 14 Setaria Sphacelota 85 - - -
Hussein et al. (2007) Lab. 0.3 5 vetiver 88.4 0.26 - 30.6
Lab. 0.3 3 vetiver 89.8 0.26 - 20.4
Lab. 0.3 1 vetiver 94 0.26 - 10.2
Babalola et al. (2007)* Nigeria 10 7 vetiver 66 11 - 19.4
Shiono et al. (2007) Japan 05 - centipede 2 0.002-0.02 - -
Japan 15 - centipede 54 0.002-0.02 - -
Japan 3 - centipede 73 0.002-0.02 - -
Young et al. (1980)e® USA 27.4 4 - 79 -
USA 21.3 4 - 78 -
Peterjohn and Correl (1984) ** USA 60 5 - 94 -
USA 19 5 - 90 -
Cooper et al. (1987)2® USA - - - 90 -
USA - - - 84 -
Dillaha et al. (1988)* USA 4.6 11 - 87 -
USA 4.6 16 - 76 -
USA 9.1 11 - 95 -
USA 9.1 16 - 88 -
USA 4.6 11 - 86 -
USA 4.6 16 - 53 -
USA 9.1 11 - 98 -
USA 9.1 16 - 70 -
Lee et al. (2000)** USA 16.3 - Panicum virtagatum L. 70 -
USA 16.3 - Panicum virtagatum L. 70 -
McKergow et al. (2003)7@ Australia - - - 93 -
Australia 15 - - 80 -
‘Ward and Jackson (2004)** USA - - - 99 -
USA - - - 71 -
Syversen and Borch (2005)%  Norway 5 14-17 - 32 0.02-0.06
Norway 5 14-17 - 37 0.006-0.02
Norway 10 14-17 - 54 0.006-0.02
Norway 10 14-17 - 33 0.002-0.006
Norway 15 14-17 - 71 0.002-0.006
Norway 10 14-17 - 83 0.02-0.06
Norway 15 14-17 - 89 0.02-0.06
Norway 15 14-17 - 82 0.006-0.02
Norway 5 14-17 - 54 20-60
Norway 5 14-17 - 49 0.02-0.06
Norway 5 14-17 - 39 0.00006-0.002
Norway 10 14-17 - 25 0.00002-0.00006
Norway 10 14-17 - 23 0.000006-0.00002
Norway 15 14-17 - 57 0.000006-0.00002
Norway 10 14-17 - 24 0.00006-0.002
Norway 15 14-17 - 55 0.00006-0.002
Norway 15 14-17 - 51 0.00006-0.002
Norway 5 14-17 - 31 0.00006-0.002
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Table 2.1 and 2.2, shows 147 values of sediment removal efficiency for vegetated
filters. These values have been obtained from 49 studies conducted in the whole world.
Soil texture in the experimentations in Table 2.1 and 2.2 is mostly silt loam. The range

of sediment removal efficiency in these studies is 24% to 100%.

Initially it was thought that sediment and pollutants removal efficiency of vegetated
filters was dependent on their physical characteristics (i.e, width, slope and soil proper-
ties) (Norris, 1993). Figure 2.2 shows the scatter diagrams obtained from Table 2.1 and
2.2 between sediment removal efficiency, selected VF physical characteristics of width

and slope, and flow discharge.

No statistically significant relationship was found between vegetated filter width
and sediment removal efficiency (Figure 2.2A) for data in Table 2.1 and 2.2. According
to Lacas et al. (2005) and relying on works by Vaucluse (2000), Dillaha et al. (1989),
Lim et al. (1998), Schmitt et al. (1999), Spatz et al. (1997), Srivastava et al. (1996) and
Tingle et al. (1998) vegetated filter width is not a determining parameter in sediment
removal efficiency. As showed by Tingle et al. (1998), sediment deposition occurs in
the first few meters of the vegetated filter: an increase in streamwise width of the filter
has limited impact on the efficiency. this result can be explained by the fact that large
particles, that represent the majority of sediment weight are trapped in the first few

meters of VF, and only finer particles travel farther (Gharabaghi et al., 2006).

Based on the data from Table 2.1 and 2.2, no statistically significant relationship was
found between VF slope and sediment removal efficiency (Figure 2.2B), showing that
slope is not a determining parameter of sediment removal efficiency. However, Ghadiri
et al. (2001) showed for grass strips that water behaves as if striking porous barriers,
partly stopped and creating backwater regions with raised flow level. The length on
which a variation in flow depth is reported varies with slope, vegetation density and
flow rate. As pointed out by Ghadiri et al. (2001), the backwater length is exponentially
related to the slope when flow rate and vegetation density are constant. The existence of
backwater regions upslope from vegetated filter acts in favour of sedimentation processes
and may increase sediment removal efficiency. Liu et al. (2008) proposed that sediment
removal efficiency is maximum when vegetation filters are placed at an optimal slope
of 9%. This was criticised by Fox and Sabbagh (2009) arguing that sediment and
pollutant removal efficiency is at the first order dependent of flow conditions and runoff

characteristics.

On the other hand, even though Figure 2.2C has only few points, it is possible to
find a significant statistical (exponential) relationship between discharge and sediment

removal efficiency: it is probably the hydrological response of vegetated filters that
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Figure 2.2: Scatter diagrams between vegetative filter and A) width of VF and sediment
removal efficiency, B) slope of VF and sediment removal efficiency and C) discharge and

sediment removal efficiency.

47



2. Interface Effects on Sedimentological Connectivity of Agricultural Catchments in
Erosion modelling: A Review

drives sediment removal efficiency. Sabbagh et al. (2009) also suggest that sediments
and pollutants removal efficiency of vegetated filters is a result of VF physical charac-
teristics and of the nature of runoff events. In addition, concentrated flows in vegetated
filters act against sediment removal efficiency (USDA, 2000) as fast flow lines are able
to carry more sediment loads.

Several works in Table 2.1 and 2.2 have shown that grass strips increase infiltrabil-
ity of soil:Le Bissonnais et al. (2004) showed that runoff was significantly reduced on
experiment made with 6-meter long grass strips; the authors observed a runoff reduc-
tion of 63 to 84%, consistent with a study by Abujamin et al. (1984) who reported a
decrease of 50-60% in grass strips applications. Shrestha et al. (2005) showed that the
vertical saturated hydraulic conductivity was increased with grass application, divert-
ing flows into the topsoil. Schmitt et al. (1999) observed that infiltration rates double
up when doubling grass strip width. Beside runoff reduction and consequently sediment
transport capacity reduction, fine particles (< 0.45um) may penetrate into the top soil
layers via their porosity. In fact it has been noted that porosity of soils in vegetated
filters is increased, possibly explained by the increase of organic matter content.

Based on experimentations related in literature, the sediment removal efficiency of
vegetated filters results from the interaction of flow discharge characteristics, soil prop-
erties and vegetated filter specificities. Moreover, a global point of view on a catchment
indicates that the impact of vegetated filters on sedimentological connectivity not only
depends on single VF efficiency, but is also dependent on the spatial distribution of

vegetated filters compared to the flow paths network.

2.2.2.2 Theoretical aspects

The efficiency of VF is a function of the energy reduction gradient generally associated
with increasing surface roughness and infiltration rate, resulting in decreasing velocity
and volume of overland flow. Several studies (Baptist et al., 2007; Nepf, 1999; Wil-
son et al., 2005; Wu et al., 1999) associate roughness elements due to vegetation with
decreases in flow velocity and increases in near-bed shear stresses. Local resistance
on the stems and boundary resistance on the bed enhance turbulence in comparison
with the case of a flow without obstacles, which causes a decrease in transport capacity
and results in more deposition. These results intuitively hold (1) for small but not
negligible flow velocities for which the energy spent to maintain or create turbulence
lacks for particle detachment and (2) for sufficiently sparse vegetation to allow turbu-
lence apparition (a dense vegetation would prevent turbulence and allow only laminar

flows). The key element is the influence of the vegetative drag force, i.e. the drag force
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attributed to vegetation, and its propensity to affect flow characteristics.

For fluid flow over vegetative areas, the drag force may be described by:
1
Fp= 5CDpAU2 (2.1)

where Cp is the drag coefficient of vegetation, U is the flow velocity on the obstacles,
A is the cross-sectional momentum-absorbing area of vegetation and p is the water
density.

For submerged vegetation the drag coefficient (Cp) is equivalent to the widely-used
Darcy-Weisbach friction coefficient f:

f=4Cp é (2.2)
bl

where b is the width of the grass strip, [ its length, A is the total momentum-absorbing
area of the stems A = pyrassdgrasshgrass With pgrass the density in number of stems

per surface unit, dgrqss the width of stems seen as cylinders and hg,qss their height.
Many works have showed that the total effective roughness depends on the relative
submergence of vegetation. Figure 2.3 A) and B) shows Darcy-Weisbach and Manning
coefficients plotted against relative submergence from laboratory experiments involving

varied water depths.
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Figure 2.3: Roughness coefficients from grass filtering experiments in varied water
depths and relative submergence, adapted from Wilson et al. (2005). A) Darcy-
Weisbach coefficient and B) Manning coefficient.

Figure 2.3 indicates that hydraulic resistance of grass increases when relative sub-
mergence (flow depth divided by vegetation height) diminishes from complete submer-
gence to marginal inundation. In other words, the efficiency of grass strips grows higher
when flow depth is of the same order than grass height. The hydraulic resistance de-

creases with increasing relative submergence, tending to an asymptotic constant, thus
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having progressively less effects on the flow, including on sediment deposition. The
differences between the curves may be explained by the vegetation properties like veg-
etation type or vegetation density used in the mentioned studies. As proposed by
Lawrence (1997) for relative submergence less than one, the hydraulic resistance de-
creases when relative submergence decreases, reaching a non-zero limit for extremely
small water depths. This case of low relative submergence is often encountered in nat-
ural conditions though only theoretical or small-scale studies are available (Dunkerley,
2003) , either out of the scope of this paper or giving no directly exploitable information.

Drag forces in homogeneous VF may be due to (i) non-submerged vegetation or (ii)

submerged vegetation.

(i) For non-submerged VF the most important parameter is vegetation density, either
described as the number of vegetation blades per surface unit or equivalently as
the proportion of cross-sectional surface area obstructed by vegetation (Baptist
et al., 2007; Deletic, 2001). In these two works the flow regime inside vegetation
is considered as laminar and the expected linear velocity profile is approximated
by a constant velocity on the entire height of the stems. The drag force Cp
is calculated from vegetation density which increases the particle “fall number”

proportional to the ratio of settling velocity to flow velocity.

(ii) For submerged vegetation Baptist et al. (2007); Campana (1999); Hong (1995);
Wu et al. (1999) proposed that velocity profile be divided into four categories.
In the bed zone (i) velocity is highly influenced by the wall effect with a vertical
logarithmic velocity profile. Inside the non-flexible vegetation zone (ii), velocity
is uniform. In the flexible vegetation zone (iii), a logarithmic velocity profile is

connected to that of zone (iv) above vegetation.

Many studies have proposed variations in roughness coefficient in function of flow
depth (Baptist et al., 2007; Nepf, 1999; Wilson et al., 2005; Wu et al., 1999). They
often divide VF into categories of homogeneous and heterogeneous vegetation (Figure
2.4).

A vegetation strip is said to be homogeneous when there is little variation in di-
mension and density of vegetation and no debris or tree branches forming obstacles on
the surface. The land management practice used as an example here for this condition
is a grass strip. Grass strips are densely vegetated, uniformly graded areas that receive
overland flow from adjacent impervious surfaces. They are frequently planted with turf
grass but filter strips may also employ native vegetation, such as meadow or prairie.

Figure 2.4A illustrates the condition of homogeneous vegetation with sediment inflow
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Figure 2.4: (A) Representation of an homogeneous vegetated strip. (B) Two flow

conditions over an heterogeneous vegetated strip.

from an hillslope. Heterogeneous vegetation is considered when noticeable variations
exist in dimension and density of vegetation, also allowing the presence of woody debris
and tree branches on the surface. Riparian vegetation is an example of land manage-
ment practice classed in this category. Riparian vegetative buffers consist of bands
of either planted or indigenous vegetation on river banks and channels of catchments.
They improve sediment and pollutant trapping by a combination of physical, chemical

and biological processes (McKergow et al., 2003).

For heterogeneous vegetation, some works have proposed that water flow inside veg-
etation be divided into sub-regions characterised by different roughnesses. In this case
the total roughness coefficient is taken as the sum of coefficients pertaining to different
sub-regions (Masterman and Thorne, 1992). Some approaches take into account the

interactions between high velocity regions in the mainstream and slow velocity regions
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in the vegetated regions. In this context, Zhang and Su (2008) proposed three equa-
tions to determine appropriate drag coefficients in laminar, laminar-turbulent and fully
turbulent flow regimes.

Whatever the conversion of Cp into Darcy-Weisbach, Manning, Chezy or composite
and additive formulations of roughness coefficients, the existence of vegetation always
reduces flow velocity and increases sediment deposition. However, under certain cir-
cumstances, rigid and emergent vegetation creates secondary circulation flow patterns
and coherent lateral flow structures (Bennett et al., 2002), these deflections resulting
in local bank scour. Bennett et al. (2002) showed that flow velocity was drastically
reduced within regions where rigid vegetation has a high density, diverting accelerated
flow filaments out of the dense region and toward the bank. This flow divergence creates
mini-vortices with axis normal to the bed and rotation directions varied with vegetation
position, confirming the possibility of scour bank.

The heterogeneous vegetation case includes the existence of LWD (large woody
debris), FWD (fine woody debris) and FOD (fine organic debris). The influence of
these objects in the flow is very complex, depending on discharge characteristics as
well as of size and orientation of the debris. Wallerstein et al. (1997) classified their
influence in function of their position in the flow (Underflow, Dam, Deflector, Flow
Parallel) in a river. Considering an uniform and steady flow through a straight channel
Petryk and Bosmajian (1975) presented an equation to predict the Manning coefficient
specific to LWD, expressed by energy lost per unit channel length. It is the result of
drag calculations on a series of solid obstructions. Using the same approach Shields
and Smith (1992) estimated the Darcy-Weisbach friction factor (f;) due to LWD:

Jfa=4RuCpDy (2.3)
i A;

Dy ==L 2.4

A~ BRyl (2:4)

where Ry is the mean hydraulic radius (assumed equal to flow depth in wide-section
assumptions), Cp is the drag coefficient for LWD, assumed equal to 1.0 by Petryk and
Bosmajian (1975) and D4 is the roughness concentration due to LWD, A4; is the cross-
sectional area of the i** debris in the plane normal to the flow, B is the mean flow
depth.

In shallow overland flow conditions the effect of LWD, FWD and FOD is to divide
the flow into regions of near-zero velocity upstream from large obstacles and regions

of fast flow filaments in constricted zones, as observed by (Dunkerley, 2003) in flume
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experiments involving different topologies and non-submerged obstacles. Friction coef-
ficients were found very dependent of the LWD disposition in space and not dependent
of the LWD density.

2.2.2.3 Modelling aspects

The most cited model of water and sediment flow through vegetated filters is GRASSF,
that has been developed at Kentucky University (Lexington, USA), from laboratory ex-
periments using metal rods as vegetation stems (Barfield et al., 1979; Hayes et al., 1979,
1984; Tollner et al., 1976, 1977). This physically based model implies many parameters
affecting sediment transport and deposition (sediment characteristics and concentra-
tion, vegetation type, slope and length of the filter). The varied flow is described by
means of the continuity equation whereas steady state infiltration is considered, i.e.
flow depth and discharge decrease when advancing into the filter.

Based on the same algorithms used in GRASSF, Munoz-Carpena et al. (1999) de-
rived a complex model called VSFMOD, composed of two main sub-models attached
to hydrology and sediment transport sub-model. This model is said “evolutive” as it
includes computations of modifications in surface elevations due to deposition and in
turn affecting flow characteristics through feedback effects. The core of the hydrology
sub-model is a quadratic finite element routine describing overland flow in the kinematic
wave approach. This sub-model also uses a modification of the Green-Ampt equation
under unsteady rainfall (Chu, 1978) for water infiltration processes.

The sediment transport submodel allows a spatial variation of the Manning co-
efficient and slope steepness inside the vegetated filter, both controlled by sediment
deposition. In fact vegetated filters in the model are divided into five zones (Figure
2.5) O(t) the upper face of the wedge formed by coarse deposition, A(t) the downslope
face of the wedge (only particles transported as bedload), B(t) the equilibrium depo-
sition zone (deposition and transport occurring at the same time), C(t) sediment load
and coarse material deposition zone and D(t) only sediment load deposition zone. All
zones are recalculated for each time step. The calculation procedure for zones O(t), A(t)
and B(t) uses modified Manning equations for the flow and Einstein’s total bedload
transport equation. For zones C(t) and D(t) it uses the transport equation for sus-
pended sediment derived by Tollner et al. (1976), based on the probabilistic approach

of turbulent diffusion for non-submerged vegetation.
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Suspended Load Zone

Figure 2.5: Vegetated filters description for the sediment transport submodel, from:
Munoz-Carpena et al. (1999), in the Figure: ¢;,; flow rate, gs; sediment load, Sc¢ soil
slope, Y (t) thickness of the deposited sediment layer at the entry of the filter, g5 out

filter sediment load, g. out filter flow rate

Deletic (2001, 2005) later developed TRAVA, a deterministic model of sediment
transport through vegetated filters. The model was based on the “Aberdeen equation”
for trapping particles by medium grass. TRAVA is a complex hydrodynamic model
designed for simulating transport during a single rain event. It is fully explained with
a comprehensive sensitivity analysis in Deletic (2001). It is a 1-D model that contains
two submodels. A runoff submodel simulates overland flow based on the Green-Ampt
model for infiltration and the kinematic wave for overland flow. A sediment submodel
simulates deposition using the “Aberdeen equation” (Deletic, 1999) and sediment out-
flows at the end of the grass filter. Sediment removal at the vegetated filter is calculated

as an empirical function of the particle “fall number”:

N]9.69
Trs = —565——== 2.5
S NEP 4485 (25)
Vs
f7s = W (26)
q

whereT ¢ is the sediment removal efficiency of the vegetated filter, [ is the length of the
vegetated filter, V's is the sedimentation velocity calculated by Stokes equation (laminar

flow and sufficiently small sediment load), V' is the velocity between the vegetation

o4
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blades, q is the overland flow rate per width unit, A is the depth of flow, By is the open
flow width (spacing between two nearby stems).

The specialised vegetated filters models as presented above are often very detailed
and relying on a fine physical description of small-scale phenomena. Models like VSF-
MOD or GRASSF are able to compute changes of flow conditions caused by vegetation
effects and variations in surface elevation due to deposition processes. They are there-
fore very demanding in terms of parameterisation and calculation times. Other models
are a little bit simpler, like TRAVA in which sediment trapping efficiency is function
of the particle “fall number”. Both approaches were tested in laboratory and during
field experiments. They give acceptable results Barfield et al. (1979); Deletic (2005);
Munoz-Carpena et al. (1999) for a single vegetated filter. The limitation of these ap-
proaches is in fact that they pertain to isolated elements at the local scale only. No
attempt was made yet to study the effects of any organisation or spatial distribution

involving multiple elements.

2.2.3 Upscaling sedimentological connectivity from plot scale to catch-

ment scale

Sedimentological connectivity is a complex concept combining landscape properties (to-
pography, topology, soil type and moisture, native vegetation) with driving variables
(rainfall intensity and cumulative amount) and human activities. Land management
practices, exemplified in this work by vegetative filters, are often placed at the bot-
tom end of hillslopes, interacting with the drainage network (grass strips) or directly
alongside the channels (vegetated waterways). To optimise the localisation of the land
management practices in the catchment, the CORPEN (1997) suggests distinguishing
two functions of land management practices: (i) interception of the diffuse runoff or
shallow flow by devices located according to the agricultural plots limits and (ii) inter-
ception of concentrated flow by devices located according to the channel network and
its ramifications upstream.

Lecomte (1999) simulated nine different spatial distributions of grass strips in an
agricultural catchment. She showed that for each distribution the global runoff reduc-
tion and sediment removal efficiency was changed, a change in localisation of the grass
strips having more effect than a variation in size of the grass strips staying in the same
position.

Fryirs et al. (2007) in a work on large-scale systems proposed that the effects of
buffers in catchments depends on their scale and on the localisation of sediment con-

veyance channels: “the location of any given floodplain pocket determines whether its
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primary role is to disconnect lateral or longitudinal linkages. In headwater zones, flood-
plains or alluvial fans disconnect lateral linkages by buffering slopes and valley floors
at the zonal scale. However in lowland zones, floodplain accretion removes sediment
from the [connectivity]| cascade, thus also disrupting longitudinal sediment conveyance
at the system scale”. Catchment configurations (spatial distribution of objects) are key
elements determining responses to rainfall and erosion events. The spatial distribution
of land management practices in an agricultural catchment determines the capacity
of any given part of the catchment to reduce or increase the global sedimentological
connectivity (Cammeraat and Imeson, 1999; Fitzjohn et al., 1998).

The complexity of interactions between sediment flow and land management prac-
tices (e.g. vegetative filters) presented above makes difficult to take these elements
into account in catchment scale erosion models. Thus, few models either conceptual
or physically based represent the hydrodynamic impact of interface objects and their
distribution in the catchment. In the following section we will expose how present-
day erosion models take into account the influences of land management practices on

sediment transport in agricultural catchments.

2.3 Sedimentological connectivity of agricultural landscape

in catchments scale erosion modelling

Many erosion models such as EUROSEM, EMSS, WEPP, LISEM, SEMMED, LAS-
CAM (Table 2.3) include soil conservation practices to predict the influence of these
practices on sediment transport processes and therefore on sedimentological connectiv-
ity of the catchments. In this work we classify catchment scale erosion models in (i)
those that apply the P-factor USLE approach, (ii) those that apply SDR and deriva-
tions and (iii) those that include new objects with specific physical parameters like
roughness coefficient or infiltrability to represent land management practices (Table
2.3).

2.3.1 Catchment scale models that apply USLE P-factor approach

The USLE (Universal Soil Loss Equation) was originally developed in the 1970’s for
farmers as a tool to manage soil erosion processes at the field scale. The USLE relates

erosion rate to six multiplicative factors:

E=RxKxLxSxCxP (2.8)
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Table 2.3: Present-day erosion models and their description of sedimentological con-

nectivity
Model Type Sediment Reference
Connectivity
Approach
AGNPS Conceptual USLE + SDR  Young et al. (1987)
HSPF Conceptual SPP Johanson et al. (1980)
LASCAM Conceptual SDR Viney et al. (2000)
SWRRB-WQ Conceptual RUSLE USEPA (1994)
STREAM Empirical /Conceptual SPP Cerdan et al. (2002)
SEMMED Empirical/Conceptual RUSLE de Jong et al. (1999)
SEDEM Empirical/Conceptual RUSLE Van Rompaey et al. (2001)
SWIM Empirical/Conceptual RUSLE
SedNet Empirical/Conceptual ~ USLE + SDR
SWAT Empirical/Conceptual ~ USLE + SDR  Arnold et al. (1996)
EUROSEM Physical SpPpP Morgan et al. (1998b)
SHETRAN Physical SPP Ewen et al. (2000)
PERFECT Physical USLE + RUSLE Littleboy et al. (1992)
ANSWERS Physical USLE + SPP  Beasley et al. (1980)
GUEST Physical SPP Yu et al. (1997)
CREAMS Physical USLE Knisel (1980a)
LISEM Physical SPP De Roo et al. (1996b)
WEPP Physical SpPp Laflen et al. (1997)
TOPOG Physical SPP Haskins and Davey (1991)
KINEROS Physical SPP Woolhiser et al. (1990)

where E is the mean annual soil loss, R is the rainfall erosivity factor, K is the erodi-
bility factor, L is the slope length factor, S is the slope steepness factor, C is the crop
management factor and P is the land management practices factor.

By definition the P-factor is the ratio of soil loss with a specific land management
practice to the soil loss from a plot without any practice application. The USLE
proposes tables of P-factor values for different land management practices including
contouring and vegetated strips. The P-factor is dimensionless with values ranging
from 0 to 1. Zero indicates a perfect land management practice (no sediment passes)
and one represents an inefficient land management practices (all sediment passes). P-
factor is calculated in function of slope length, slope steepness and strip width (Table
2.4).

The P-factor values presented in Table 2.4 were empirically estimated using annual

averages of soil loss on standardised plots. When “terraces” is chosen in the USLE, the

P-factor value used is that of the contouring practice with corrections on the LS-factor
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Table 2.4: P-factor from USLE for different erosion-control practices

Erosion-control Practice slope (%) P-factor value
Contouring 1-2 0.60
3-5 0.50
6-8 0.50
9-12 0.60
13-16 0.70
17-20 0.80
21-25 0.90
Stripcopping 1-2 0.45
3-5 0.38
6-8 0.38
9-12 0.45
13-16 0.52
17-20 0.60
21-25 0.68
Grass Strip 10% cover 1-2 0.55
3-5 0.45
6-8 0.45
9-12 0.55
13-16 0.65
Grass Strip 20% cover 1-2 0.50
3-5 0.40
6-8 0.40
9-12 0.50
13-16 0.55
Grass Strip 30% cover 1-2 0.40
3-5 0.35
6-8 0.35
9-12 0.40
13-16 0.50
Grass Strip 40% cover 1-2 0.35
3-5 0.30
6-8 0.30
9-12 0.35
13-16 0.40
Grass Strip 50% cover 1-2 0.30
3-5 0.25
6-8 0.25
9-12 0.30
13-16 0.35
Level bench terrace - 0.14
Reverse-slope bench terrace - 0.05
Outward-sloping bench terrace - 0.35
Level retention bench terrace - 0.01

Source: Wischmeier and Smith (1978); Roose (1977) and Chan (1981)
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associated with the slope length represented by the horizontal spacing between terraces.
But as shown by Chan (1981) this approach is not appropriate for bench terraces so he
established new values of P-factor for bench terraces from researches in Taiwan (showed
at the end of Table 2.4).

Models like AGNPS, PERFECT, SWIM use the P-factor from USLE to describe
the influence of VF on sediment production and transport for agricultural catchment.
Other models like CREAMS, SEMMED and SEDEM are based on the RUSLE that
estimate annual sheet (diffuse) and rill (concentrated) erosion rates with revised param-
eters. They represent sedimentological connectivity with a modified transport capacity
for each land management practice. The P-factor values in RUSLE are often experimen-
tally determined and transport capacity equations for each land management practice
(grass strips, riparian vegetation, hedge, terraces) is calculated in accordance.

In the RUSLE the P-factor for contouring, grass strips and strip-cropping is deter-
mined by Equation (2.9) (Wischmeier and Smith, 1978):

pol9%=8) (2.9)

9p

where P is the P-factor, g, is the potential sediment load in the incoming flow and B
is the amount of deposition provided by the vegetated filter, given as a percentage.

To compute erosion and sediment transport or deposition, the RUSLE proposes
four cases, (i) net erosion occurs everywhere in the practice, (ii) net deposition occurs
everywhere in the practice, (iii) both deposition and erosion occur in the practice and
(iv) runoff ends up within the practice. For each case the RUSLE relies on specific
equations to determine B and g, using empirical parameters and basic erosion concepts
referring to vegetation type and crop characteristics to determine the P-factor (Renard
and Foster, 1983).

2.3.2 Catchment scale erosion model using SDR and Derivations

Some models based on the P-factor may also use the SDR concept to estimate the
transport of sediments from source to sink areas. The SDR has been proposed to
correct the gross soil loss rate simulated by the USLE (Wischmeier and Smith, 1978)
and so to be able to assess erosion rate at catchment scale. The SDR is defined as the
proportion of gross erosion that is transported from a given area in a given time. The

SDR is a sediment transport efficiency (Lu et al., 2006), expressed as:

Y
DR = — 2.1
SDR Z (2.10)
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where Y is the annual average sediment yield at the outlet per unit area and F is the
average annual gross erosion from field over the same area (Richards, 1993; Walling,
1983). It represents the average sedimentological connectivity between sources and sink
areas within the catchment in an unique value.

There are many factors that may influence the SDR including rainfall, vegetation,
topography, soil properties, land management practices, agricultural managements and
their complex interactions. There is no precise procedure to estimate the SDR in the
handbook published by USDA (1972). The SDR is often estimated with the empir-
ical SDR-area power function SDR = «aAP, where A is the area of the catchment
and « and (3 are empirical parameters linked to available field information about sedi-
ment transport and rainfall-runoff processes in the catchment (Lu et al., 2006). Field
measurements have suggested that § values range from 0.01 to -0.025, meaning that
the SDR decreases with increasing catchment areas. On the other hand, the relation
between the SDR and the drainage area may widely change from one to another catch-
ment: catchments with similar areas may have different values of a and § because of
the topography and deposition zones existing in the catchment.

Other relationships were developed between the SDR and various physiographic
attributes. For example in the model SWAT (Arnold et al., 1996), the SDR is calculated
from the runoff by:

SDR = (q—p)o'56 (2.11)

Tep
where ¢, is the peak runoff rate and re, is the peak rainfall excess rate. Intuitively,
a humid catchment usually has a higher SDR due to more rainfall. The SDR is also
associated with the rainfall pattern: a longer rainfall event with less intensity has a
lower SDR than a short rainfall event with a higher rainfall intensity.

Williams and Berndt (1977) proposed another equation to predict the SDR in func-

tion of the slope steepness of the mainstream channel:
SDR = 0.627SLP%103 (2.12)

where SLP is the slope steepness of the main stream channel. A catchment with steep
slopes delivers more sediments than a watershed in a flat landscape. The shape of a
watershed may also affects the SDR: narrow catchments have high SDR’s.
Traditionally the methods used to estimate the SDR are often data-driven. They
require long periods of sediment yield records and precise measures of hillslope and plot
erosion rates. New versions of the SDR were applied in single events erosion models like
the MUSLE model (Williams and Berndt, 1977), (SWAT)(Arnold et al., 1996), WEPP
(Ascough et al., 1997). The experimental results presented by Beuselinck et al. (2002)
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showed that the SDR is dependent on flow discharge, sediment concentration, grain

size distribution and slope.

2.3.3 Catchment scale erosion model using specific physical parame-
ters

Physically based models were developed to predict spatial patterns of runoff and sedi-
ment yield over the land surface during individual rain events. They are based on mass
conservation and energy conservation laws. To simulate the influence of land manage-
ment practices over runoff and sediment transport, these models often include specific
parameters or allow specific values of existing parameters describing roughness or soil
infiltrability.

Almost all physically-based and process-based erosion models adopt the concept of
transport capacity to distinguish between sediment transport and deposition (Sander
et al., 2007). The sediment transport capacity T, is defined as the maximum amount of
sediment possibly carried by the flow (Foster, 1982), as a function of sediment size, flow
velocity and turbulence conditions, among others. Sediment transport capacity is often
derived from experimentations. For example Foster (1982) proposed that sediment

transport capacity is a function of shear stress exerted by the flow on the bed:
T, =n(r —c)* (2.13)

where T, is the transport capacity, n is the transport efficiency of sediment, kt is an
exponent determined empirically and fixed at 1.5 after the work of Finkner et al. (1989),
7 is the flow shear stress calculated as 7 =V - S (V being the flow velocity and S the
bedslope) and 7. is the critical shear stress over which detachment is initiated.
Vegetative filters reduce flow velocity, decreasing flow transport capacity. This
principle is reproduced in physically-based erosion models by increasing roughness pa-
rameters, reducing flow velocity and decreasing flow transport capacity and thus pro-
moting sediment deposition. The way a model applies this principle depends on the
spatial description of processes. In a raster-based model one can give high values of
roughness for a group of pixels to represent a vegetative filter: for example the model
LISEM (De Roo et al., 1996b) offers the possibility to include grass strips by modifying
physical parameters pertaining to the gridcell corresponding to the grass strips and
bearing specific values of infiltrability and of the Manning coefficient. In the same way
EUROSEM (Morgan et al., 1998b), KINEROS (Woolhiser et al., 1990), SHETRAN
Ewen et al. (2000) and TOPOG Haskins and Davey (1991) propose modified values of

the Manning coefficient and infiltrability to signal the existence of land management
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practices on the catchment. Figure 2.6 shows values of the Manning coefficient for
various vegetation covers in cited erosion models, compared to values for bare soils.

Vector models provide the option to include new surface objects with specific values
of roughness coefficients to represent vegetative filters. The WEPP model (Laflen et al.,
1997) allows the application of “impoundments”, namely terraces, farm ponds and check
dams. All have the same effect of reducing flow velocity, resulting in decreasing flow
transport capacity and causing sediment to settle out of suspension. In these models,
the use of these object is restricted to the channels, the sediment trapping capacity
of each impoundment being function of its type and geometry, previously defined by
the model user. The sediment trapping efficiency is calculated in function of particle
size, Manning coefficient and peak discharge. For hillslopes WEPP integrates new
values of the Manning coefficient and soil hydraulic conductivity specific to grassy areas:
WEPP reproduces the expected effect of runoff reduction by increasing roughness and
infiltrability.
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Figure 2.6: Boxplot of Manning’s coefficient proposed to grass in erosion models
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2.3.4 Comparison of sedimentological connectivity modelling approaches
in catchment erosion models

Most erosion models listed in Table 2.3 use the USLE P-factor approach to deal with
discontinuities provided by agricultural activities and land management practices in
catchments. The P-factor associated to the C-factor in the USLE based models works
as a connectivity factor that controls the transport of water and sediment from the
source to the sink areas. The P-factor is a type of sediment transport efficiency em-
pirically estimated by annual average measurements. With the RUSLE development
the P-factor was revised and genericity was gained by taking into account new land
management practices. The P-factor in the RUSLE is also obtained from experimental
data, supplemented by analytical experiments (USDA, 1997) including observations of
cause/effect relationships drawn from CREAMS model simulations. But the P-factor
stays a hillslope or field scale factor addressing local connectivity, based on specific
measurements. In particular, it does not integrate the effects of spatial distributions
of land management practices on sediment removal for entire catchments composed of
multiple (organised) entities. To integrate the distributed effects in the P-factor some
models appealed to the concept of the SDR to moderate the predicted soil loss when
upscaling.

The SDR is in itself an integration of catchment connectivity factors. There are
many problems debated in literature about the SDR. Firstly, the SDR requires long
periods of sediment yield records. Secondly, approaches based on the SDR do not allow
to localise sediment sources (Bracken and Croke, 2007) which is a major drawback.
Thirdly, as argumented by Parsons et al. (2004) the SDR is frequently used to correct
overestimation of erosion at large scales, the SDR definition being however incompatible
with process-based modelling.

Values for the SDR reported in literature range from less than 0.1 to almost 1
(Walling, 1983). As remarked by Graf (1988) and Wainwright et al. (2001), the SDR
concept is ill-defined in the long-term because the sediment flux at the catchment outlet
should match that from the hillslopes, otherwise catchments, would be progressively
filling up with sediment, which is demonstrably false in most cases. Parsons et al.
(2006) argued that most of the sediments transported by streams in the short term are
delivered from the bed and banks of the channels, flushing the alluvial and colluvial
deposits out of the catchment. Consequently, if sediment yield is to be related to
an area, it should be the area that could potentially contribute to sediment yield to
the channel over the period of measurement. It should not be the area of the entire

catchment.
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Spatially distributed physically based erosion models propose modified parameters
of roughness and infiltrability for vegetated filters. Some of the models allow to spa-
tiality distribute vegetated filters to study the effects on sediment trapping. The global
sedimentological connectivity of the catchment is addressed by changing physical prop-
erties like roughness or infiltrability in order to represent land management practices.
The problem is that equations in the model may be applied out of their domain of
validity. For example, hydraulic equations often used in erosion models are not valid
anymore when water height is equal to the surface roughness, which is debated by
Lawrence (2000). She indeed recommended the use of different formulations for flow
resistance according to relative submergence of the obstacles in the flow. Few models
integrate the influence of the relative submergence of vegetation on values of the chosen
friction coefficients (Wilson et al., 2005), the default option being wrongly assuming
constant values for these coefficients.

Beside these modelling approachs Borselli et al. (2008) recently proposed a method
to estimate a hydological and sedimentological connectivity index based on GIS pa-
rameterisation and field observations. This index could be used for parameterisation of

spatially distributed erosion model.

2.4 Conclusion

Land management practices in agricultural catchments may affects runoff and sediment
response by changing sedimentological connectivity. Walling et al. (1999) and Morgan
(2005) among others, have shown that changing from natural vegetation to cultivation
can increase soil erosion rates by an order of magnitude. Increasing soil erosion by
rill development has a direct relationship with increased sedimentological connectivity.
Ludwig et al. (1995) found that interactions between agricultural and topographic fea-
tures resulted in a complex hydrological hillslope structure, which consisted of a runoff
collector network composed of topographic or agricultural depressions. Land man-
agement practices have as objective to reduce runoff energy and volume by increases
local infiltration and surface roughness. A good example of these land management
practices are the vegetated filters. Theoretical aspects of vegetated filters confirm the
complexity of vegetation-flow interaction. All theoretical studies converges to conclude
that the effective roughness of a vegetated filter depends on the relative submergence
of vegetation. The hydraulic resistance of vegetation decreases with increasing relative
submergence. The hydraulic resistance of vegetation is linked to sediment transport

capacity. Experimental aspects from literature of vegetated filters presented above
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demonstrate that sediment trapping efficiency may be not completely derived from
physical characteristics like width, slope or particle sediment size. Statistical tests from
literature presented above demonstrate that trapping efficiency has no significant cor-
relation with width and slope of vegetated filter. However, it was showed that efficiency
is well correlated with flow discharge in according with the Deletic and Fletcher (2006);
Sabbagh et al. (2009) works.

At the catchment scale, the spatial distribution of vegetated filters is one of the most
important factor to determine catchment sedimentological connectivity. As showed by
Lecomte (1999) the distributed organisation of grass strips in a catchment may have
strong influences in the global sediment removal efficiency. Vegetated filters placed at
the top of catchment have low impact in sediment removal, whereas when vegetated
filters places downslope of agricultural fields in a progressive logic to the outlet, sediment
removal is maximised. The use of experimentation to estimated the effect of spatial
organisation in sediment exportation of erosion processes may be very expensive and

difficult to apply, this is one reason for the development of distributed erosion models.

Several models propose to take into account the impact of land management prac-
tices in catchment sediment connectivity. Some models are based in the USLE P-factor
to take into account the influences of land management practices in the sediment trans-
port the catchment. However, P-factor of USLE acts only in sediment production and
not in sediment transport. P-factor is not sensitive the location of the land management
practices, it is a multiplicative factor on the USLE equation, if we place a vegetative
filter at the top of a hillslope or at the end of a hillslope P-factor will have the same
value. Other models uses the SDR approach to take into account the discontinuities the
catchment. SDR is often calculated as a function of the catchment area (USDA, 1972).
The limitation of these approaches (P-factor and SDR) is that they do not integrate
the effects of spatial distribution of land management practices on sediment removal
of the entire catchment. No information about sediment sources are given by these
approaches. Thus we can conclude that these approaches may not give information
about the optimisation of the spatial distribution of land management practices over
the catchment scale.

The distributed physically based approaches propose to take into account the effects
of spatial organisation of land management practices on sedimentological connectivity.
They address sedimentological connectivity changing physical parameters such as: sur-
face roughness and soil infiltrability. The advantage of this approach compared to the

others is the spatialisation of the parameterisation.

The limitation is that changing physical parameters (roughness or infiltrability)
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without observing the model equations validity domain may be dangerous. In fact,
in this review we have identified a lack of an “intermediate” approach between very
detailed descriptions of management practices not taking into account their distribu-
tion, and “black boxes” not offering sufficient understanding of the processes governing
sediment filtration. A possible “intermediate” approach may be a coupling between spe-
cific management practices local models that are very detailed description of processes
and physically based distributed erosion models. However, this intermediate approach
should simplify the specific management practices equations to save the parameter

parsimony principle and computation time.
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Conclusion et conséquences pour

les choix d’une modélisation

Synthese sur les parametres d’érodibilité

Il existe dans la littérature un grand nombre de données de référence pour les valeurs

d’érodibilité du sol évaluées par des méthodes standard de type °

‘parcelles de Wis-
chmeier”. C’est une raison majeure de 'emploi massif de cette méthode d’évaluation
de I’érodibilité par la communauté scientifique. Cependant, cette méthode standard

2 ne permet pas de dissocier les processus

appliquée sur des parcelles de plusieurs m
relatifs a 'hydrologie, a 1’érosion diffuse et a 1’érosion linéaire. Ces méthodes sont
en effet fortement influencées par les processus hydrologiques. Les sols sableux ont
généralement une haute capacité d’infiltration et une faible transportabilité, ce qui ré-
sulte en un faible ruissellement, donc une faible érosion, et donc une faible érodibilité.
Par conséquent, cette méthode de caractérisation de 1’érodibilité ne semble pas judi-
cieuse pour les modeles qui considerent séparément les processus d’érosion diffuse et
linéaire. Pour ces modeles, nous pensons que les méthodes locales de caractérisation
de I’érodibilité diffuse -c’est a dire les tests d’impact de gouttes, de « splash cups »
ou de stabilité structurale- sont préférables puisqu’ils permettent de paramétrer spéci-
fiquement ce processus. Il serait des lors intéressant de mener une étude comparative
de ces différentes méthodes locales, mais le manque de données disponibles pour les
méthodes splash cups et tests d’impact de gouttes ne ’a pas permis. Parmi ces tests lo-
caux, la méthode de stabilité structurale du sol nous parait I’approche a favoriser pour
deux raisons principales. La premiere est 'existence, dans la littérature, d’un grand
nombre de jeux de données pour les méthodes de stabilité structurale du sol normal-
isées (Kemper ou Le Bissonnais). La seconde est que cette méthode fournit également
des informations sur la taille des particules susceptibles d’étre transportées, taille qui

conditionne les distances de transport des particules de sol.



Conclusion et conséquences pour les choix d’une modélisation

La sensibilité des modeles d’érosion au parametre d’érodibilité diffuse est fréquem-
ment considérée comme faible & moyenne dans la littérature, en comparaison avec les
parametres hydrologiques telle que la conductivité hydraulique a saturation ou le po-
tentiel d’entrée d’air du sol. Ces résultats méritent d’étre approfondis car les tests de
sensibilité généralement conduits dans la littérature sont souvent limités a des con-
ditions hydrologiques fortes, voire extréme, alors que 'on sait que la sensibilité a un

parametre peut étre fortement dépendante de ces conditions.

Synthese sur 1’effet des interfaces sur la connectivité sédi-

mentologique

Dans les bassins versants agricoles les aménagements peuvent affecter les réponses hy-
drologiques et sédimentologiques en modifiant la connectivité du bassin versant. Mor-
gan (2005) and Walling et al. (1999) ont montré que la disparition de la végétation
naturelle au profit des cultures agricoles peut augmenter les taux d’érosion d’un ordre
de grandeur.

Les pratiques et aménagements anti-érosifs ont pour objectif de réduire le ruisselle-
ment et ’érosion en augmentant 'infiltrabilité locale et la rugosité de la surface. Un des
aménagements les plus répandus dans les milieux cultivés est le filtre végétal qui inclue
les bandes enherbées, les haies et les talus. Plusieurs études théoriques et expérimen-
tales a 1’échelle locale ont confirmé la complexité de l'interaction entre le flux d’eau et
la végétation. Les expériences avec des filtres végétaux ont démontré que la capacité de
filtration d’une bande enherbée, par exemple, ne peut pas étre complétement connue
a partir de ses caractéristiques physiques (pente, largueur, densité). La capacité de
filtration est aussi dépendante des conditions de flux a travers le filtre.

A Téchelle du bassin versant, la distribution spatiale des filtres végétaux devient
un facteur tres important pour déterminer la connectivité sédimentologique des bassins
versants agricoles. Lecomte (1999) a démontré que 'organisation spatiale des bandes
enherbées peut fortement influencer 'efficacité globale du filtrage des sédiments dans
le bassin. Un filtre végétal placé dans les parcelles amont du bassin a un faible impact
sur 'efficacité globale, tandis qu’un filtre placé en fonction des lignes d’écoulement peut
largement améliorer I'efficacité globale.

Plusieurs modeles proposent de prendre en compte 'impact des aménagements sur
le transport de sédiments d’une partie du bassin versant & un autre (connectivité sédi-
mentologique). La plupart des modeles utilisent pour cela le P-facteur de I’équation

universelle de perte en sol (USLE). Or, le P-facteur décrit seulement la production de
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sédiments et non leur transport. De plus, il ne tient pas compte de la localisation spa-
tiale de 'aménagement. D’autres modeles utilisent le SDR (Sediment Delivery Ratio)
pour controler le transport de sédiments dans le bassin versant, mais cette approche
n’integre pas non plus les effets de la distribution spatiale des aménagements. Seuls
quelques modeles distribués a base physique le permettent. La prise en compte des
aménagements se fait alors en créant, dans la segmentation du bassin versant, des en-
tités spatiales représentant ces aménagements sur lesquelles des valeurs particulieres
des parametres physiques tels que la rugosité ou l'infiltrabilité sont affectées. Les prin-
cipaux inconvénients de cette approche sont la surparamétrisation et le risque de sortir
du domaine de validité des équations du modele.

Dans cette synthese bibliographique, nous avons identifié le manque d’une approche
intermédiaire entre les descriptions tres détaillées, mais tres lourdes, des aménagements,
qui sont donc difficilement applicables & 1’échelle du bassin versant, et les modeles de
"boites noires” basés sur le P-factor, qui ne prennent pas en considération leur disposi-
tion dans ’espace. Une possible approche intermédiaire pourrait étre une combinaison
entre les modeles locaux d’aménagements spécifiques (TRAVA, VFSMOD) et les mod-
eles d’érosion distribués et a base physique. Cette approche intermédiaire consisterait
a simplifier les équations des aménagements spécifiques pour en dégager des comporte-
ments fonctionnels basés sur un nombre limité de parametres agissant au premier ordre.
Ceci rendrait possible leur introduction en nombre non limité dans les modeles d’érosion

distribués.

Conséquences pour les choix d’une modélisation

L’analyse bibliographique générale indique un certain nombre de consensus généraux
et aussi des limites concernant les modeles d’érosion hydrique. Ces consensus indiquent
que les modeles d’érosion hydrique doivent étre basés sur un modele hydrologique ro-
buste. Pour tenir compte de la dynamique spatiale et temporelle, les modeles dis-
tribués a base physique semblent les plus adaptés, et pour bien représenter les processus
d’érosion il semble nécessaire de séparer les mécanismes de détachement et de transport
de particules, et notamment les processus d’érosion concentrée et d’érosion diffuse.
Pour le développement du modele MHYDAS-Erosion, nous nous sommes appuyés
sur ces consensus généraux et nous avons choisi d’utiliser un modele hydrologique déja
développé et validé pour les échelles temporelle et spatiale qui nous préoccupent. Nous
avons choisi de développer un modele d’érosion distribué a base physique qui décrit

séparément les processus d’érosion concentrée et diffuse. Nous nous appuyons pour
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Conclusion et conséquences pour les choix d’une modélisation

cela sur les équations et parametres utilisés dans les modeles existants, en y intro-
duisant des modifications concernant les deux questions explorées dans l’analyse bi-
bliographique, a savoir une représentation des processus d’érosion diffuse a ’aide d’un
parametre d’érodibilité déduit de mesures de stabilité structurale, et une gestion de la
connectivité sédimentologique permettant la prise en compte d’éléments anthropiques
comme les bandes enherbées. Ces modifications constituent les principales original-
ités du modele développé. Le modele est structuré sous forme de modules implé-
mentés au sein de la plate-forme de modélisation OpenFLUID (http : //www.umr —
lisah.fr/openfluid/) développée au LISAH, modules qui completent le modele hy-
drologique de base MHYDAS. Le format modulaire facilite I'implémentation de nou-
velles fonctionnalités, d’autres processus érosifs ou de descriptions alternatives des
meémes processus. La stratégie de modélisation proposée par Refsgaard (1997) ou
chaque étape du processus est bien définie a partir un organigramme logique, a été
suivie pour faciliter le processus de développement. La partie suivante expose les étapes
de développement et de conceptualisation du modele d’érosion développée dans le cadre

de ce travail de these.
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Part 11

Modélisation






Introduction

Les modeles d’érosion distribués et a base physique consistent en un ensemble d’équations
mathématiques permettant une représentation simplifiée du milieu naturel et des pro-
cessus de détachement et de transport de sédiments dans le paysage. 1l existe autant
de modeles que de scientifique puisque chaque modele correspond a une problématique
donnée (Refsgaard, 1997). Beven (2000) rappelle les cing étapes dans toute démarche
de modélisation. La premiere étape pose le probleme du choix du type de modele et de
représentation du systeme, la deuxieme concerne le choix des équations pour représen-
ter les processus, la troisieme concerne la représentation des équations sous forme d’un
code informatique, la quatriéme concerne la paramétrisation et le calage du modele, et
la cinquiéme sa validation. Le passage d’une étape a la suivante n’est possible que sous
certaines approximations. Par conséquent, les incertitudes sur les résultats finaux de
la modélisation sont tributaires de toutes les approximations des étapes intermédiaires.
Pour développer et appliquer une modélisation quelle qu’elle soit (dans notre cas a base
physique), il est judicieux de suivre un protocole. Nous avons basé le notre sur celui
de Refsgaard (1997), développé pour la modélisation hydrologique et adapté ici pour la

modélisation de I’érosion figure II. Chaque étape sera expliquée en détail ci-dessous.

Protocole de modélisation

La définition de I’objectif

Dans le développement d’une modélisation, la définition de ’objectif doit étre la pre-
miere étape. Il s’agit de définir clairement si la modélisation est faite pour des fins
prévisionnelles ou pour fournir une meilleur compréhension du phénomene a modéliser,
car la définition de I'objectif a des conséquences sur la performance du modele (Morgan,
2005). Une fois 'objectif bien connu, il est plus simple de choisir les moyens & employer

(base physique, stochastique, empirique) pour résoudre le probleme.
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Figure II:Les étapes du processus de modélisation, adapté de Refsgaard (1997)
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Le modele conceptuel

En se référant a l'objectif de la modélisation et a ’analyse des résultats expérimen-
taux disponibles, le concepteur de la modélisation doit établir le modele conceptuel. Le
modele conceptuel est développé en fonction de la perception qu’a le concepteur des
principaux processus hydrologiques et d’érosion dans le bassin versant. Il integre les
simplifications jugées non abusives et utiles, au plan physique et mathématique, en par-
ticulier dans les résolutions numériques. Une méthode tres utilisée est la construction
d’un diagramme de boites ol chaque boite représente un processus, avec ses entrées et

sorties ainsi que l'interaction avec les autres boites.

La sélection du code

Apres avoir défini le modele conceptuel, il est nécessaire de choisir un programme
informatique pour résoudre le probleme. Si le code de calcul existe il est nécessaire de
bien s’assurer qu’il a été testé et vérifié pour les conditions d’utilisation spécifiques a la
modélisation en question.

Si le code informatique n’existe pas il est nécessaire de le développer pour résoudre
les équations du modeéle mathématique numériquement. Le développement du code

informatique peut étre fait par étapes :

1. La formulation numérique - consiste a choisir la forme de solution la plus adap-
tée aux équations utilisées dans le modele mathématique, ces solutions peu-
vent étre de deux types : (i) solution analytique qui consiste a résoudre les
équations “exactement” avec l'avantage d’une solution stable et robuste, mais
avec l'inconvénient qu’une telle solution n’existe que pour des situations parti-
culieres, (ii) solution numérique qui consiste a résoudre les équations avec des
approximations numériques (différences finies, volumes finis et éléments finis).
L’avantage des solutions numériques par rapport aux solutions analytiques est
que le numérique peut étre appliqué a tous les cas possibles. Les inconvénients
sont 'instabilité et le risque de non convergence, sans oublier le temps de calcul

plus long;

2. L’écriture du programme - consiste a passer le code du langage humain au langage
machine. Cette passage peut étre fait en utilisent des langages intermédiaires
tels que O ou FORTRAN qui apres étre compilés se transforment en langage
machine. Le type de langage intermédiaire doit aussi étre choisi en fonction de

I’objectif final de la modélisation;
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3. La vérification du code - consiste a comparer les résultats des solutions numériques
avec des résultats analytiques et vice-versa. Une pratique répandue dans le do-
maine de I’hydrologie et de ’érosion est 'utilisation d’espaces virtuels tels que
des bassins versants virtuels. Dans ces entités virtuelles, toutes les propriétés
sont controlées et le nombre de parametres ou de configurations paramétriques est
limité. Une analyse de sensibilité et/ou l'application de méthodes d’exploration

des modeles peuvent étre tres utiles a ce stade.

Le développement du modele

Apres avoir sélectionné ou développé le code informatique et avoir fait des mesures de
terrain pour accéder aux valeurs des parametres, il est temps de passer a la construction
du modele. Cette étape est celle du choix du type de discrétisation spatiale du bassin
versant. Il faut aussi définir les conditions initiales et aux limites, ¢’est-a-dire déterminer
le contour du domaine. Dans cette étape se fait également la paramétrisation du modele,
qui dans le cas des modélisations distribuées peut étre facilitée par le recours a des outils

de spatialisation du type Systéme d’Information Géographique.

La définition du critere de performance

Cette étape consiste a définir le critere de performance qui sera utilisé dans les étapes
de calibration et validation du modele. Pour définir le critere de performance, il faut
faire un compromis entre le degré de précision voulu (connu a I’étape 1) et I'imprécision
imposée par des observations de terrain. Comme montré par Nearing (2000) la défi-
nition du critere de performance doit prendre en compte la variabilité et I'incertitude

intrinseque des observations.

La calibration du modele

Le calage consiste a sélectionner les parametres d’un modele de fagon a ce que celui-ci
simule le comportement hydrologique du bassin versant de la meilleure fagon possible
(Madsen, 2000). Il s’agit donc de rechercher le minimum d’une fonction mathématique
reliant les données mesurées aux parametres calculés. Mais le calage d’un modele dis-
tribué pourrait étre une histoire sans fin, ou il y a toujours une possibilité d’amélioration
(Refsgaard, 1997). Cette opération peut se faire manuellement, par essai et erreur ou

automatiquement a partir d’algorithmes de recherche d’optimum (Ambroise, 1999). Le
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calage devra commencer par la détermination du ou des criteres d’adéquation du mo-
dele et d’'une méthode de recherche de 'optimum de la surface de réponse, lorsque de

multiples parametres sont impliqués.

De maniere générale, le calage des modeles hydrologiques est problématique a cause
de 'interdépendance et de la corrélation des parametres entre eux, ce qui rend la surface
de réponse discontinue, non dérivable, présentant plusieurs zones de convergence et des

optima locaux (Beven and Binley, 1992a; Duan et al., 1992).

La validation du modéle

A Tissue du calage, il est nécessaire de vérifier la reproductibilité des résultats et la
représentativité des parametres calés. C’est l'opération de validation qui consiste a
tester le modele dans des conditions qui different du calage. (Klemes, 1986) propose un
schéma hiérarchique en quatre points pour la validation des modeles : application du
modele a une série de données non utilisées pour le calage (Split sample test), trans-
position du modele & d’autres zones géographiques (proxy-basin test), application du
modele au bassin versant de calage mais avec des données correspondant a un change-
ment de 'occupation du sol ou du climat (differential split-sample test), transposition
du modele a d’autres zones climatiques (proxy-basin differential test). La validation
peut porter soit sur le méme type de variables et de critéres que ceux qui ont servi au
calage, c’est la validation mono-critere, soit sur d’autres variables et d’autres criteres,
c’est la validation multicriteres. Il va de soi que les résultats de la validation seront
tributaires de la qualité et du type de données utilisées pour le calage. Si la validation
est faite sur des événements de faibles débits, la performance du modele quant aux

événements de fort débit peut étre douteuse (Klemes, 1986).

La mise en place des simulations

Cette étape a pour but de vérifier la cohérence des prévisions faites par le modele.
Dans cette étape il est conseillé de faire une analyse de sensibilité du modele aux
parametres d’entrée, afin d’identifier les parametres les plus sensibles. Une autre analyse
qui peut étre tres utile est ’étude de la propagation de I'incertitude d’entrée sur certains

parametres et son impact sur le résultat final du modele.
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La présentation des résultats

La présentation des résultats du modele est une étape importante dans ’ensemble et
elle doit faire référence a l'objectif. Aujourd’hui avec ’avancement technologique (Sys-
temes d’Information Géographique), des cartes peuvent étre produites pour montrer

par exemple la répartition des zones a haut risque d’érosion.

La post-vérification du modele

La post-vérification est une autre possibilité de validation du modele. Généralement
elle est faite plusieurs années apres I’étude de modélisation. Elle a pour but d’évaluer
a posteriori les prédictions effectuées par le modele lors de ’étape de simulation.
Dans le prochain chapitre nous allons brievement rappeler les concepts du Modele
Hydrologique Distribué pour les AgroSystémes MHYDAS ayant servi de support au

développement du modele d’érosion proposé dans le chapitre suivant de cette these.
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Chapter 3

Le modele hydrologique

MHYDAS

Ce chapitre propose un bref rappel des concepts du
modeéle hydrologique distribué MHYDAS, modéle ar-
ticulé autour de la segmentation de l’espace et des
modules représentant les processus hydrologiques.
Les processus présentés ici sont limités a ceux util-
isés dans le modéle d’érosion MHYDAS-FErosion

Introduction
Générale

o

° [ R S
-3 L Analyse biblio:
o® Analyse biblio: A
52 érodibilité diffuse connectivite

sédimentologique

_ ,E ,,,,,,,,,,,,,,,,,,, ‘ ,,,,,,,,,,,,,,,,,,,,,
og Développement
ta N
89 du modéle
0]
@
LS ___ oo oo
Analyse de Calage et
sensibilité validation
\
,,,,,,,,,,,,,,,,,,,,, ‘,,,,,,,,,,,,,,,,,,,,,
Conclusion

Générale




3. Le modéle hydrologique MHYDAS

3.1 Rappel sur le modele hydrologique MHYDAS

MHYDAS (Modélisation HYdrologique Distribuée des AgroSysteémes) n’est pas un mo-
dele unique, mais une plate-forme de modélisation qui a été développée afin de com-
prendre et simuler les transferts d’eau et de polluants en milieu agricole. Sa structure
modulaire permet a I'opérateur de choisir les options les plus appropriées a sa problé-
matique. Nous limitons ici sa présentation a la version événementielle de crue, version

la plus éprouvée ayant servie de base au développement de MHYDAS-Erosion.

3.1.1 Structure du modele

MHYDAS est basé sur une segmentation de la surface du bassin versant en “unités de
surface” (notées SU), une segmentation des nappes ou aquiferes en “unités de nappes”
(notées GU) et une segmentation du réseau hydrographique en trongons (notés RS)
figure 3.1. Une unité de nappe correspond a un groupe d’unités de surface. Chaque
unité hydrologique est connectée soit a 'unité de surface située a l’aval si cette unité
existe, soit a un trongon du réseau hydrographique. Chaque unité hydrologique est
aussi connectée a une unité de nappe. Chaque trongon du réseau hydrographique est
connecté a un trongon aval et est connecté aussi a une unité de nappe. Le découpage
en unités de surface et de nappes est effectué en mode vecteur, ce qui autorise la
définition d’unités de formes tres diverses. On peut ainsi représenter les discontinuités

hydrologiques et la variabilité de 'occupation du sol en milieu agricole.

La Figure 3.2 illustre les principaux processus hydrologiques simulés dans MHY-
DAS. Sur chaque unité de surface (SU) la pluie est divisée en une partie qui s’infiltre et
une partie qui ruisselle. L’eau s’infiltre verticalement dans la zone non-saturée pour at-
teindre la nappe. A la surface du sol, la partie non-infiltrée de la pluie est propagée sur
les unités de surface et, via le réseau hydrographique, jusqu’a ’exutoire. Les processus
d’échange nappe-riviere ainsi que la propagation du ruissellement a travers le réseau
hydrographique sont pris en compte. Comme dans d’autres approches de modélisation
(par exemple TOPMODEL ; Beven and Kirkby (1979)), on suppose que le toit de la
nappe est parallele a la surface du sol. Dans cette version de MHYDAS I’évaporation
n’est pas prise en compte, la restriction a des événements de crue permettant de négliger

Ce processus en comparaison des autres processus.

Dans les parties suivantes, nous présentons la procédure de segmentation de ’espace,
les processus hydrologiques représentés, les parametres utilisés et les limites actuelles

du modele.
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3.1 Rappel sur le modéle hydrologique MHYDAS

Exu

Figure 3.1: Exemple de découpage et de codage d’un bassin versant générique en unités

de surface (SU), unités de nappes (GU) et trongons de réseau hydrologique (RS).

Précipitations

Suls3 , Ssul2 . suU9 . RS7 . SuU18

Y

Infiltration
Infiltration

Ecoulement ien milieu saturé

Echange <— GU5
nappe-fossé :

GU3

Figure 3.2: Processus hydrologiques représentés dans MHYDAS sur une coupe AA’ de
la Figure 3.1
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3. Le modéle hydrologique MHYDAS

3.1.2 Segmentation de 1’espace

Le milieu agricole peut présenter de nombreuses discontinuités hydrologiques qui doivent
apparaitre dans le découpage de ’espace afin de pouvoir simuler la maniere dont elles
“interferent” dans le calcul hydrologique Gumiere et al. (2009¢c). Une procédure de
segmentation de l'espace codée sous GRASS a été développée au sein du laboratoire

LISAH (Lagacherie et al., 2009). La procédure comporte trois étapes :

1. Définition des “surfaces élémentaires”;

2. Définition des contraintes et hiérarchisation des frontieéres des surfaces élémen-

taires;

3. Définition des “unités de surface”.

La premiere étape consiste a définir des “surfaces élémentaires” en se basant sur
les données cartographiques disponibles. La Figure 3.3 illustre un exemple exploitant
les données de quatre cartes : limites du parcellaire, réseau hydrographique, carte des
sols et MNT. Afin de réduire le nombre des surfaces élémentaires et par conséquent
les temps de calcul du modele, la procédure de segmentation de ’espace operent un
regroupement des surfaces élémentaires pour définir des “unités de surface (SU)”. Pour
I'utilisation du modele d’érosion nous avons choisi de garder une carte des SU la plus
proche possible de la carte des parcelles agricoles, en privilégiant la cohérence physique
des données.

La deuxieme étape consiste a définir des contraintes pour former les frontieres des
surfaces élémentaires et ensuite les hiérarchiser. Une premiére contrainte définit une
aire seuil minimale A; pour toutes les unités de surface. Une seconde contrainte définit
un “ordre d’importance” des frontieres des surfaces élémentaires, imposé par ’opérateur
en fonction des processus hydrologiques & modéliser.

Dans la troisieme étape, les surfaces élémentaires sont regroupées en respectant les
contraintes précédentes, ce qui définit les unités hydrologiques par une procédure itéra-
tive. Toutes les frontieres des surfaces élémentaires ayant une aire inférieure a A; sont
identifiées. Tout d’abord, la frontiere ayant 'ordre le moins important - si elle existe
- est éliminée, et la surface élémentaire est accolée a sa voisine. Cette procédure est
ensuite répétée pour toutes les frontieres d’ordre d’importance supérieur. La procédure

de regroupement est arrétée lorsque la surface élémentaire est supérieure a Aj.
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8.1 Rappel sur le modéle hydrologique MHYDAS

La Figure 3.3 montre les unités de surface obtenues par regroupement des surfaces

élémentaires.

Topography Land register Land management practices Drainage network

Combine
spatial data

RS map

Figure 3.3: Processus de découpage de MHYDAS

La procédure de segmentation de la surface permet de définir les unités de surface,
leurs caractéristiques géométriques (aire, pente, forme) ainsi que les liens topologiques
entre elles et avec les troncons du réseau hydrographique. Le découpage du milieu
souterrain en unités de nappes est réalisé en dernier, de facon manuelle en se basant

sur ’analyse des données piézométriques.
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3. Le modéle hydrologique MHYDAS

3.1.3 Processus hydrologique

Sur chaque unité de surface, la fonction de production de MHYDAS sépare la pluie en
deux composantes, le ruissellement et I'infiltration. MHYDAS propose huit fonctions
de production toutes basées sur des équations d’infiltration en une dimension sur la

verticale :

e Cing modeles a base physique : le modele de Richards — 1D (Lehman and Ackerer,
1996; Richards, 1931), le modele de Parlange and Haverkamp (1989), le modele
simplifié de Green and Ampt (1911) ou sa variante Morel-Seytoux (1978), le
modele de Philip (1957), et le modele de Corradini et al. (1994, 1997). Ces
modeles sont basés sur les équations de Richards ou leurs simplifications et par
conséquent nécessitent une bonne connaissance des propriétés hydrodynamiques

du sol et des conditions initiales d’humidité sur un profil vertical;

e Trois modeles basés sur une représentation simplifiée du milieu : un modele a
réservoir du type Diskin and Nazimov (1995) et les deux modéles empiriques de
Horton (1933) et du Soil Conservation Service (USDA, 1972).

Ces modeles d’infiltration ne consommant pas beaucoup de temps de calcul sont bien
adaptés pour simuler les flux d’eau aussi bien a I’échelle locale qu’a 1’échelle du bassin
versant. Cependant, ces modeles ne permettent pas la simulation des écoulements
horizontaux dans le sol et notamment les mécanismes d’échanges nappe-riviere. A
I’échelle du bassin versant, ces échanges sont pris en compte par un modele empirique
basé sur la loi de Darcy.

Pour ce travail, nous avons opté pour le modules d’infiltration de Morel-Seytoux
(1978) qui est une solution analytique de ’équation d’infiltration. Cette approche a
I’avantage d’étre stable et robuste, sans requérir beaucoup de parametres d’entrée.
La partie suivante présente en détail les principaux processus hydrologiques : déter-
mination du ruissellement (ou pluie efficace), ruissellement & la surface d’une unité

hydrologique, échanges nappe-riviere, propagation via le réseau hydrographique.

3.1.3.1 Le calcul du ruissellement

Les fonctions de production (infiltration 1D) séparent la pluie qui tombe sur une unité
de surface entre infiltration et pluie efficace (qui ruisselle). Ces fonctions de production
different par le nombre de parametres et la prise en compte de la condition initiale

d’humidité. Sur chaque unité de surface, la pluie P(t) est séparée en deux composantes,
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8.1 Rappel sur le modéle hydrologique MHYDAS

I'infiltration I(t) et le ruissellement R(t).

P(t) = I(t) + R(t) (3.1)

Le temps de flaquage (tp) ou “ponding time” (Morel-Seytoux and Khanji, 1974) est
atteint lorsque la surface du sol atteint la saturation. Ce temps agit comme un seuil:

avant le temps de flaquage, toute la pluie s’infiltre et le ruissellement est nul.

t <tp=I(t) = P(t) et R(t) =0 (3.2)

Apres flaquage, et tant que la condition de saturation est vérifiée, le flux d’infiltration

est égal a la capacité d’infiltration f(t) (m.s™ 1)

t>tp= I(t) = f(t) et R(t) = P(t) — f(¢) (3.3)

La capacité d’infiltration f(¢), l'infiltration cumulée F'(¢)(m) et le temps de flaquage
tp peuvent étre calculés pour chacune des huit fonctions de production. Nous présentons

ci-dessous les caractéristiques du modele de Morel-Seytoux.

Le modele de Morel-Seytoux

Ce modele est une adaptation de celui de Green and Ampt (1911). En effet, Morel-
Seytoux and Khanji (1974) utilisent comme point de départ I’équation de Darcy (1856)
et I’équation de continuité pour affirmer la nature physique de 'approximation de Green
and Ampt (1911) supposant un front d’infiltration rectangulaire. Ils imposent pour
cela des conditions aux limites qu’ils considerent comme moins restrictives que celles
de Richards (1931). Cependant, ils soulignent le fait que I’approximation de Green and
Ampt (1911) néglige d’une part l'influence de la capillarité sur la forme du profil de la
teneur en eau du sol, et d’autre part, suppose qu’il n’y a pas de flux simultané d’eau
et d’air dans le profil (Morel-Seytoux and Khanji, 1974). A cet effet ils introduisent un
coefficient de correction visqueuse (3) dont la valeur varie entre 1 et 1.7 (1.3 en général)
(Morel-Seytoux, 1984).

Le modele proposé initialement a aussi été modifié (Morel-Seytoux, 1978) pour tenir
compte d'une pluviométrie variable dans le temps : les phénomenes de ruissellement ne
pourront étre observés avant que le stockage superficiel du sol ne soit satisfait et que
I'on observe I'apparition de flaques (Morel-Seytoux, 1984). Par conséquent, ce modele

situe le début de l'infiltration maximale en fonction du temps de flaquage tp (ponding
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time) : si ¢ < tp il y aura infiltration, si ¢ > ¢p il y aura ruissellement. Pour ¢t > tp ,

F(t) est calculé par :

Ft)— F, — [Sf 4 <1 _ ;)} In

ou Sy est donné par :

S+ F(t)] K, (t —tp)

Sy+ Fp - I5] (3-4)

Sy =01, [1— 3 (77 )] (35)

ou F, (m) est linfiltration cumulée a t = ¢,, Sf (m) est un facteur de stockage et
de succion calculé & partir des propriétés hydrodynamiques du sol (Morel-Seytoux,
1978), K4 (m.s~1) est la conductivité hydraulique & saturation, H. (m) la poussée
capillaire, 5 (m®.m~3) la teneur en eau & saturation, €, (m>.m~3) la teneur en eau
résiduelle et 6; (m®.m~3) humidité initiale de la couche de surface. Le modele de
Morel-Seytoux (1978) a ’avantage de proposer une solution simple et physiquement

valide au phénomene d’infiltration.

3.1.3.2 La propagation du ruissellement sur une unité de surface

La propagation du ruissellement R(t) sur une unité de surface est fonction de la distance
d (m) du centroide de 'unité de surface vers le centroide de 1'objet aval (autre unité de
surface SU ou trongon de réseau hydrologique RS). Le ruissellement est propagé d’apres

le modele de I'onde diffusante dans la résolution d’Hayami (Moussa, 1996).

C’d(d C’7—>

d ca [t exp AD\Cr T d
t)= ———exp2D | R(t—1)A d
Q(t) 2(7TD)1/2eacp2D/0 (t—71) pyE T

(3.6)

ou C (m.s~!) est la célérité et D (m?.s71) la diffusivité. Ces deux parametres sont
fréquemment considérés constants ou liés a la rugosité de la surface et a la pente, en

utilisant une relation du type Manning-Strickler :

S nm
S nm
D =D, 5 (3.8)
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ou n est le coefficient de rugosité de Manning-Strickler de la surface de I'unité de surface,
N est la moyenne des coefficients de rugosité n des unités de surface, S (m.m™1) est la
pente moyenne de 1'unité, S,, (m.m~!) est la moyenne des pentes des unités de surface,
Cy (m.s™1) est le parametre représentant la célérité moyenne de 'onde sur les unités
de surface et D, (m?.s71) sa diffusivité moyenne sur les unités de surface.

En conséquence, pour chaque unité hydrologique, le couple (C, D) est défini unique-
ment en fonction de la pente, de la rugosité et des deux parametres C, et D,. Ces

deux derniers sont a considérer fixes ou a calibrer a 1’échelle du bassin versant.

3.1.3.3 Les échanges nappe-trongons de réseau hydrologique

Dans MHYDAS une unité de nappe (GU) est représentée par un réservoir défini comme
étant un groupe d’unités de surface. Les échanges nappe-réseau hydrologique sont
simulés par une simple relation de type Darcy. Chaque troncon du réseau hydro-
graphique est connecté a une unité de nappe.

Par convention ¢,(t) est le flux échangé, par unité de longueur du trongon, entre le

trongon du réseau hydrologique et I'unité de nappe (Figure 3.4).

e sigb(z,t) > 0il y a des apports latéraux (flux de laquifere vers le cours d’eau).

e sigb(x,t) < 0ily a des pertes latérales (flux du cours d’eau vers 'aquifere).

Il est possible de distinguer deux cas :
Cas 1 - Le niveau de la nappe z’(t) est supérieur au fond du trongon de réseau
hydrologique (Figure 3.4). Dans ce cas, un drainage de la nappe est observé. L’eau

peut s’écouler de la nappe vers le cours d’eau ou vice versa.

Zns(t) = Zmax — zp(t) (3.9)

ol z,(t) (m) est la hauteur entre le niveau de la nappe et le niveau du substratum
imperméable & l'instant t, z,s(t) (m) est la hauteur entre la surface du sol et le niveau
de la nappe a linstant t, Zmax (m) est le niveau du substratum imperméable par
rapport a la surface du sol.

Considérons Z; (m) la profondeur du trongon de réseau hydrologique. A un instant
t, le flux va du cours d’eau vers la nappe (gb(t) < 0) si le niveau d’eau y(t) dans le
cours d’eau est supérieur & (Z; — z,5(t)) et de la nappe vers le cours d’eau (gb(t) > 0)

si y(t) < (Zy — zns(t)). Dans ces deux situations nous avons :

tns(t) > Zy = qb(t) = Ce [2ns(t) — (Zs — y(£))] L2y (t) + W (3.10)
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Vue longitudinale
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Figure 3.4: Echange nappe-troncon de réseau hydrologique

ot Cej (s71) est un coefficient d’échange. L’indice “1” correspond & la premiere
condition de la nappe, L (m) est la longueur du trongon de réseau hydrologique, W (m)
la largeur du troncon de réseau hydrologique.

Cas 2 - Le niveau de la nappe z(t) est inférieur au fond du trongon de réseau
hydrologique de profondeur Z; (Figure 3.4). Dans ce cas il n’y a pas de drainage de

la nappe vers le cours d’eau et on a uniquement une infiltration du cours d’eau vers la

nappe.

2ns(t) > Zi = qblt) = Ceay(t) L2y(t) + W) (3.11)

ot Cey (s71) est un coefficient d’échange. L’indice “2” correspond a la deuxiéme

condition de niveau de la nappe.

Dans les deux cas, et apres un pas de temps At, le nouveau niveau d’eau dans

le réservoir correspondant a l'aquifere (z,(t + At)) est calculé en utilisant une simple
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équation de bilan de masse :

gb(t)At

zn(t+ At) = zn(t)—AGU(77 -

(3.12)

ot Agy (m?) est laire de 'aquifere, At (s) est le pas de temps de calcul, n (m3.m=3)
est la porosité de drainage de l'aquifere et gy (m>.m=3) est la teneur en eau initiale
de l'aquifere. Elle est obtenue en calculant la moyenne (pondérée par les surfaces) des
teneurs en eau initiales mesures sur les profils des unités de surface qui compose 'unité

souterraine (GU).

3.1.3.4 Propagation a travers le réseau hydrographique dans MHYDAS

La propagation de I’eau dans le réseau hydrographique débute dans les trongons les plus
en amont du bassin versant, puis continue le long du réseau hydrographique jusqu’a
I’exutoire. A chaque noeud, les hydrogrammes amont sont additionnés et propagés vers
I’aval en intégrant les apports latéraux. On distingue 'hydrogramme d’entrée, qui est la
somme des hydrogrammes de sortie des trongons amont, et I’hydrogramme d’apports,
qui est la somme des apports latéraux provenant des unités de surface. La propagation
d’onde dans un trongon est calculée d’a