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Abstract

Beyond aspects such as the quantification of soil and water degradation, this work investigated
impacts of differences in the input boundary conditions (e.g. soil map, land use) on the performance
of the Soil and Water Assessment Tool (SWAT). Effects of different local crop management scenarios
(e.g. fertilizer input) on the simulation of plant growth and soil nutrient load to surface water and
groundwater systems were also evaluated. The study was carried out in the Ouémé catchment
(49,256 km?) at the outlet of Bonou in Bénin, where different sub-catchments were extensively
investigated.

Therefore, three different soil maps have been used: two maps of the hierarchical Soil and Terrain
digital database approach (SOTER) and the soil mapping at the reconnaissance level, with one
dominant soil type per mapping unit approach (ORSTOM); all three were available at the same
resolution. The mapping approach’s impact on the model results was within the same magnitude of
that of maps with different resolutions but developed with the same mapping approach. While the
latter aspect is often studied, the first one is usually neglected.

A land use map was refined for the study area, enabling the evaluation of four management
scenarios: fertilizer supplied only to cotton, rice and maize, as is common in Benin (Sc0); crop
systems without the use of fertilizer (Sc0a); similar fertilizer inputs to all cropping systems (Sc1); and
the original land use map without fertilizer inputs (Scla). Compared to the first scenario, the latter
two scenarios, commonly used in regional scale modeling, exhibited distinct biases in plant growth
parameters, crop yields, water yield, sediment yield and nitrogen load.

A regionalization methodology has been developed and applied to derive scale dependent
regression-based parameter models, using catchment physical properties depending on spatial scale
as explanatory variables for SWAT model parameters obtained from multi-scale investigations, for
accurately simulating water-sediment-nutrient fluxes at ungauged and large scale basins. With
respect to process representation in the SWAT model, it was found that in the Ouémé catchment,
geology appears to be a major driver of hydrological response, correlating significantly with eleven
out of fifteen model parameters. Slope appears to be powerful to control the channel conductivity,
groundwater threshold for base flow generation and soil evaporation compensation (accounting for
capillary, crusting and cracking actions). The soil type lixisol, which is a dominant soil component
within the Ouémé catchment, partly explained the surface runoff lag and the maximum retrained
sediment. The occurrence of lateritic consolidated soil layer explained the soil susceptibility to
erosion and drainage density explained the fraction of aquifer percolation. Parameters such as the
curve number, controlling the surface runoff were not consistently explained by the catchment
properties, leading to a slightly overestimation of runoff peaks, probably due to the non-uniqueness
of the considered calibrated parameter set. These relationships were successfully used to compute
daily runoff hydrographs (Model efficiency ranged from 0.61 to 0.67 and coefficient of
determination of roughly 0.70) at different catchment scales (from 1179 km? to 23488 km?2). By
adopting this methodology two difficulties in model setup in the Ouémé catchment were overcome:
parameter scale-effects and associated uncertainty issues for large scale model application and the
lack and non-accurateness of boundary condition data (e.g. stream water-sediment-nutrient
measurements).

Climate and land use change impacts on the ongoing land and water degradation were compared at
different spatial scales (Donga-Pont: 586 km?2, Ouémé-Bonou: about 49,256 km?). Surface runoff,
groundwater flow, sediment and organic nitrogen loads were dominantly affected by land use
change of -8 to +50%, while water yield and evapotranspiration were dominantly affected by climate
change of -31 to +2%.

It was found that variables such as surface runoff, groundwater flow, sediment and transported
nutrients, mainly sensitive to land use change were significantly affected by the increasing scale,
while variables such as water yield and evapotranspiration, mainly sensitive to climate change, have
changed almost similarly for the both scales.



Zusammenfassung

Neben Aspekten der Quantifizierung der Degradation von Boden und Wasserressourcen, untersucht
die vorliegende Arbeit den Einfluss veranderter Eingabedaten (z.B. Bodenkarte, Landnutzung) auf
Modellergebnisse des Modellsystems SWAT (Soil and Water Assessment Tool). Weiterhin werden
Szenarien der landwirtschaftlichen Nutzung auf der lokalen Skala (z.B. Eintrag von Diingemitteln) auf
Pflanzenwachstum und Nahrstoffgehalte des Oberflaichen- und Grundwassers berechnet. Als
Untersuchungsgebiet dient das Einzugsgebiet des Quémé in Benin.

Zur Analyse der Bedeutung der Bodeninformation wurden drei unterschiedliche Bodenkarten
verwendet: zwei Datensdtze des hierarchischen ,Soil and Terrain digital database’-Ansatzes (SOTER)
sowie der ORSTROM-Ansatz (Bodenkartierung mit einem dominanten Bodentyp pro kartierter
Einheit). Es konnte gezeigt werden, dass die Verwendung unterschiedlicher Konzepte zur Erstellung
der Bodenkarte Unsicherheiten erzeugt, die in der gleichen GroRenordnung liegen wie bei der
Verwendung von Bodenkarten unterschiedlichen MaRstabs. Wahrend die MaRstabsabhangigkeit
haufig untersucht wurde, wurde die Auswirkung unterschiedlicher Kartierkonzepte bislang nicht
betrachtet.

Die vorhandenen, groben Landnutzungsinformationen wurden verfeinert, um die Auswirkung
verschiedener ManagementmalRnahmen zu untersuchen. Auf Grundlage einer
Landnutzungsklassifikation wurden drei Modellszenarien entwickelt: (1) Wie in Benin Ublich, wurden
nur Baumwolle, Reis und Mais in geringer Hohe Diingemittel zugefiihrt; (2) die gleiche Menge
Dingemittel wurde auf alle Anbausysteme verteilt; (3) es wurden keine Diingemitteln zugefihrt.
Gegenliber dem ersten Szenario zeigten die Szenarien zwei und drei, die typischerweise fir die
Modellierungen auf der regionalen Skala genutzt werden, systematische Abweichungen des
Pflanzenwachstums (z.B. Wasser- und Stickstoff-Stresstage) sowie von Ernteertrag,
Wasserverfligbarkeit, Sedimentaustrag und Stickstofffracht

Eine Regionalisierungsmethode wurde entwickelt, um unter der Verwendung multiskaliger
physikalischer  Einzugsgebiets-Parameter  als  erklarender  Variablen  skalenabhangige
regressionsbasierte Parametermodelle fir das SWAT-Modell zu erzeugen. Diese Parametermodelle
ermoglichen eine genaue Simulation der Wasser-, Sediment- und Nahrstoffflisse unbeobachteter
grolskaliger Einzugsgebiete. Hinsichtlich der Prozessdarstellung im SWAT Modell konnte gezeigt
werden, dass die hydrologische Reaktion im Einzugsgebiet des Ouémé im Wesentlichen von der
Geologie beeinflusst wird. Die Hangneigung korreliert in hohem MaRe mit der Leitfahigkeit des
Gerinnes, dem Schwellenwert des Basisabflusses sowie dem Bodenevaporationsbeiwert (der
kapillaren Aufstieg, Verkrustung und Bodenrisse erkldrt). Der im Ouémé Einzugsgebiet dominante
Bodentyp Lixisol, erklart zum Teil die Verzogerung des Oberflachenabflusses und den maximalen
Sedimentriickhalt. Verfestigte Lateritschichten erkldren die Erosionsanfilligkeit wahrend die
Gewassernetzdichte den Anteil der Grundwasserneubildung erklart. Parameter wie die ,Curve
Number’, die den Oberflachenabfluss kontrolliert, konnten nicht aus Einzugsgebietseigenschaften
abgeleitet werden, was zu einer leichten Uberbewertung der Abflussspitzen auf groReren Skalen
fihrt. Dieses ist auf die nicht eindeutige Bestimmbarkeit der Modellparameter bei der
automatischen Kalibrierung zurlickzuftihren, die zu groRen Unsicherheiten in den Modellergebnissen
fihren kann. Die entwickelten Beziehungen konnten erfolgreich fiir die Berechnung des taglichen
Abflusses (Modelleffizienz von 0.61 bis 0.67, BestimmtheitsmaR von ca. 0.7) auf unterschiedlichen
Skalen (von 1179 km? bis 23488 km?) angewendet werden. Der Ansatz erlaubt es, zwei Probleme bei
der Modellentwicklung im Ouémé-Einzugsgebiet zu I6sen: Skaleneffekte bei der Bestimmung der
Modellparameter mit den dazugehorigen Unsicherheiten bei der groRskaligen Modellierung sowie
fehlende oder fehlerhafte Daten fiir die Kalibrierung (z.B. Abfliisse und Sedimentaustrage).

Auf unterschiedlichen Skalen (Donga-Pont: 586 km?; Ouémé-Bonou: ca. 49,256 km?) konnte darliber
hinaus der Einfluss des Klima- und Landnutzungswandels auf die andauernde Degradation der Land
und Wasserressourcen quantifiziert werden. Oberflachen- und Grundwasserabfluss, Sediment und
organischer Stickstoff sind vor allem durch den Landnutzungswandel beeintrachtigt (-8 bis +50%),



wahrend das Wasserdargebot und die Evapotranspiration hauptsachlich durch den Klimawandel
beeinflusst werden (-31 bis +2%).

Dariber hinaus konnte gezeigt werden, dass sich Oberflachen- und Grundwasserabfluss, Sediment
und transportierte Nahrstoffe, die vor allem auf veranderte Landnutzung reagieren, signifikant von
der betrachteten Skala abhangen, wohingegen Wasserdargebot und Evapotranspiration, die vor
allem sensitiv auf den Klimawandel reagieren, skaleninvariant sind.



Résumé

Au-dela des aspects tels que la quantification de la dégradation des sols et des eaux, ce travail a
examiné également les effets des différences dans les conditions aux limites (cartes des sols et
utilisation des terres) sur la performance de I'outil d'évaluation des sols et de I'eau (Soil and Water
Assessment Tool- SWAT). Des effets de différents scénarii de gestion locale des cultures (apport
d'engrais par exemple) sur la simulation de la croissance des plantes et le transport d’éléments
nutritifs du sol vers les eaux de surface et souterraines ont été évalués. L'étude a été menée dans le
bassin versant de 'Ouémé a I’exutoire de Bonou au Bénin, couvrant une superficie de 49256 km?2.

En effet, trois différentes cartes des sols ont été utilisées: deux cartes obtenues par I'approche de
base de données numériques et hiérarchiques des sols et des reliefs (SOil and Terrain- SOTER) et
I'approche ORSTOM (cartographie des sols a I’échelle de reconnaissance, avec un type de sol
dominant par unité de cartographie); tous trois étant disponibles a la méme résolution. L'impact de
|'approche de cartographie sur les résultats du modeéle se trouve dans le méme ordre de grandeur
que celui des cartes ayant des résolutions différentes, mais développées avec la méme méthode de
cartographie. Alors que ce dernier aspect est souvent étudié, le premier est généralement négligé.
Une carte d'utilisation des terres a été affinée, permettant I'évaluation de trois scénarii de
modélisation: systémes de culture détaillés avec apport d'engrais uniqguement au coton, le riz et le
mais, tel que courant au Bénin (Sc0); systémes de culture détaillés sans apport d'engrais (ScOa); la
carte originale d'utilisation des terres avec apport d'engrais similaire a tous les systemes de cultures
(Sc1); et la carte originale d'utilisation des terres sans apport d’engrais (Scla). Par rapport au
premier scénario, les deux derniers scénarii, couramment utilisés dans la modélisation a I'échelle
régionale, ont montré de distincts biais sur les parametres de croissance végétale (par exemple
nombre de jours de stress hydrique et de stress en azote), le rendement des cultures, la production
d’écoulements de surface, le transport de sédiments et d’éléments nutritifs des sols.

Une méthodologie de régionalisation a été développée et appliquée pour dériver des modeéles de
parametres, dépendant de I'échelle spatiale et basés sur des modeles de régression, pour simuler
avec précision acceptable, les flux d’eau-sédiments-nutriments pour les bassins non jaugés, voire
ceux de tailles trés grandes. En effet, des propriétés physiques de bassin versant dépendant de
I'échelle spatiale ont été utilisées comme variables explicatives des paramétres du modele SWAT,
préalablement obtenus a partir d’investigations multi-échelles. En respect a la représentation des
processus dans le modele SWAT, il est trouvé que dans le bassin versant de I'Ouémé, la géologie est
un facteur important de la réponse hydrologique, étant significativement corrélée avec onze des
quinze parameétres du modele considérés. La pente moyenne des bassins semblent puissamment
controler la conductivité des chenaux des cours d’eau, le seuil d'eau souterraine nécessaire pour
enclencher les écoulements de base et la compensation de I’évaporation du sol (comptant pour des
effets de capillarité, d’encroltement et de fissure des sols). La présence de sols ferrugineux
tropicaux lessivés a concrétions- lixisol (un type de sol dominant dans le bassin versant de 'Ouémé)
explique en partie le décalage du ruissellement de sous-surface et le taux maximum de sédiments
remobilisé. La présence de couches de sols consolidées et latéritiques a expliqué la sensibilité des
sols a I'érosion et la densité de drainage des bassins a expliqué la fraction d’eau percolée vers les
aquiféres. Des parametres tels que les numéros de courbes de ruissellement (curve number),
contrdlant le ruissellement de surface n'ont pas été systématiquement et solidement expliqués par
les propriétés des bassins, ce a qui conduit a une légére surestimation des pics de ruissellement,
peut-étre en raison de la non-unicité du groupe de parametres calibrés considérés, qui certainement
comportent encore de mauvaises informations. Ces relations ont été utilisées avec succés pour
calculer des hydrogrammes de ruissellement a une résolution temporelle journaliére, avec une
efficacité du modele allant de 0,61 a 0,67 et des coefficients de détermination d'environ 0,70, et a
des échelles spatiales différentes (bassins de 1179 km? a 23488 km?2). En adoptant cette méthode,
deux difficultés dans la mise en ceuvre du modele dans le bassin versant de Ouémé pouvait étre
surmontées: les effets d’échelle qui affectent souvent les parametres des modeles et les enjeux
d'incertitudes associées pour des applications a grande échelle, aussi bien que le manque et la non-
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exactitude des données sur les conditions aux limites mesurables (les débits des cours d'eau, la
concentration des sédiments en suspension et la concentration en nutriments provenant des sols).
Les impacts du changement climatique et de |'utilisation des terres sur la dégradation des eaux et
des terres en cours dans le bassin ont été comparés a différentes échelles spatiales (Donga-Pont:
586 km?2; Ouémé-Bonou: 49256 km?). Les ruissellements de surface, les écoulements souterrains, les
pertes de sédiments et de nutriments organiques (azote et phosphore organiques) ont été affectées
par les changements dans |'utilisation des terres (comme effets dominants) de -8 a +50%, tandis que
la production totale d’eau du bassin et |'évapotranspiration ont été affectées par les changements
dans le climat (comme des effets dominants) de -31 a + 2%.

Il a été constaté que les variables telles que le ruissellement de surface, les écoulements souterrains,
les pertes de sédiments et nutriments, principalement sensibles aux changements d'utilisation des
terres ont été significativement affectées par I'augmentation de I'échelle spatiale, alors que les
variables telles que la production totale d’eau du bassin et I'évapotranspiration, principalement
sensibles aux changements climatiques, ont changé presque similairement pour les différents
échelles spatiales investiguées.
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1.2. Framework of the study

Conscious of the global environmental degradation and its multiple impacts on the human well-
being, the German Ministry of Education and Research launched the GLOWA programme (GLOWA =
GLObal change of the WAter cycle) in 2000, including the multidisciplinary IMPETUS project
(“Integratives Management-Projekt fir einen Effizienten und Tragfahigen Umgang mit Slisswasser in
West Afrika” or in English: Integrated management project for an efficient and sustainable use of
freshwater resources in West Africa). It was a joint venture of the Universities of Bonn and Cologne
and the project aim was to develop strategies for sustainable future water management at regional
levels while taking into account global environmental changes and socio-economic framework
conditions, in the Wadi Draa in Morocco, and the Ouémé catchment in Benin. The IMPETUS project
was run from 2000 to 2011 and was successively dedicated to: (1) the identification and analysis of
factors influencing the water cycle; (2) the modeling of future scenario impacts on the water cycle;
and (3) management options for decision making based on scenario analysis and decision support
systems for different problem clusters. More details about the IMPETUS-Project are provided in
Speth et al. (2010).

The current study is a part of the IMPETUS project, although run beyond the official running time of
the project. As that, it is connected to earlier investigations addressing hydrological, hydrogeological,
and pedological processes (e.g. Junge, 2004; Giertz, 2004; Sintondji, 2005; El Fahem, 2007; Hiepe,
2008), socioeconomic aspects related to land degradation, resource management, and climate
change (Paeth et al., 2008; Doevenspeck, 2005).

1.3. Problem statment

The appearance and persistence in recent decades of several degradation indices of natural
resources quality worldwide (UNDP, 2003; Speth et al., 2010) mobilizes more and more attention. It
is comprehensible that the Millennium Goals for Development (UN, 2005) recommended among
others, to ensure an environmental sustainability by integrating sustainable development principles
into country policies for reversing the loosing trend of environmental resources face to increasing
population and their multiple needs.

Together, natural harsh conditions (e.g. harsh tropical climate conditions) and anthropogenic
impacts cause the loss of soil particles and nutrients (nitrogen (N) and phosphorus (P)) into water
systems. This has many serious consequences, including the decline of crop vyield (lgué, 2000)
(related to soil depth reduction and soil nutrient depletion), acidification and loss of biodiversity in
stream and lake systems, and habitat degradation in downstream water systems (MAEP, 2007).
Climate changes affect the hydrological cycle, thus modifying the transformation and transport
characteristics of nutrients (Bouraoui et al., 2002). A specific case of study of potential impact of
climate change on surface water quality in North America has shown among the effects to be
expected, an increase in diffuse source pollutant loads in nutrient cycling (Murdoch et al., 2000).
Previously, Novotny and Olem (1994) indicated that diffuse losses of nutrients, especially those from
agricultural origins, are among the major contributors to the total nutrient load to the water
systems.

Several works worldwide (Abbott et al., 1986; Sivapalan and Viney, 1994a, 1994b; Diekkriger and
Arning, 1995; Arnold et al.,, 1998; Andersen et al., 2003; Bloschl and Sivapalan, 1995) provided
process understanding frameworks (e.g. model development) ranging from the complexity of
hydrological processes (i.e. discontinuity, periodicity, randomness) to the local and regional nutrient
cycling, transport and other related problems, estimates of future trends, and assessments of
possible solutions (i.e. through management scenarios). This allowed several modeling tasks since
the last decades, using nowadays complex process based models with multiple specific limitations
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(Andersen et al., 2003; Bloschl and Sivapalan, 1995). Among the major weaknesses are: (1) the non-
explored uncertainties on the model performance, which may be caused by alternative mapping
concepts if used to derive soil maps; (2) the non-explored uncertainties on the simulation of plant
growth, yield, soil particle and nutrient transport, which may be caused by crop system aggregation
at regional scale; (3) the use of inappropriate modeling scales (which increase the scale-effects on
the model parameters due to the model internal aggregation) that complicates the model parameter
issues and problems related to data availability and accessibility.

1.4. Objectives

The overall objective of the study is to contribute to the sustainable management of Benin’s natural
resources in indicating often neglected uncertainties which should be considered in the scenario
elaborations for supporting well-balanced management decisions. It is also expected to provide
information on stream water chemical quality and the depletion rate of soil nutrients, both aspects
which were not investigated during the official running time of the IMPETUS project (Speth et al.,
2010).

Specifically, the study objectives are: (1) establishment of suitable soil data base as input for
hydrological and erosion process modeling as well as nitrogen and phosphorus load evaluation for
the whole Ouémé basin (roughly 49,256 km?); (2) assessment of impacts of crop and fertilizer
pattern on the modeling issues in the well investigated Donga-Pont catchment level; (3) assessment
of the physical and chemical contamination of surface-groundwater, linked to agricultural diffuse
sources; (4) development of an approach to understand the scale dependent impact of spatial
heterogeneity on the simulation of hydrological processes; and (5) evaluation of global change on
soil degradation and water quality from meso to regional scale.

In this study, various research questions arising from the problems stated above have been explored
such as: (1) how the output of the physically based model SWAT depends on the soil mapping
approach; (2) how within-aggregative mapping unit variability and soil layer/soil property
aggregation, affect the SWAT model output; (3) how valid is a given soil map obtained with a given
mapping approach for hydrological evaluations; (4) how different small-scale processes may
efficiently contribute to a large-scale assessment; and (5) how and with which uncertainties
parameters are transferable to ungauged sub-catchments.

1.6. Structure of the thesis

This thesis is organized in 10 chapters, starting with a short introduction of the study framework and
objectives. Chapter 2 describes the research area in providing details on the spatial information data
(e.g. land use) used. Chapter 3 provides concept definitions (state of the art) such as hydrological
cycle, water balance, erosion and model typology. Chapter 4 describes the methods used such as the
model components, while chapter 5 describes the laboratory methods, the modeling procedures,
and the algorithms used for the calibration, sensitivity and uncertainty analysis. Chapter 6, analyses
the effects of different soil databases (via mapping/aggregation concepts) on modeling of
hydrological processes and sediment yield in Benin. Chapter 7 discusses the effects of changing crop
patterns and management practices on the simulation of N and P loads to surface and groundwater
in a semi-humid and meso scale catchment in Benin. In the chapter 8 are presented the scale effects
of catchment properties on modeling soil and water degradation in Benin, and chapter 9 compares
simulation results of land and water degradation under land use and climate change scenarios from
meso (586 km?) to regional scale (49,256 km?). Finally, a general conclusion is given in the chapter
10.
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2.1. Location

The Ouémé catchment at the Bonou outlet extends to 49, 256 km? of surface area and makes up of
roughly 43% of the Benin country (Barthel et al., 2009) between 6.8 and 10.2 °N of latitude. About
89% of the catchment is located in Benin, about 10% in Nigeria and about 1% in Togo (Fig. 2.1).
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On a global view, Benin extends from the Niger River to the Atlantic Ocean, with a relatively flat
terrain. Benin lies entirely in the tropical sub-saharan region with a wet and dry climate. A semi-arid
environment is met northwards, made up of savannahs and small mountains (about 600 m), while
the south of the country consists of a low coastal plain with marshlands, lakes and lagoons.

2.2. Geology and geomorphology

The geology of Benin consists of two main rock types (metamorphic/crystalline rocks and
sedimentary rocks) as summarized by Faure and Volkoff (1998):

(1) metamorphic/crystalline rocks (Precambrian/Dahomeyan basement), consisted predominantly
of complex migmatites granulites, with granitic/gneissic intrusion, divided into two differentiated
units: (i) a granite gneissic unit in the east, composed of rocks corresponding to a medium
metamorphic gradient: amphibole-gneiss, biotite-gneiss and some basic rocks as amphibolites
embedded in folded granite gneiss—syntectonic granites that form the main lithologic component;
and (ii) a granulitic and aluminous gneissic unit westward, composed of several Late- or Post-
Panafrican granitic intrusions.
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(2) sedimentary rocks distributed in three basins: (i) the coastal basin formed by Cretaceous-Tertiary
series made up of clays, sands, gravel, ferruginous sandstone overlain by clayey sands and fluviatile
deposits_Continental Terminal.in which the ‘Terre de Barre’ is differentiated; (ii) the Kandi Basin in
the north-east, comprises a Cambrian base-conglomerate, Paleozoic sandstones and clays,
Cretaceous sandstones and a Continental Terminal cover with ferruginous sand-stones; and (iii) part
of the Volta Basin (in the north-west), composed of siltstones and sandstones with interlayered
limestones, tillites, limestones and silexites, phosphates of the Buem unit and quartzite sandstones
that are gradually metamorphosed toward the east. The metamorphic equivalents of these
sandstones constitute the Atacora unit that forms the highest relief line of the area.

1 2 3 4 The Ouémé catchment is mainly
fandi bag characterized by the Precambrian
12° basement, consists predominantly of
complex migmatites granulites and
gneisses, including less abundant mica
1° shists, quarzites and amphibolites
(Reichert et al.,, 2010). Syn — and post —
tectonic intruisions of mainly granites,
10° diorites, gabbros and volcanic rocks are
present (Wright and Burgess, 1992;
Reichert et al., 2010).
g° With a topographic relief generally low
(highest elevation point of 658 meter) the
land surface may be slightly ondulating
8° (granitic — gneissic plateau), strongly
fractured (granitic peneplain) with typical
seasonally waterlogged linear depressions
70 (inland valleys) (Menz, 2010). The terrain
of the lower basin, consisting of soft
sedimentary bedrock, is monotone, less
4° accentuated and formed by anastomosing
rivers, erosion and siltation.

12°

111

10°

Atacora basi

o°

Dahomeyan
basement

o P .
8 Quernme pasin

7°

Coastal basin

10

Fig. 2.2. Benin geological basins (modified
from Faure and Volkoff, 1998)

2.3. Climate

According to Faure and Volkoff (1998), Benin is divided into four bioclimatic zones: (i) a littoral
humid tropical zone (1200 to 1400 mm of annual rainfall); (ii) a littoral and inland sub-humid zone
(900 to 1200 mm of annual rainfall) with wooded savannas in the low basin of the Quémé river and
the low basin of the Mono river near the Togo border; (iii) a wetter inland zone (1200 to 1400 mm of
annual rainfall) with woodlands and savannas corresponding to the central dorsal of Nikki-Djougou;
and (iv) a continental dry northern zone (900 to 1200 mm of annual rainfall) with dry bushes and
savannabhs.

Situated in the wet (Guinean coast) and dry (Guinean Soudanian zone) tropical climate, the Ouémé
catchment records annual mean temperature of 26 to 30°, annual mean rainfall of 1,280 mm (from
1950 to 1969) and 1150 mm (from 1970 to 2004) at the climatic station of Parakou (cf. Fig. 2.3) (Fink
et al., 2010a). The Guinean Soudanian zone (north of the catchment) has a unimodal rainfall season
(from April to September) that peaks in August whereas the Guinean coast zone (south of the
catchment) exhibits a bimodal rainfall season (from March to July and from August to October) that
peaks in June and September (cf. Fig. 2.3).
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Rainfall variability analysis revealed a multi-decadal dry episode (rainfall anomalies) commenced
around 1970 with remarkable drought periods in the early 1970s and early to mid-1980s in the
Sahelian region, and higher year-to-year variability with sequences of dry years in the coastal
Guinean regions (Fink et al., 2010a).

When compared with the standardized rainfall time series for the central Sahel and the Guinean
coast (Fig. 2.4), it is appeared that the Ouémé regions exhibit a similar rainfall variability than the
Guinea coast rainfall index, but the northern Ouémé region exhibits a strong coherence with rainfall
anomalies of the Sahel on decadal time scales (Fink et al., 2010b).

It should be highlighted that these variations in the West African climate (rainfall) are generally
attributed to the irregular movement of the Inter Tropical Convergence Zone (ITCZ) (Cochémé and
Franquin, 1967). However, local factors, such as surface conditions, orography phenomena and
atmospheric disturbances are important too (Shelton, 2009). The Inter Tropical Convergence Zone
(ITCZ) is the zone of discontinuity between two air masses with distinctly different moisture
characteristics (Le Barbé et al., 2002): (i) the maritime (humid) air mass originating from the Atlantic
Ocean and associated with the south-western winds, commonly referred to the southwest monsoon
(Fink et al., 2010b); and (ii) the continental (dry) air mass originating from the African continent and
associated with the north-eastern Harmattan winds. The ITCZ has its most northerly position in
August and its southern most position in January (Weischet & Endlicher, 2000). It is evident that
increasing atmospheric disturbance (e.g. gas emission) and changes in landscape surfaces may
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strongly affect the air mass characteristics, and thus may increase climate variability and climate
change.

West/Central Sahel Rainfall 1950-2004 Guinea Coast Rainfall 1950-2004
(base period: 1950-1990) (base period: 1950-1990)

"I‘ '""| |||'|I|III ‘II (LR

1950 1970 1980 1990 2000

[N
LS

=
[&]
[&]

| W Guinea Coast

2
3}

J hulil | ‘1)“" "Wl\”[ifnw ,]‘lr

Standardized Deviations
=}
wn

Standardized Deviations
o

IV\BGtSahe\

Fig. 2.4. Standardized rainfall index for West and Central
Sahel and Guinea Coast from 1950 to 2004. Rainfall
anomalies can be clearly distinguished from 1970. The
small map diplay homogeneous rainfall regions (after
Speth et al., 2010)

2.6. Hydrology

With a length of about 510 km and with two most important tributaries, Zou (150 km) and Okpara
(200 km), the Ouémé river drains into Lake Nokoué (150 km?) and flows through the coastal lagoon
system into the sea (Diekkriiger et al., 2010). While Fig. 2.5 shows only the investigated sub-
catchments in this study, Tab. 2.1 presents an exhaustive list of the gauged sub-catchments.
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Fig. 2.5. Investigated gauged sub-catchments and hydrometric network of Ouémé-Bonou catchment.
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Tab. 2.1. Ouémé river sub-catchments and sizes.

Catchment River Longitude Latitude Organization Catchment size [km?]
Affon QOuémé 2.10 9.75 DG-Eau 1165
Aguimo Aguimo 2.02 9.13 IRD 402
Ara Donga 1.61 9.75 IRD 13
Atchérighé Zou 2.13 7.56 DG-Eau 6980
Aval-Sani Ouémé 2.15 9.72 IRD 3283
Barérou Yérou-Maro 2.38 9.36 DG-Eau 2162
Bétérou Ouémé 2.27 9.20 DG-Eau 10050
Bonou Ouémé 2.45 6.91 DG-Eau 49256
Donga affon Donga 2.10 9.73 IRD 1330
Dome Zou 2.32 7.10 DG-Eau 8303
Donga-Kolo Donga 1.69 9.75 IRD 105
Donga-Pont Donga 1.95 9.71 IRD 586
Gourou-Bori Ouémé 2.40 9.76 IRD 1607
Igbomakoro Térou 1.88 9.08 IRD 2334
Kaboua Okpara 2.72 8.25 DG-Eau 9477
Nanon-Binessi Okpara 2.79 9.48 IMPETUS 1557
Sagon Ouémé 2.44 7.19 DG-Eau 12
Sani Sani 2.12 9.76 IRD 745
Sarmanga Térou 1.82 9.23 IRD 1378
Save Ouémé 2.38 8.01 DG-Eau 23485
Tébou Ouémé 1.87 9.95 IRD 515
Vossa Beffa 2.34 8.49 DG-Eau 1935
Wanou-Cote Térou 2.09 9.09 DG-Eau 3133
Wé-Wé Wé-Wé 2.12 9.39 DG-Eau 293
Zagnanado Ouémé 2.47 7.21 DG-Eau 38141
Zoundji Zou 1.83 7.87 DG-Eau 1552
Bori-Gourou Alpouro 2.40 9.76 DG-Eau 1607
450 -+
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Fig. 2.6. Rainfall - runoff relationships for the main Ouémé sub-catchments for the wet year 2003 and the dry
year 2005 (Donga-Pont: 586 km?2; Affon-Pont: 1179 km?; Térou-lgbo.: 2344 km?; Atchérigbé: 6978 km?

Rainfall [mm a1]

Bétérou: 10072 km?; Save: 23488 km?).

Rainfall-runoff variability is high in the catchment (Fig. 2.6), leading to runoff coefficients varying
from 0.10 to 0.26 (of the total annual rainfall), with the lowest values for the savannahs and forest
landscapes (Diekkriiger et al.,, 2010). Given the importance of the inland-valley areas within the
Ouémé catchment (Speth et al., 2010), high impacts on the processes may be expected, but not
invested in detail neither in any previous works nor in this work. Beyond this aspect, a general
framework of process understanding is provided in the chapter 3. The rainfall anomalies observed

7



2. Research area

since 70’s in the Sahelian and Guinean West African regions (cf. section 2.3) are reflected in the
Ouémé catchment water balance, mainly the total water discharge (IMPETUS, 2002). As it can be
seen in the Fig. 2.7 a persistent decrease of the annual total discharge at the Bétérou gauging station
(cf. Fig. 2.5) is detected since the 70’s to 2000.
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Fig. 2.7. Deviation from the average yearly discharge of the Ouémé at the Bétérou station from 1950 to 2000
(IMPETUS, 2002)

2.4. Soils

In the Ouémé catchment the main landscape elements are the crest and the upper, middle and
lower slopes (together referred to high peneplains), following by the valley fringe and colluvial
footslopes, and the valley bottoms and terraces (low peneplains and floodplains) (Igué 1996; Igué,
2000). As the most widespread landscape element within the Ouémé catchment, the high
peneplains is consisted of three major soil types (lgué, 2000): deep to very deep red soils,
moderately deep, shallower and gravelly soils that overlie some time the rock (basic basement
Dubroeucq 1967) or petroferric horizon (gneiss/migmatite basement) (Dubroeucq 1967, Windmeijer
and Andriesse 1993).

At regional scale, predominant soil are fersialitic soils (ferruginous tropical soils), characterized by
clay translocation and iron segregation (ferruginous tropical soils with concretions), which lead to a
clear horizon differentiation (Faure and Volkhoff, 1998; Gaiser et al., 2010).

A local scale description (Fig. 2.8) has shown a typical catena with soils formed on the slopes,
leached ferruginous tropical soils (Orthidystri-Epi- or Endoskeletic Acrisols/Haplic Lixisols or Typic
Kandi-ustults/Typic Kandiustalfs) (Busche et al., 2005; Junge, 2004; Sintondji, 2005, Hiepe, 2008;
Gaiser et al, 2010). Leached and indurated ferruginous tropical soils (Hyperalbi-Petric
Plinthosols/Plinthic Petraquepts) are developed at lower parts of the slopes. Hydromorphic soils
(Humic Gleysols/Typic Epiaquepts) are found in the inland valleys. In the riverbeds, poorly evolved
soils are distributed (Arenic Fluvisols/Typic Ustifluvents) (Junge, 2004; Sintondji, 2005, Hiepe, 2008;
Gaiser et al.,, 2010). Examples of physical and chemical contain for Gleysol and Acrisol are provided
in Fig. 2.9.
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Fig. 2.8. Main soil distribution of a typical soil catena in the Térou-lgbomakoro sub-catchment (Junge, 2004).
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Fig. 2.9. Example of physical and chemical contain for Gleysol and Acrisol as investigated.
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2.5. Vegetation

The Ouémé catchment landscape is characterized by forest islands, gallery forest, savannah,
woodlands, agricultural lands, pastures and mosaics of cropland and bush fallow, plantation with
Parkia, Cashew and palm trees (Bossa, 2007). Agriculture and other human activities have led to
large scale deforestation and fragmentations leaving only small blocks of natural vegetation types
within a matrix of degraded secondary habitats (Porembski et al, 2010). Woodland and savannah are
the main types of natural vegetation found in the upper basin, while the southern part is
characterized mainly by gallery forests. The vegetation density is higher in the north than the south,
due to a lower population density. Bush fires occurring regularly during the dry season enhance
runoff and erosion due to clearing of the vegetation which results in a rapid degradation of the soils.
From the base to top of the hills, the vegetation physiognomy varies (Bossa, 2007):

(1) the vegetation of thalwegs is consisted of wood savannahs and gallery forests with
species such as Anogeissus leiocarpus, Daniellia oliveri, Lophira lanceolata;

(2) on hydromorphic soils are found species such as Anogeissus leiocarpus, Pterocarpus
santalinoides, Terminalia macroptera, Acacia caffra, and plantation species such as Mangifera
indica, Carica papaya, Psidium quayaya, Tectona grandis (teck), Dolonix regia, Anacardium
occidentale ;

(3) the vegetation of plains are savannah trees consist of species such as Daniellia oliveri,
Isoberlinia doka, Parkia biglobosa, Pteleopsis laxiflous, Pterocarpus erinacens, Vitellaria paradoxa,
Bridelia ferruginen, Chlorophora excelsa, Detarium microcarpus, Poaceae such as Imperata
cylindrica, Schizachirum pulchellum, Eragrostis namaguensis, Andropogon gayanus are part of the
plain vegetation. In the fractures of migmatite and gneiss blocks are found species such as adansonia
digitata (baobab), Ceiba pentandra, Isoberlinia doka, Pterocarpus africana; and

(4) lichens and mosses are found at the hill summits.

2.7. Ethnic groups and migrations

With roughly 7 million inhabitants and a demographic growth of 3.3% in 2002 (INSAE, 2003), Benin
population is characterized by strong spatial disparities: 238 inhabitants/km? in south and 27
inhabitants/km? in central and North Benin (Heldmann et al., 2010). Two major socio-cultural groups
are dominant at the national level: (i) the southern-central group with Fon and related groups like
Adja and Yoruba/Nagot; and (ii) the northern group with Bariba, Dendi, Bétamaribé, Yoa, Lopka and
Fulani (INSAE, 2003).

For example in the Department of Collines (centre of the Ouémé catchment), the ethnic group
Yoruba (26.5%) has the majority, followed by the group Mahi (25.7%), Idaasha (14.9%) and Fon
(13%), according to INSAE (2003). These peoples are engaged in many activities such as agriculture
which is mainly practiced by the ethnic group Ife, Mahi, Fon, Cotocoli, Betamaribé and Adja, who use
members of the Kabia group as seasonal agricultural workers. The Yoruba are traders while the
Fulani are commonly cattle farmers. It should be noted that the Fon and Adja, who migrated to this
area are mainly in search of vast fertile land they cannot find at home. The communes and villages
are characterized by high multiculturalism of even more than 40 ethnic groups with more than 75%
of migrants (case of Bétérou, commune of Tchaourou in the upper Ouémé catchment).

In addition, job seeking and attractiveness of cities lead the youth to rural exodus towards
neighboring countries (before Ghana and nowadays Nigeria). This migration results in a significant
reduction of potential workers, something that contributes to the decline in agricultural production.

10



3. Hydrology, erosion and model definition

3. Hydrology, erosion and model definition

3.1. Hydrological cycle and water balance

Modern hydrology is broadly defined as the science that studies the occurrence and movement of
water on and under the Earth’s surface, water’s chemical and physical properties, water’s
relationship to biotic and abiotic environmental components, and human effects on water (Ward and
Robinson, 2000; Shelton, 2009). The hydrosphere is composed of four large reservoirs with
permanent exchanges (Fitts, 2002): (i) the seas and oceans, (ii) inland/continental waters (surface
water, soil and groundwater), (iii) the atmosphere water, and (iv) the cryosphere. The exchangeable
water between these different reservoirs may be temporarily as vapor, clouds and precipitation
(under the influence of solar energy and air masses).

According to Shelton (2009), recognizing the full natural range of phenomena included in the
hydrologic cycle is aided by conceptualizing the hydrologic cycle as consisting of two branches: (1) a
terrestrial branch encompasses continental processes and (2) an atmospheric branch provides an
energy and moisture redistribution mechanism. The terrestrial branch of the hydrologic cycle consists
of the inflow, outflow, and storage of water in its various forms on the continents. The primary focus
of the terrestrial branch is the natural processes at or near the land surface that ultimately produce
surface and subsurface runoff and directly influence cycles of other materials that shape the Earth’s
surface (Stricker et al., 1993; Shelton, 2009).

De Marsily (1995) mentioned in his work that any loss of water by one of both parts (atmospheric
and terrestrial) is a gain for the other part, what guarantees a certain stationarity of the water cycle.
The continental branch of the cycle (according to De Marsily, 1995) involves at soil level two types of
reservoirs (case of tropical regions) housing complex physical processes, conditioning internal trade
on one hand and external exchanges with the atmospheric circulation on the other hand: (1) surface
water reservoirs that contains all the water stored in surface depressions, from smaller (due to
surface roughness ) to larger flood plains, rivers, lakes, marshes, ponds, etc.; and (2) soil and subsoil
reservoirs in which water is stored as soil moisture and groundwater.

The precipitated water over the catchment is divided into intercepted water, retained water on the
soil surface, infiltration and runoff (Beven, 2001). All of the intercepted water and part of the water
retained in the soil surface and seeping is lost through evaporation and transpiration (Arnald et al.,
1998). The blade surface water runoff becomes direct runoff and is an important part of the flow to
the outlet. The other components of the flow at the outlet are the delayed interflow and base flow
derived respectively from the infiltrated water in the unsaturated zone and water from groundwater
(Beven, 2001). These hydrological processes interact in complex ways over time and space. Taking
into account the scales of the process variability in models is one of the major challenges of the
modern hydrology. To understand this variability, it is common to investigate over a long period,
changes in water balance.

The International Glossary of Hydrology (UNESCO, 1992) defines the water balance as the balance

based on the principle that during a certain time interval, the total contributions to a watershed or an
aquatic entity must be equal to the total output plus the change, positive or negative, of water
volume stored in the watershed or the entity (Fig. 3.1). The water balance is thus defined at the
watershed scale and results in the simplified equation:

AS:P+Qin+Gin_(Qout+Gout+ET) (Eq'3'3)

where, AS = change in the storage, P = Precipitation, Q;, = Surface surface inflow, Q,,; = surface
outflow, ET = Evapotranspiration, G;, = sub-surface inflow and G,,; = sub-surface outflow.

The determination of the water balance terms may become complex when interactions between
neighboring watersheds occur. Indeed, the watershed is not always a closed system as is often
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considered, the superposition of topographic watershed and hydrogeologic watershed is not always
perfect. As a result, exchanges between neighboring watersheds occur in the AS component, which
complicates its accurate assessment (Zannou, 2006).

Soil moisture is a key parameter in the hydrological cycle, because on that, depend several
exchanges: infiltration, surface runoff, amount of water absorbed by vegetation. The soil moisture
dynamic in the tropics is represented by the balance equation (Ngo-duc, 2005):

M _p_E+R+Df

ot (Eq. 3.1)
where, w is the soil moisture (in mm), P, the total precipitation, E, total evapotranspiration R, surface
runoff and Df, profile bottom drainage. The total evapotranpiration is the sum of soil evaporation
(Eson), the stored water by the canopy (E/) and plant transpiration (7r):

E =Esol + El + Tr (Eq. 3.2)

3.2. Soil hydraulic properties and soil water

Soil is a typical heterogeneous multi-phasic porous system, which, in its general form, contains three
phase components: (1) the solid phase of the soil matrix (formed by mineral particles and solid
organic materials), (2) the liquid phase, which is often represented by water and which could more
properly be called the soil solution; and (3) the gaseous phase, which contains air and other gases
(Ali, 2010). According to Musy and Soutter (1991), soil may be defined as the reorganized product
from the alteration of the surface layer of the terrestrial crust, mainly under influences of climatic
and biological agents.

From a hydrologist’s point of view, soils are porous environments consisting of grain, more or less
cemented, and forming a skeleton around which remain empty spaces (porosity). These spaces are
partially or completely saturated with water. The physical properties of water along with the size and
distribution of pore spaces determine how much water is stored in a given volume and how easily
water moves through the soil material (Fitts, 2002). Castany (1961) defines as "drainage porosity" the
ratio of the volume of free water that may contain a porous environment in a saturation state and
then release as a result of a complete drainage. De Marsily (1994) defines rather as "kinematic
porosity" the ratio of water volume that can flow to the total void volume.

Several phenomena may limit the drainage or kinematic porosity: the adsorption of a water layer on
the solid grain surface (bound water) by molecular attraction and capillary forces, and the existence
of non-connected pores (Fitts, 2002). These different properties predispose the soil to a water
content rather variable and leading it to the so-called non-saturation or saturation condition (van
Genuchten, 1980). The volumetric water content of a soil (0) varies from a residual value near zero to
the maximum value (65) when the soil is saturated.

In addition, water in porous environment is characterized by its energy state, which defines the total
potential energy, resulting from the addition of acting forces (Smith and Mullins, 2000). One may
define the hydraulic charge (or total potential energy), which often comes down to the sum of the
gravitational potential and the matrix potential (consequence of capillary forces and adsorption from
solid matrix, which attract and bind to the solid phase in the soil). The matrix potential is defined as
positive under the water table surface and negative otherwise. The first case is encountered in the
so-called saturated environments, and the second in unsaturated environment. It should be
emphasized that the fundamental difference between these two types of environment is the
resistance to flow, observed in non-saturated environment, which is significantly absent in saturated
environment (Musy and Soutter, 1991).
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3.3. Infiltration and Evaporation

Infiltration is the movement of water from soil surface into the soil. According to Musy and Soutter
(1991), infiltration can be defined as the movement of water from soil surface to soil layers when the
soil receives rain or is exposed to flooding. The opposite movement of water results in
evapotranspiration, which represents plant consumption (transpiration) or the climatic demand
expressed by the moisture deficit of the air (evaporation). Evaporation from free water surfaces and
moist soil surfaces occurs when the ambient air vapor pressure gradient is less than the vapor
pressure at the evaporating surface and an external source of energy is present (Shelton, 2009).
Transpiration is a more complex process and the transpired water rate differs considerably from one
plant species to another, largely in response to the plant rooting depth and the vegetative area
(Shelton, 2009).

Many factors can influence the infiltration of water into the soil. Indeed, the soil may have some
stratification, a surface crust or an initial moisture profile which is not homogeneous due to
successive sequences of infiltration, redistribution and evaporation. Infiltration is influenced by the
hydrodynamic properties of successive soil layers and the initial state of the profile. One can also
consider two different forms of stratification. The one related to the soil pedogenesis reflecting the
vertical succession of soil horizons and those related to the degradation of soil structure on the
surface (surface crusts). It may be added the strata resulting from human activities, such as
compacted horizons or plow pans.

3.4. Runoff generation

The combination of soil hydraulic properties, topography, anthropogenic impacts and rainfall events
may highly control the soil water flow as well as infiltration and evapotranspiration, and different
hydrological processes may occur at different length scales. According to Bloschl and Sivapalan
(1995), runoff generation may be associated with rainfall intensities exceeding infiltration capacities
(which produces infiltration excess/Hortonian overland flow), a ‘point phenomenon’ and can, as
such, be defined at a very small length scale. Bloschl and Sivapalan (1995) explained that the
saturation excess runoff (i.e. saturation overland flow) is an integrated process and needs a certain
minimum catchment area to be operative. This is because, typically, the main mechanism for raising
the groundwater table (which in turn produces saturation overland flow) is the lateral percolation
above an impending horizon. Also, subsurface storm flow needs a certain minimum catchment area
to be operative. Channel flow typically occurs at larger scales above a channel initiation area up to
the length scales of the largest river basins (Bl6schl and Sivapalan, 1995).

Clearly, surface runoff is affected by both meteorological factors (rainfall intensity, amount, duration;
distribution of rainfall over the drainage basin; climatic conditions that affect evapotranspiration,
such as temperature, wind, relative humidity, season), geology and topography of the land (land use,
vegetation, soil type, basin shape, elevation, slope, ponds, lakes, sinks) and human activities
(Sintondji, 2005; Giertz, 2006; Hiepe, 2008; Speth et al., 2010).

3.5. Erosion and soil degradation

Erosion is a natural process that confronts the whole world. Erosion can be seen as any movement of
soil particles away from their original location. Susceptibility to erosion and the occurrence
proportion depend on land use, geology, geomorphology, climate, soil texture, soil structure and the
nature and density of vegetation. Arnold et al. (1989) defined erosion as a form of degradation as
severe as compaction, reduction of organic matter rate, soil surface deterioration, insufficient
subsurface drainage, salinity and soil acidification. All these forms of serious degradation, in
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themselves, accelerate soil erosion. The agents of soil erosion are water (water erosion) and wind
(wind erosion).

Rainfall intensity and runoff are very important in the water erosion initiation and evolution.
According to Arnold et al. (1998), the impact of raindrops can break aggregates and disperse the soil
particles in all directions (splash effect).

Several erosion types have been mentioned among other by Morgan (1979, 1986): sheet erosion,
gully and ravine erosion. Indeed, after beating the soil surface and making it virtually impermeable,
the water runs off in large sheet, loading the finest elements (clays, organic materials and humus),
essential for soil fertility. Gully erosion occurs when sheet runoff (erosion) is gathering little by little
at the favor of small slopes. A steepening of the slope may increase the water speeds, so getting
more force, resulting in regressive erosion (digging backwards) also called ravine erosion.

Roose et al. (2004), in their appreciation of water erosion processes have highlighted the linear
erosion, having major importance on steep slopes, where the water and soil particles flow through
channels often blocked by stones or plant tufts.

Sediment yield may be defined as the fraction of the land surface eroded particles leaving a
catchment. Topography, soil, geology, land use, climate/rainfall regime and crop system
management are among other factors that may influence the loading and delivery rate. Oeurng et al.,
(2010) analyzed the dynamics of suspended sediment transport and yield in a large agricultural
catchment in southwest France, and found that there were significant correlations between total
precipitation, discharge peak, total water yield, flood intensity and sediment variables during the
flood events, but no relationship with antecedent conditions.

Erosion and soil degradation have evolved in very considerable proportions in Africa, especially in
tropical Africa. Moreover, to achieve the Millennium Development Goals (UNDP, 2005), it is crucial to
take serious measures against erosion and soil degradation, which are primarily sheet and gully
erosion that scours the humus horizon in one generation (Roose et al., 2004).

Many researches have been conducted in parts of Africa to understand the processes as for the
determinant and promoting causes, related to the specific climatological, meteorological and soil
condition (Giertz et al., 2006, Bormann et al. 2005; Laouina et al., 2004, Roose et al., 2004, Speth et
al., 2010). Indeed, an application of the Universal Soil Loss Equation (Roose et al. (2004) have shown
that tropical soils are quite vulnerable to tropical rains, despite their very high stability. Many studies
in Benin (Gbessemehlan, 1988; Biaou, 1995; Dissou, 1992; Sintondji, 2005; Hiepe, 2008; Speth et al.,
2010) showed a fast degradation of natural resources. It is shown that agricultural soils are degrading
very quickly. In the upper valley of Ouémé basin (Benin), Bormann et al. (2005) indicated a soil loss of
about 40 tons per hectare per year in agricultural land compared to 3.9 tons per hectare per year in
the savannahs.

The Ouémé basin is exposed to a low productivity and water resources availability, given the close
relationship established between the water balance, the changes in the vegetation and soil
degradation (Falkenmark and Widstrand, 1992 and Speth et al., 2010).

3.6. Impacts of global change on water and land resources in the tropics

Vulnerability to change, whether climate-induced or related to changes in land use/land cover, is a
major threat, consisting at the same time of a water dimension (lower level of the water table), an
agrarian dimension (falling yields) and an environmental dimension (weakening of the soil and
increasing erosion) (Laouina et al., 2004). Several investigations on the global change processes and
its impact on the hydrological cycle have shown that global climate change has a significant influence
on the regional water resources (Bormann et al., 2005; Speth et al., 2010).

Many studies led on hydro-meteorological variability in the world and especially in several West
Africa catchments account for the effectiveness of changes taking place. Paturel et al. (2003) has
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shown that the rainfall deficit of about 10 to 30% observed in the Niger basin (in the north of Benin)
since the 70's led to a decline of more than 40% of the river water.

Leduc et al. (2001), Seguis et al (2004), Mahe et al. (2005) stated that the decrease in flow rate
observed in the Sudano-Guinean catchments (including parts of the Ouémé catchment) is probably
related to a decrease of groundwater resources, which amplifies the effect of rainfall deficit. They
highlighted also that the drying and warming expected in the semi-humid African regions may cause
a water deficit in higher grade and reduce infiltration rate (less groundwater recharge).

All investigations indicate that at the local level, the water balance is extremely sensitive to changes
in vegetation and soil degradation (Giertz et al., 2006; Speth et al., 2010). According to Bormann et al.
(2005), Benin will be exposed to the effects of severe water stress from the year 2025, taking into
account the population development.

3.7. Hydrological models and their application in the tropics

A model may be defined as a set of equations reflecting complex phenomena, often used to describe
complex systems, including predictions of their future trends. It may be seen in hydrology as a
formalization of knowledge of the processes involved in the water cycle. According to Loague and
VanderKwaak (2004), the aim of a model is precisely not to reproduce reality in all its complexity, but
rather to capture in a vivid, often formal, way what is essential to understanding some aspect of its
structure or behavior. In the watershed hydrology, the model is designed primarily to simulate
various levels of detail, the physical processes involved in the transfer of moisture flux such as
interception, evapotranspiration, changes in soil water content, surface runoff, infiltration,
percolation, storage of groundwater and river flow (Le Lay, 2006). Hydrological models are used to
associate these processes dynamically to better understand their nature, role and interaction in time
and space.

Schematically, modeling can be seen as a simulation of the spatio-temporal evolution of prognostic
variables such as watershed runoff in response to the spatiotemporal evolution of forcing variables
(e.g. precipitation), taking into account a number of state variables or internal variables such as soil
moisture. Characteristic information of the studied system may be generally included in the models
(measurable characteristics used directly as input variables) (Le Lay, 2006). Other characteristics of
the system may have a more subjective nature, as for the formal description and assumptions that
are made of the studied system (model parameters).

From suggested model classifications (Clarke, 1973; Ambrose, 1999; Beven, 2001; Loague and
VanderKwaak, 2004, Le Lay, 2006), two main criteria can be distinguished when designing a
watershed model: (i) how the hydrological processes will be described and (i) the spatial
representation of the catchments. The process description in the models has led to three different
terminologies: (i) statistical models; (ii) conceptual models; and (iii) physical-based models. As for the
spatial representation of the catchments, two different terminologies are most used: lumped models
and distributed or semi-distributed models.

“Statistical models”, often based on regressions, aim to characterize the rainfall-runoff relationship,
without involving the physical nature of the watershed. They are less used in impact studies, since
many parameters affecting runoff are non-stationary (e.g. evapotranspiration, vegetation, land use,
extraction of groundwater, etc.).

“Conceptual models”, which break down the watershed functioning into sub-processes. In most
cases, the watershed is represented as a collection of interconnected reservoirs, described by
balance equations and draining laws. If they can simulate comprehensively various water cycle
components (evapotranspiration, runoff, recharge and groundwater flow, water storage), they are
nevertheless a highly simplified of the watershed functioning. The reservoir interconnexion and the
used drainage laws are most often derived from an empirical approach, and the parameters are of
little physical significance.
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“Physically-based models” aim to represent the physical processes in the watershed dynamic, within
a unified theoretical framework. They use conservation relationship (mass, energy, momentum)
described by a system of partial differential equations with parameters (in principle measurable),
related to system physical properties (Abbott et al., 1986). They are based on a high resolution
spatiotemporal discretization, to simulate in any point and at any time the system evolution.

The Soil and Water Assessment Tool (SWAT) model (Arnold et al., 1998), used for simulating water
balance and soil degradation in the following chapter of this thesis, may be placed between the
conceptual and physically-based models. One should highlights that the model classification is up to
now a non-closed discussion, leading often to many contradictions.

It is possible to consider the basin as a single homogeneous entity, represented by mean parameters
or equivalents, taking into account spatial heterogeneities indirectly: this is called a global approach,
leading to the so-called “lumped models”.

The watershed may be spatially discretized, in order to consider fully and explicitly, the spatial
variability of processes. The resulting model is called “distributed models”. The degree of
consideration of spatial heterogeneities distinguishes the “semi-distributed models” from distributed
models, although the acceptance of these terms is subject to discussions. Specifically, as for the Soil
and Water Assessment Tool (SWAT) model (Arnold et al.,, 1998), it may be placed between the
distributed and semi-distributed models.

In the African sub-Sahara countries, different hydrological model concepts are nowadays used. Most
of these models would be able to predict impacts of climate and land use change on the hydrological
processes, water availability, and the degradation of natural resources in general (Giertz et al., 2006;
Speth et al., 2010). Moreover, closed relationships between water balance and changes in the
vegetation have been already highlighted by Speth et al. (2010). Although simple models (often used
to bypass the known data gap in the region) may allow the assessment of different hydrological
components, it is become essential and crucial to use more complex distributed and physically-based
models, to be able to consider climate and land use change effects on hydrological processes. This
arises three different problems to be solved: (1) how to bridge the data gap; (2) how to deal with the
traditional difficulties to determine groundwater flow component of streamflow (Arnold and Allen,
1999), which still is unclear for the regional hydrologists; and (3) how to deal with the numerous
physically-based model parameters (which should be in principle measured, but quite difficult, even
in the developed countries), much influenced by modeling scale. It should be simply noted that
increasing efforts are in progress for creating various types of databases through
cooperation/developing projects such as the IMPETUS project, the WASCAL project (), etc..
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4. Modeling approach

4.1. Model description

The Soil and Water Assessment Tool (SWAT) is a hydrological and water quality model developed by
the United States Department of Agricultural-Research-Service (USDA-ARS) (Arnold et al., 1998). It is
a continuous-time model that operates at a daily time-step. It allows the assessment of various
subsurface flows and storages (Fig. 4.1) and related sediment and nutrient loads, takes into account
the feedback between plant growth, water, and nutrient cycle, and helps to understand land
management practice effects on water, sediment, and nutrient dynamics. It incorporates a kinematic
storage model for subsurface flow modeling in two-dimensional cross-chapter along a flow path
down a hillslope which is important for an appropriate modelling of subsurface flow processes. It is a
catchment scale model which can be applied from small (km2) to regional and large scale (100,000
km?2). The catchment is subdivided into sub-catchments/sub-basins using a Digital Elevation Model
(DEM). Each sub-catchment consists of a number of Hydrological Response Units (HRU) which are
homogeneous concerning soil, relief, and vegetation but are not georeferenced within the sub-
catchment. SWAT has been successfully applied over the world for hydrological process assessment,
water quality studies, and recently for crop yield assessment (Srinivasan et al., 2010). It was
successfully applied for several Benin catchments and even the whole West Africa sub-continent (4-
million km?) for modeling water availability (Sintondji, 2005; Busche et al., 2005; Hiepe, 2008; Schuol
et al., 2007). The following description is based on Arnold et al (1998) and relevant explanations from
Sintondji (2005) and Hiepe (2008).
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Fig. 4.1. Schematic representation of the hydrologic cycle (after Neitsch et al., 2001)

Water balance
The land phase of the hydrologic cycle as computed in the SWAT model is based on the water

balance equation Eq. 4.1). Runoff amounts are predicted for each sub-catchment and then routed to
the channel.
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t
SW, = SW, + Z(Ri -Q —ET,; _Wseep,i _ngvi) (Eq. 4.1)
i=1

Where SW; is the final soil water content [mm], SW,is the initial soil water content on day i [mm], t is
the time (days), R; is the amount of precipitation on day i [mm], Q; is the amount of surface runoff on
day i [mm], ET, ; is the amount of evapotranspiration on day i [mm], W, ; is the amount of water
entering the vadose zone from the soil profile on day i [mm], and Qq., ; is the amount of return flow
on day i [mm)].

Surface runoff

Surface runoff is predicted using a modified version of the SCS CN method (SCS, 1972, 1986). This
method involves various types of data related to vegetation, hydrologic soil group, slope, and
antecedent moisture condition (Eq. 4.2).

_ 2
Q:% for R>02S and Q=0 for R<0.2S (Eq. 4.2)

1000 j

S =254 —">-10 Eq. 4.3
(CN (Eq. 4.3)

where Q is the daily surface runoff [mm], R is the daily rainfall [mm], and S is a retention parameter. S
varies within basins under various soil, land use, management, and slope conditions and responds to
changes in soil water content over time. The parameter S is related to the curve number (CN) by (Eq.
4.3).

The peak runoff rate is the maximum runoff rate that occurs with in a given rainfall event. The peak
runoff rate is an indicator of the erosive power of a storm and is used to predict sediment loss. SWAT
calculates the peak runoff rate with a modified rational method as a function of surface runoff, sub-
catchment area, time of concentration and the fraction of daily rainfall during time of concentration:

q. . —C.i.Area_ Qur R, Area &, Q- Area
peak 36 R, t._ 36 3.6-t

(Eq. 4.4)

day conc conc

Where, Gpear is the peak runoff rate [m3/s], C the runoff coefficient [-] (quotient of Qs and Rygy), i
the rainfall intensity [mm/h] (quotient of R, and t,,), Area the sub-catchment area [kmz], 3.6 a
conversion coefficient, R, the rainfall during time of concentration [mm], R, the daily rainfall [mm],
t.one the time of concentration for the sub-catchment [h], a;. the fraction of daily rainfall that occurs
during the time of concentration [-], and Qs the surface runoff [mm].

The time of concentration is the amount of time from the beginning of a rainfall event until the entire
sub-basin area is contributing to flow at the outlet. In other words, the time of concentration is the
time for a drop of water to flow from the remotest point in the sub-basin to the sub-basin outlet. The
time of concentration is calculated by summing the overland flow time (the time it takes for flow
from the remotest point in the sub-basin to reach the channel) and the channel flow time (the time it
takes for flow in the upstream channels to reach the outlet). For large sub-catchments with a time of
concentration being greater than one day, SWAT incorporates a surface runoff storage feature to lag
a portion of the surface runoff release to the main channel (Eq. 4.5).
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—surlag

qurf = (Q’surf + Qstor,i—l)' 1-e fone (Eq. 4.5)

Where, Qg is the surface runoff discharged to the main channel on a day [mm], Q’;.s the generated
surface runoff in the sub-catchment on a day [mm], Qsr, .1 the surface runoff stored or lagged from
the previous day [mml], surlag the surface runoff lag coefficient [-], t.... the time of concentration for
the sub-catchment [h].

Potential and actual evapotranspiration

Evapotranspiration is a collective term that includes all processes by which water at the earth’s
surface is converted to water vapor. It includes evaporation water intercepted by the plant canopy,
transpiration, sublimation and evaporation from the soil and water systems. Potential soil water
evaporation is estimated as a function of potential evapotranspiration and leaf area index. Three
methods to estimate PET have been incorporated into SWAT: the Penman-Monteith method
(Monteith, 1965; Allen et al., 1989), the Priestley-Taylor method (Priestley and Taylor, 1972) and the
Hargreaves method (Hargreaves et al., 1985). The Penman-Monteith method as used in this study
requires solar radiation, air temperature, relative humidity and wind speed, and combines
components that account for energy needed to sustain evaporation, the strength of the mechanism
required to remove the water vapor and aerodynamic and surface resistance terms:

A-(H,-G)+ p, -C, e —e,llr
;{,E _ ( net ) palr p z z a (Eq 4.6)
A+y-@+r/r,)

where, AE is the latent heat flux density [MJ/m?/d], E the depth rate of evaporation [mm/d], A the
slope of the saturation vapour pressure-temperature curve (de/dT [kPa/°C]), H,.: the net radiation
[MJ/m?/d], G the soil heat flux [MJ/m?/d], pa: the air density [kg/m?], C, the specific heat at constant

pressure [MJ/kg/°C], e? the saturation vapour pressure of air at height z [kPa], e, the actuel water
vapour pressure of air at height z [kPa], y the psychrometric constant [kPa/°C], I, the plant canopy

resistance [s/m] (function of the leaf area index), and r, the diffusion resistance of the air layer
(aerodynamic resistance) [s/m].

SWAT uses a part of the daily rainfall amount to first fills the canopy storage before any water is
allowed to reach the ground. The maximum storage capacity varies as a function of LAl. SWAT first
evaporates any rainfall intercepted by the plant canopy with a potential rate. Next, SWAT separately
calculates the potential transpiration and potential soil evaporation using a modified approach of
Ritchie (1972). The depth distribution used to determine the maximum amount of water allowed to
be evaporated is given by Eq. 4.7.

E  —E". z
soilz s Z+exp (2.374_0.00713.2)

(Eq. 4.7)

Where, E

evaporation on a given day [mm], Z the depth below the surface [mm].

The coefficients in the exponential term were chosen so that 50% of the evaporative demand is
extracted from the top 10 mm of soil and 95% of the evaporative demand from the top 100 mm of
the soil. This assumption can be modified by the soil evaporation compensation coefficient (ESCO).
Actual soil water evaporation is estimated by using exponential functions of soil depth and water

silz 1S the evaporative demand at depth z [mm], E!'the maximum soil water
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content. Plant transpiration is simulated as a linear function of potential evapotranspiration and leaf
area index. The actual amount of transpiration on a day equals the plant water uptake for the day
which depends on the amount of water required by the plant for transpiration and the amount of
water available in the soil. The depth distribution used to determine the maximum amount of water
uptake from the soil surface to a depth Z is by Eq. 4.8.

B liewlop . L
WUvaZ[l_eXp (_ﬂw)] |:1 exp( ﬂW Zroot]} (Fa-4.8)

where, W,, . is the potential water uptake from to soil surface to a depth z [mm], E; the maximum
plant transpiration on a given day [mm], Z the depth below the surface [mm], Z,.,: the rooting depth
[mm], and g, the water-use distribution parameter [-].

Percolation

Percolation may be defined as the movement of water through the soil profile caused by differences
in the soil properties. A soil profile may be defined as a vertical section of soil, showing successive
layers from the ground surface to the parental rocks. Soil properties may be understand as measured
or inferred parameters such as the void ratio, porosity, specific gravity, dry unit weight, saturated
unit weight, liquid limit, etc.. Percolation through the soil layers may be caused by differences in
water content. In SWAT percolation occurs when field capacity of a soil layer is exceeded and the
layer below is not saturated. The flow rate is governed by the saturated conductivity and leads to
groundwater recharge, which is partitioned into two aquifer system: an unconfined (shallow) aquifer
allowing base flow generation to streams within the catchment, and a confined (deep) aquifer
contributing to the base flow outside the catchment. The amount of water that moves from one layer
to the underlying layer is calculated by the storage routing technique (Eq. 4.9).

—At —At-Ky
1_eTTperc —SW l_eSAT,y—FC,y

ly,excess

SW,

ly,excess

w (Eq. 4.9)

perc,ly =

Where, W, 1, is the amount of water percolating to the underlying soil layer [mm], SWj, excess the
drainable volume of water in the soil layer [mm], At the length of time step [h], TT,., the travel time
for percolation [h], SAT;, the amount of water in the soil layer when completely saturated [mm], FC;,
the water content of the soil layer at field capacity [mm], and K, the saturated hydraulic
conductivity for the layer [mm/h].

Lateral flow

Lateral flow depends on the hydraulic conductivities in the soil layers, and an impermeable or semi-
permeable layer at a shallow depth. SWAT incorporates the kinematic storage model for subsurface
flow developed by Sloan and Moore (1984) (Eq. 4.10).

2. Sle,excess ) Ksat i Slpj (Eq. 4.10)

¢d : Lhill

Qu = o.024-(

where SWj, s is the drainable volume of water stored in the saturated zone of the hillslope per unit
area (mm H,0), K, is the saturated hydraulic conductivity (mm-h'l), slp is the increase in elevation
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per unit distance, @, is the drainable porosity of the soil (mm/mm), L,y is the hillslope length (m), and
0.024 is a factor needed to convert meters to millimeters and hours to days.

Groundwater flow

Groundwater is water in the saturated zone under pressure greater than atmospheric. Water enters
groundwater storage primarily by percolation, although recharge by seepage from surface water
bodies may occur. Water leaves groundwater storage primarily by discharge into rivers or lakes, but it
is also possible for water to move upward from the water table into the capillary fringe (see Fig. 4.1).
SWAT simulates an unconfined aquifer that contributes to the flow in the main channel (shallow
aquifer) and a confined (deep aquifer). Eq. 4.11 shows the daily water balance for the shallow
aquifer. The shallow aquifer storage is recharged by percolation from the unsaturated zone and
reduced by baseflow, deep aquifer recharge, upwards flows into the soil zone and with drawal. The
baseflow is implemented as a linear storage with a specific recession coefficient (Eq. 4.12).

aqsh,i = aqsh,i—l + Wrchrg - ng - Wrevap - Wdeep — WU, (Eq. 4.11)

—aAt —a/t
ng,i = ng,i e + Wrchrg (1 —€ ) (Eq. 4.12)

Where, aqy,; is the shallow aquifer storage on the day i [mm], ags,:; the shallow aquifer storage the
day before [mm], W, the recharge entering the aquifer [mm], Q,, the groundwater flow or
baseflow into the main channel [mm], W, the amount of water moving into the soil zone as
response to water deficiencies [mm], W, the amount of water percolating from the shallow aquifer
into the deep aquifer [mm], WUy, the water use from the shallow aquifer [mm], a the base flow
recession constant [-], describes the lag flow from the aquifer, estimation by baseflow filter
techniques. Besides several specific groundwater coefficients SWAT defines minimum thresholds for
the shallow aquifer for the occurrence of return flow and the water flow to the unsaturated zone or
to the deep aquifer.

Sedimentation component

Erosion involves the detachment, transport and deposition of soil particles and aggregates. Sediment
yield is defined as the total amount of eroded material to be delivered from its source to a
downstream control point. Thus, sediment yield rates directly depend on both soil loss rates and the
transport efficiency of surface runoff and channel flow. Erosion caused by rainfall and runoff is
computed with the Modified Universal Soil Loss Equation (MUSLE, Eq. 4.13) (Williams, 1975).

sy =11.8-(Q carea, L Kuse -Cusie - Pt - LSuste - CFRG (Eq. 4.13)

surf qpea
Where SY is the sediment yield [t ha™], Qsury is the surface runoff [mm], g,eq is the peak runoff rate
[m?s™, Kysie (or USLE_K) is the USLE erodibility factor [0.013 t m* h (m®t cm)™], Cusi¢ is the USLE crop
management factor [-], Pys.c is the USLE erosion control factor [-], LSys;e is the USLE slope length
factor [-] and CFRG is the coarse fragment factor [-].

Nitrate in surface runoff
Nitrate may be transported with surface runoff, lateral flow or percolation. To calculate the amount

of nitrate transported with the water, the concentration of nitrate in the mobile water is calculated.
This concentration is then multiplied by the volume of water flowing in each pathway to obtain the
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mass of nitrate lost from the soil layer. The concentration of nitrate in the mobile water fraction is
calculated as:

—W._ ..
NO. .|1-e mobile
3l Xp[(l—ee)- SATJ

CONCy o3 mobile = W (Eqg. 4.14)

mobile

where concyosmebile is the concentration of nitrate in the mobile water for a given layer (kg N/mm
H,0), NO3,, is the amount of nitrate in the layer (kg N/ha), Wmopie is the amount of mobile water in the
layer (mm H,0), 6. is the fraction of porosity from which anions are excluded, and SAT), is the
saturated water content of the soil layer [mm].

Soluble phosphorus in surface runoff

The primary mechanism of phosphorus transport in the soil is by diffusion. Diffusion is the migration
of ions over small distances (1-2 mm) in the soil solution in response to a concentration gradient. Due
to the low mobility of soluble phosphorus, surface runoff will only partially interact with the soluble P
stored in the top 10 mm of soil. The amount of soluble P transported in surface runoff is:

P i .
Psurf — solutionsurf qurf (Eq. 4.15)
p, -depth, ., - K

hru * d,surf

Where Py, is the amount of soluble phosphorus lost in surface runoff (kg P/ha), Psoution suf is the
amount of phosphorus in solution in the top 10 mm (kg P/ha), Q .sis the amount of surface runoff on

a given day (mm H,0), p, is the bulk density of the top 10 mm (Mg/m?) (assumed to be equivalent to
bulk density of the first soil layer), depth,,yis the depth of the “surface” layer (10 mm), and kg sy is
the phosphorus soil partitioning coefficient (m*/Mg).

Organic nutrient in surface runoff

Organic N and organic/mineral P attached to soil particles may be transported by surface runoff to
the main channel. These forms of nutrients are associated with the sediment loading from the field
and changes in sediment loading will be reflected in their loading amount. Organic N and P
transported with the sediment are calculated with a loading function developed by McElroy et al.
(1976) and modified by Williams and Hann (1978) to consider each runoff events. The loading
function estimates the daily organic N runoff loss based on the concentration of organic N in the top
soil layer, the sediment yield, and the enrichment ratio (concentration of organic N in the sediment
divided by that in the soil).

d
0rgNgyrr = 0.001 - concyrgn L EN:sed (Eq. 4.16)

areap,y

where orgN,,y is the amount of organic nitrogen transported to the main channel in surface runoff
(kg N/ha), conce,y is the concentration of organic nitrogen in the top 10 mm of soil (g N/ ton), sed is
the sediment yield on a given day (tons), areay,, is the HRU area (ha), and ey is the nitrogen
enrichment ratio.
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The enrichment ratio is defined as the ratio of the concentration of organic nitrogen transported with
the sediment to the concentration in the soil surface layer. SWAT calculates an enrichment ratio for
each storm event. The concentration of organic nitrogen in the soil surface layer, concyqy, is
calculated:

orgN +orgN +orgN
oran :100( g frsh,surf g sta,surf g act,surf) (Eq. 4.17)
0, - depth

conc

surf

where orgNgs, s is nitrogen in the fresh organic pool in the top 10 mm (kg N/ha), orgN suy is
nitrogen in the stable organic pool (kg N/ha), orgNocsuysis nitrogen in the active organic pool in the
top 10 mm (kg N/ha), p, is the bulk density of the first soil layer (Mg/m?), and depths,is the depth of
the soil surface layer (10 mm). The amount of phosphorus transported with sediment to the stream is
calculated:

SedPsurf = 0.001 - concgeqp L_sed . Ep-sed (Eq. 4.18)

areapry

where sedP;,s is the amount of phosphorus transported with sediment to the main channel in surface
runoff (kg P/ha), conc,.4» is the concentration of phosphorus attached to sediment in the top 10 mm
(g P/ metric ton soil), sed is the sediment yield on a given day (metric tons), area,,, is the HRU area
(ha), and &p.sq is the phosphorus enrichment ratio.

The enrichment ratio is defined as the ratio of the concentration of phosphorus transported with the
sediment to the concentration of phosphorus in the soil surface layer. SWAT calculates an
enrichment ratio for each storm event. The concentration of phosphorus attached to sediment in the
soil surface layer, conc.qp, is calculated:

(mm Pact,surf +min Psta,surf + Orgl:)hum,surf + Orngrsh,surf)

conc,,,p =100-
P, - depth

(Eq. 4.19)

surf

Where minP, .¢is the amount of phosphorus in the active mineral pool in the top 10 mm (kg P/ha),
MinPs s is the amount of phosphorus in the stable mineral pool in the top 10 mm (kg P/ha),
0rgPhum surt is the amount of phosphorus in humic organic pool in the top 10 mm (kg P/ha), orgPs s suf

is the amount of phosphorus in the fresh organic pool in the top 10 mm (kg P/ha), p, is the bulk
density of the first soil layer (Mg/m?), and depth,,sis the depth of the soil surface layer (10 mm).

4.2. Calibration, sensitivity and uncertainty

Hydrologic models, no matter how sophisticated and spatially explicit, aggregate at some level of
detail complex, spatially distributed vegetation and subsurface properties into much simpler
homogeneous storages with transfer functions that describe the flow of water within and between
these different compartments (Vrugt et al., 2008).

Many types of uncertainties are pointed out by Pappenberger and Beven (2006): (1) uncertainties in
the model drivers (inputs and boundary conditions such as rainfall, land use, soil); (2) uncertainties in
the model factors (resolution and scale); (3) dependencies in the model factors (model components,
model parameters, structural errors); (4) uncertainties related to uncertainty estimation
methodology; and uncertainties in the observations used in the model calibration.

In addition Abbaspour (2008) pointed out conceptual model uncertainties such as: (1) uncertainties
due to processes that are included in the model, but their occurrences in the watershed are unknown
to the modeler; and (2) uncertainties due to processes unknown to the modeler and not included in
the model.
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According to Vrugt et al. (2008) a consequence of this process simplification is that most of the
parameters in these models cannot be inferred through direct observation in the field, but can only
be meaningfully derived by calibration against an input - output record of the catchment response.
Various methodologies are used for analyzing the incertainties in the distributed catchment models:
Markov Chain Monte Carlo Simulation- MCMC (Kuczeraa and Parent, 1998; Vrugt at al., 2003, 2008);
Sequential Uncertainty Fitting- SUFI2 (Abbaspour, 2008); Parameter solution- Parasol (van Griensven
and Meixner, 2007); and Generalized Likelihood Estimation- GLUE (Beven and Binlley, 1992).

In this work, an automatic calibration, sensitivity and uncertainty analysis have been performed using
the SWAT-CUP interface (Abbaspour, 2008) with the SUFI-2 procedure with the Sum of Squared Error
(SS) set as an objective function (Eq. 4.20).

2

Sszwli(Qm_Qs) +W2i(sm_ss) +W3§:(Nm_Ns)

i (Eq. 4.20)

W, = . . . .
where, no? , o’ is the variance of the i"" measured variable, Q, S and N represent the
discharge, the sediment and the nitrate concentration respectively. m and s are used for
measurements and simulated respectively. n is the number of observed values.

Discharge, sediment and nitrate were simultaneously calibrated. Table 4.4 shows the calibration and
validation periods for the different sub-catchments investigated, considering discharge, sediment
concentrations and nitrate concentrations.

Tab. 4.1. Calibration periods for the different sub-catchments investigated. Validation periods are provided in brackets.

Donga Vossa Térou Atchérighé Kaboua Bétérou
Discharge 2006-2008 1998-2000 2002-2005 2007- 2008 2004- 2006 2006-2009
(1998- 2005) (1995) (1998-2001, 2006) (2001-2006, 2009) (1995-1998) (1998-2005)
Sediment 2008 - 2004-2005 2008 - 2008-2009
(2005) - (2006) (2009) - (2004-2005)
Nitrate 2008 - - 2008 - 2008-2009
(2008-2009) - - (2009) - (2008)

Different criteria were used to assess the model performance and the optimal calibrated parameter
values as resumed from (1) to (4) below.

(1) Calculation of the model goodness of fit to the measurements, which are the coefficient of
determination R?, the model efficiency of Nash & Sutcliffe ME (1970), and the index of agreement of
Willmott (1981). The coefficient of determination R? (see Eq. 4.22) describes the linear dependency
between measured and simulated values within the range of -1 to 1. A model which systematically
over- or underpredicts may still result in good R% The ME (Eq. 4.23) describes the degree of
accordance between observed and simulated values and varies between - oo to 1. The ME coefficient
indicates how well observed variable peaks are captured by the simulations. The index of agreement
is rather strongly influenced by the mean value (simulated or observed variable). The Index of
Agreement evaluates the performance of the temporal characteristics of the discharge curves (see
Eqg. 4.24). The index covers a range of 0 to 1. A value of 1 indicates a complete agreement between
measured and simulated values.

r= n (X )= hx ) o tx) (Eq. 4.22)
U= (o ) e X e (3 rx f
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where, N is the number of variables, X, the measured variable, and X, the simulated variable.

ME = 2 Ll i) - Z_?lz(x"_)_(i I (Eq. 4.23)
Z ?fl(xi — Xi )

where, nis the number of measurements, X; the measured variable, and Xi the arithmetic mean of

X (i=1,..,n).

2 l, DG =X, )
IA=1— = —
E {‘_1QXi — x‘+‘x'i—x")2

where, n is the number of compared values, X; the measured variable, X the arithmetic mean

(Eq. 4.24)

of x, (i =1,...,n), x, the simulated variable, and X, the arithmetic mean of x, (i=1,...,n).

(2) the comparison of the simulated water yield components (direct surface runoff and baseflow) to
the observed components, estimated with the baseflow filter program of Arnold et al. (1995) (Eq.
4.25).

1+8

qe =B *qe1+——* (Qt — Q¢-1) (Eq. 4.25)
where, g, is the quick flow component at time t from the total flow Q; and f8 is the filter parameter.

(3) The degree to which all uncertainties are accounted for is quantified by a measure referred to as
P-factor, which is the percentage of measured data bracketed by the 95% prediction uncertainty.
Although all processes and model inputs such as rainfall are considered, the model output is subject
to a number of sources of uncertainty as stated above and highlighted by Brown & Heuvelink (2005).
Therefore, although also uncertain, the percentage of measurements captured (bracketed) by the
prediction uncertainty is a good measure to assess the uncertainty issue. It has to be kept in mind
that the paradox situation may occur in that the greater the uncertainty, the greater the possibility
that experimental data will lie within this uncertainty. This means that the greater the uncertainty,
the more difficult it is to show that the model is invalid (Anderson & Bates, 2001). The 95%
uncertainty prediction is calculated at the 2.5% and 97.5% levels of cumulative distribution of an
output variable obtained through Latin Hypercube sampling, excluding 5% of the very bad
simulations (due to very bad parameter combination).

(4) For measuring the strength of the uncertainty analysis, the R-factor, which is the ratio of average
distance between 2.5 and 97.5 percentiles of the cumulative distribution of the simulated variable
and the standard deviation of the corresponding measured variable, is calculated by Eq. 8. SUFI-2
seeks to bracket most of the measured data with the smallest possible uncertainty band.

Kk

Z(Xu - X|_)|

koy 12

R — factor =

(Eq. 8)

where k is the number of observed data points, oy is the standard deviation of the measured variable
X, and Xy and X, are respectively the 2.5" and 97.5" percentiles of the cumulative distribution of
every simulated point.

Theoretically, the value for P-factor ranges between 0 and 100%, while that of R-factor ranges

between 0 and infinity. A P-factor of one and an R-factor of zero is a simulation that exactly
corresponds to the measured data. The degree to which the factors are different from these numbers
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can be used to judge the strength of the calibration. A larger P-factor can be achieved at the expense
of a larger R-factor.

The sensitivity of each parameter (t-stat) is measured by calculating a multiple regression system,
which regresses the Latin Hypercube-generated parameters against objective function values. A t-
test is then used to identify the significance of each parameter. The p-values associated with this t-
test provide the significance of the sensitivity of each parameter (a value close to zero has a high
significance). The sensitivities are estimates of the average changes in the objective function resulting
from changes in each parameter, while all other parameters are variable. This gives relative
sensitivities based on linear approximations and thus only provides partial information about the
sensitivity of the objective function to model parameters.

Sensitivity analysis was also carried out using the "Latin Hypercube One-factor-at-a-Time" (LH-OAT)
method, a combined method designed and proposed by Morris (1991). The "Latin hypercube (LH)" is
improved compared to the Monte Carlo approach. The simplest Monte Carlo analysis involves
random samplings from uniform or normal distributions. It allows an analysis of changes in model
predictions due to changes in model input. The "Latin hypercube” (McKay et al.,, 1979) uses a
stratified sampling approach with fewer samples. Each cumulative density function of the model
parameters is divided into m classes with an probability equal to 1/m. Random values are generated
for the combination of all parameters, while ensuring that each class is sampled once. Thus, the
model is executed m times with a random combination of unlimited number of parameters. The
"One-factor-at-a-Time" involves a sequential change starting from an initial parameter vector n (x1,
...., Xn). The advantage of this method is that only one parameter is changed for each simulation and
changes in results can be attributed to changes in one parameter alone.

Additionally, sensitivity has been performed by the “one factor at-a-time” method (OFAT) using
equation 4.26 (de Roo, 1993). Sensitivity indices of the model input parameters have been calculated
for the daily mean squared error between simulated and observed discharge. The advantage of the
OFAT-method is that sensitivity is clearly attributed to a single parameter while all others are kept
constant.

|OP10 - OM 1o|

SIlO = 0

(Eq. 4.26)

(o]

with 0,10 = model output with a 10% increase of the parameter value, Oui = model output with a
10% decrease of the parameter value, and O, = model output with the base simulation.
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5. Input and monitoring data

In SWAT, the catchment is discretized into numerous sub-catchments. Sub-catchments are
delineated from the Digital Elevation Model using a threshold concept parameter, and are linked to
one climate station, providing climate data such as daily precipitation and potential
evapotranspiration. Within each sub-catchment, the distribution of soils and vegetation is considered
by Hydrological Response Units (HRUs) created by overlaying three types of data layers (topographic
map, soil map, and land use map), accordingly to a catchment spatial threshold, which is a key
parameter controlling the internal aggregation procedure in the model (Romanowicz et al., 2005).
Each HRU is represented by specific parameters, such as the terrain properties, the chemical and
physical soil properties, and properties of the vegetation types. Hiepe (2008) reported that the
number of sub-catchments strongly affects simulation results due to the spatial linkage between sub-
catchments and climate information.

Tab. 5.1 shows the nature and source of the different data layers, their scales and types of
parameters and investigations, in the structure as required for applying the SWAT model in the
Ouémé catchment.

Tab. 5.1. General model input data used in this study. Soil and land use data are from IMPETUS (Christoph et al., 2008) and
INRAB (Institut National de la Recherche Agricole du Bénin; Igue, 2005), Climate data are from IMPETUS, IRD (Institut de
Recherche pour le Développement), and DMN (Direction de la Météorologie Nationale), Geology data is from OBEMINES
(Office Béninoise des MINES). PHU is defined as Potential Heat Unit, LAl as Leave Area Index, and CN2 as Curve Number 2.

Data (data sources) Scale Parameters and types of investigation

Elevation, overland, channel lengths, channel slopes,

Topography (DEM SRTM) 90 m resolution sub-basins delineation, sub-basins slopes, etc.

Saturated conductivity, organic carbon, bulk density,
Soil (SOTER INRAB & IMPETUS) 1:200,000 Texture, soil erodibility factor, soil available water
content, pH, OrgN, etc.

Land use (Classification Satellite data 250 m resolution Biomass, PHU, LAI, CN2, etc.

RIVERTWIN)

Management (CountryStat, MAEP, Tillages, crop systems, conservation measures,
HRU scale o

CeRPA) fertlization, etc.

Weather (DMN, IRD, IMPETUS) 33 stations Daily wind speed, precipitation, temperature, solar

radiation, etc.

Hydrological process studies often require large amounts of observed data in time and space,
including stream water discharge, suspended sediment concentrations, nutrient concentrations, etc.
In the specific case of modeling, they are used to constrain the uncertainties in predicted variables
(Pappenberger and Beven, 2006). Access to multiple data types rhymes with more constraints and
hence an outcome more accurate modeling issues.

Modelling the water cycle, the sediment and nutrient dynamics at the field scale (HRU scale) requires
spatial and temporal representation of management techniques, including crop calendar (planting,
harvesting, etc.), tillage operations, fertilization, and various other practices. All this highly influences
the nitrogen and phosphorus cycles and may result in degradation of land fertility and pollution of
aquifers and surface waters. At the SWAT process scale, two inorganic pools (NH," and NO;) and
three organic pools (fresh organic N associated with crop residue and microbial biomass, the active
and the stable organic N associated with the soil humus) are for example considered to simulate the
nitrogen cycle.

5.1. Soil data
Three different soil databases are established at the scale 1:200.000 for the whole Ouémé

catchment, in corporation with INRAB (Institut National de la Recherche Agricole du Bénin). The
theoretical and practical aspects of the more recently developed soil aggregation and mapping
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method, SOil and TERrain digital database approach (SOTER, van Engelen & Ting-tiang, 1995) were
considered as well as the French Commission of Pedology and Soil Mapping approach (CPCS, 1967)
(cf. chapter 6 for more details).

5.2. Land use data

The land use/cover map considered in this study has been established a 250 m resolution from 3
scenes satellite images LANDSAT ETM+ of 2003 (Igué et al., 2006; RIVERTWIN, 2007). After image
treatment, imaged maps were established and interpretation keys were defined. For efficacy
reasons, the interpretation was carried out at the scale of 1/50.000 in order to get maximum
information. Field controls were done. More than 650 observation points were checked during the
ground checks. Finally, 17 land use/cover classes were defined (Tab. 5.2 and Fig. 5.1). A subsequent
accuracy check shows that the overall accuracy is high (87 %) (Igué et al., 2006). The land use unit
“mosaic of cropland and fallow” has been mapped most precisely, whereas the classification of the
unit “humid and dry dense forest” has the lowest precision. The most common crops in the basin are
among others yams, maize, rice, groundnuts, sorghum and cotton.

Tab. 5.2. Land use/cover categories, their area and percentage of total area (Ouémé-Bonou catchment).

Land use categories Land use code Area (km?) Percentage of total area
Galery forest GF 1759 3.98
Humid and dry dense forest FD 1220 2.76
Swamp formations FM 17 0.04
Riverain formations FR 107 0.24
Woodland and woodland savannah FCSB 6716 15.2
Flooding savannah SM 222 0.5
Tree and shrub savannah SA 17231 38.99
Saxicolous savannah SS 313 0.71
Grassland PH 14 0.03
Mosaic of cropland and bush fallow l] 13713 31.03
Mosaic of cultivation with Parkia and Cashew trees CINA 32 0.07
Mosaic of cultivation with palm trees cJp 1189 2.69
Industrial plantations PI 127 0.29
Village plantations PV 1209 2.74
Barren lands/area without vegetation BAR 5 0.01
Urban and built-up AG 277 0.63
Water bodies PE 47 0.11

The land use scenarios considered in this study were computed in the framework of an EU funded
project (RIVERTWIN, 2007). As described by Gotzinger (2007) the major driver for land use change is
population growth and subsequent conversion of the natural savannah vegetation into settlements,
roads, and a mosaic of fields by slash and burn clearance. Together with stakeholders, two socio-
economic scenarios have been set up: (1) La, stronger economic development, controlled
urbanization, 3.2% population growth per year; and (2) Lb, weak national economy, uncontrolled
settlement and farmland development, 3.5% population growth per year. These scenarios are also
used in the national planning administration of Benin. For each scenario, the population growth has
been translated into a specific demand for settlements and agricultural area according to the
development of the national framework. This demand has been satisfied according to the proximity
to roads and existing villages, new settlements and agricultural areas have been created leading to
the land use distribution. Changes in the Ouémé land use according to the scenarios La and Lb are
mainly expressed by the conversion of the savannah into croplands and pastures (Fig. 5.2) in a range
of 10 to 20% of the agricultural lands for the scenario La and 20 to 40% for the scenario Lb.
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Fig. 5.1. Land use/cover of the Ouémé basin. The legend is fully explained in Tab. 5.2. ((a): reference map
(2003); (b): Lb 2025-2029) (After RIVERTWIN, 2007)
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Fig. 5.2. Change in land use in reference to the land use patterns (from satellite image 2003): scenarios La and
Lb.

In the framework of the IMPETUS project, Judex (2008) used the CLUE-S land use change model to
parameterize the land use/land cover data derived from satellite images and socio-economic data.
Thus, several future scenarios of spatial land cover/land use changes were calculated but
unfortunately limited to the Upper Ouémé region, and weren’t used in the current study.

5.3. Soil and crop management

The agricultural potential within the basin is considerable because of the nature of its much
diversified soils and relatively modest hydro-climatic conditions. Indeed, several types of crops are
cultivated, ranging from food crops to the cash crops. Activities related to each type of culture are led
in well known time intervals (by farmers) as well as related cultural practices. The main food crops
cultivated in the basin include: cereals, oilseeds, tubers, legumes and vegetables.
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1) Cereals: (1) maize (Zea mays), the most widespread crop in the study area; (2) rice (Oryza
sativa), grown mainly in inland valleys on hydromorphic soils; and (3) sorghum (Sorghum
vulgare).

2) Oilseeds: groundnut (Arachis hypogea) and sesame are the main types of oilseeds grown in
the study area.

3) The tubers and roots: (1) yam (Dioscorea alata), where the cultivated space in a given season
is left the following season, leading to the destruction of the islets of remaining woodlands;
(2) cassava (Manihot esculenta ), requiring little work and accepting associations; and (3)
sweet potato (lpomea Batala), including two varieties (white and red) are grown in the basin.

4) Legumes: cowpeas (Vigna unguiculata) and groundnuts (Voandzeia subterranea).

5) Vegetable crops: okra (Abelmoschus esculentus), pepper (Capsicum annuum) and tomato
(Lycopersion esculentum), grown mainly in inland valeys.

The main cash crop cultivated in the basin is cotton, occupying in average three to four hectares per
farmer (sometimes in a rotation system where cotton is planted just corn has matured, for example).

Crop calendar

The agricultural calendar strictly depends on dates of first rains of the season, rainfall rhythms and
knowledge of growth cycles of crop. Rainfall data of 2004-2007 agricultural campaigns, activity
reports for the same periods (CeRPA and MAEP), interviews and observations allowed the shown
schedule of Tab. 5.3, used to develop the baseline agricultural practices introduced in SWAT (Soil and
Water Assessment Tool) model applied over the study area.

Tab. 5.3. Crop calendar. P=clearing and plowing, S=sowing, M=maintenance: hoeing and fertilization H=harvest
(Source: own field investigation and agricultural campaigns 2005-2006 and 2006-2007 (CeRPA and MAEP)

Crop Jan. Feb. Mar. Apr. May Jun Jul. Aug. Sep. Oct. Nov. Dec.
Maize P S M H

Sorghum S S M H H
Rice P S M H

Cassava P S M H

Yam P S M H H H
Cowpeas P S S H HS M H H
Groundnut P S M H PS H H
Sesame P P S M H

Tomato P S H H

Okra P S H H H

Pepper S S M M H H
Cotton P P S S M M H H

Tillage techniques and crop association/rotation

The most used tools in the study area are the hoe and the machete (Bossa, 2007). Thus field
preparation start with cutting shrubs and bushes with machete, calcinating of trees and cleaning up
with hoes depending on the season. Yams and sweet potatoes are grown on mounds, while crops
such as corn, sorghum, legumes and root crops are grown with or without ridges. A spacing of 0.80 m
is generally practiced for the ridges (Bossa, 2007).

From experience, the farmer often choose appropriately according to slopes and local topographic
conditions the best ridge orientation in order to significantly reduce losses of soil and nutrients and
allow good water drainage of soils (own field observations). Thus, we observed ridges parallel to the
slope, contour and staggered ridges.
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Moreover, it should be noted that motor tractors are rarely used by the farmers. But a gradual
introduction of rice tillers begins.

In summary, we found that the labor tools have remained traditional, and that farmers are looking to
improve their yields, what justifies the increasingly used of agricultural inputs (fertilizer NPK, urea,
insecticide, etc.) for maize, cotton and rice, with intense demands of drilling and hydro- agricultural
dams.

Crop associations met, include yam-maize-okra, maize-cassava or maize-groundnut, maize-sorghum,
maize-cowpeas. Crop rotations are not very present in the cultural practices of farmers, since there
are relatively enough cultivation spaces (due to low population density in most parts of the Ouémé
catchment). Moreover, shifting cultivations are practiced (subsistence farming), consisting to
cultivate the fields for one or two years and leave them for fallows (few decades) in order to restore
soil fertility.

5.4. Climate data

The climate condition of the Ouémé catchment (as considered in the modeling works) was presented
in Fig. 2.3. The whole national rainfall network (under DMN authority, ‘Direction Nationale de la
Météorologie’) counted roughly 100 measurement sites by 2005 (Diederich and Simmer, 2010),
against roughly 65 for the upper Ouémé catchment by 2006, which has been equipped by the
Germans GLOWA-IMPETUS project and IRD-CATCH/AMMA (“Institut de la Recherche pour le
Développement-Couplage de I’Atmosphére Tropicale et du Cycle Hydrologique/African Monsoon
Multidisciplinary Analyses”) (Pohle et al., 2010). In this study, only 33 rainfall stations have been
considered from above-mentioned stations due to severe discontinuities in the data series at some
stations and the necessity to cover the years 2008 to 2010, for which water quality and lost soil
nutrient data were collected. It is evident that this causes difficulties for analyzing the rainfall-runoff
process given the region rainfall characteristics. Indeed, it was shown that the daily rainfall
accumulation at one location may surpass 150 mm (corresponding to roughly 10% of mean yearly
accumulation), with 80 mm falling within two hours, while slight or no rainfall may occur at a point
only 20 km away from that location (e.g. orographic precipitations) (Diederich and Simmer, 2010).

Climate scenarios are often calculated worldwide by the scientific community for impact assessment
studies in order to support well-balanced decisions for natural resources and environmental
protection. The climate scenarios considered in this work were provided by Paeth et al. (2009) for the
Africa continent between -15°S and 45°N latitude (Fig. 5.3), using the regional climate model REMO
driven by the IPCC SRES scenarios A1B and B1. REMO is a regional climate model that is nested in the
global circulation model ECHAM5/MPI-OM (Paeth et al. 2008). As described by Christoph et al (2008)
the IPCC SRES scenario A1B describes a globalized world of rapid economic growth and comparatively
low population growth. The SRES scenario B1 also characterizes a future globalized world with a low
population growth. However, in this scenario the economic structures change rapidly towards a
service and information economy with reduced material intensity and the introduction of clean,
sustainable technologies. Consequently, the predicted CO2 emissions and temperature increases are
lower than for the A1B scenario. Considering REMO initial runs, the rainfall amount and variability
were systematically underestimated over West Africa with a shift in its pattern towards more weak
events and fewer extremes (Paeth and Diederich, 2010). This has lead to the application of MOS
(Model Output Statistics) to adjust the rainfall data (monthly bias correction) using other near-
surface parameters such as temperature, sea level pressure and wind components from the model.
Since the regional-mean (precipitation) strongly differed from the observed spatial patterns of daily
rainfall events, a conversion of the MOS-corrected regional-mean from REMO to local rainfall event
patterns has been done. As reported by Gaiser et al. (2011), a weather generator (WEGE) was
applied, producing virtual station data, matching the rainfall stations in Benin, which was finally
adjusted to the statistical characteristics of observed daily precipitation at the rainfall stations by
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probability matching (Paeth and Diederich, 2010). Climate changes in the Ouémé catchment have
resulted in a decrease of annual rainfall between 9 and 12% for the scenario B1 and for the next 20
years. It increases of up to 4% for the scenario A1B over the period 2010-2014, before decreasing of

up to 14% between 2015 and

2029. Maximum and minimum temperatures are expected to vary

around +3% over the next 20 years (Fig. 2.6).
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Fig. 5.3. Projected changes in annual precipitation and near-surface temperatures until 2050 over tropical and
northern Africa due to increasing greenhouse gas concentrations and man-made land cover changes (Paeth,
2004). The scenario A1B describes a globalized world of rapid economic growth and comparatively low
population growth. The scenario B1 also characterizes a future globalized world with a low population growth.
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5.5. Discharge data
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rainfall (reference period: 1998 — 2009) for the Ouémé-Bonou catchment,

Due to the high cost of hydrometric equipments, the gauging network in Benin is relatively limited
and almost exclusively located at the relatively large basin outlets. The available descriptions of the
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hydrological regimes are not sufficient, since it does not allow the resource evaluation wherever it is
available. Runoff regionalization is necessary and requires method developments to estimate, from
existing rainfall data, runoff characteristics of ungauged sites.

The observation networks in the Ouémé catchment is installed by the National Directorate of Water
(DG-Eau) since the 50's and has been recently (from 1998) densified in the upper catchment through
cooperation with the Research Institute for Development (IRD), the Danish International
Development Agency (DANIDA) and the German IMPETUS project. The catchment network totalizes
today roughly 27 gauging stations (cf. Fig. 2.5). Many years of missing data are sometimes observed
in the measured series, which may severely limit the simultaneous use of the different stations in
hydrological studies. For example in the present study the available data regarding the surface state,
are derived from 2003 satellite image (Landsat ETM+), while about only 8 sub-basins present
acceptable continuous time-series data around this year. Traditionally, the water level is read
manually twice a day, before automatic and continuous-time water-level recorders (Thalimedes)
were introduced from 1998. Regular campaigns of discharge measurements are made every year
during the rainy periods to establish rating curves used to convert measured water levels in
continuous discharge. Due to many problems such as the accessibility of the gauging site, the lack of
equipments and technical support, discharge peaks are not often measured, leading to errors in the
stage-discharge relationships. Moreover, this is more remarkable in the gauging stations located in
the delta area (flat and very large river bed, directly connected to large flood plains, and difficult to
access during flooding events) of the lower Ouémé catchment, where measured peaks (e.g. Bonou
station (49,256 km?)) are often significantly underestimated.

5.6. Suspended sediment and organic Nitrogen /Phosphorus content

Estimating soil loss from measurements of sediment transport in streams and rivers faces several
problems. Taking the measurements is time consuming and expensive; the accuracy of the
measurements is likely to be poor; and even if there are good data on the transport in a stream it is
not known where the soil came from and when (FAO, 1996).

Suspended sediment is the finer particles which are held in suspension by the eddy currents in the
flowing stream, and which only settle out when the stream velocity decreases, such as when the
streambed becomes flatter, or the stream discharges into a pond or lake (FAO, 1996). Bed transport
(large size particles, rolled along the streambeds) is often difficult to be measured for large river
systems and is therefore not investigated in the present study.

In the Ouémé catchment, suspended sediment concentrations are strongly affected by factors such
as soil erosion and flow rate, with strong interdependencies with the water turbidity. This complexity
may be taken into account if site-specific relationships between turbidity and suspended sediment
concentration are derived from filtered water samples, since simple filtering does not allow a high
temporal resolution with manageable effort (Hiepe, 2008). In this study, the turbidity is determined
by the nephelometric method, using turbidimeters for measuring incident light dispersion and
attenuation. Turbidity of water is due to the presence of finely divided suspended solids: clay, silt,
silica grains, organic matter, etc.. It gives an idea about the colloidal matter content suspended in
water. Water samples (9 liters per day, with an average of up to 90 samples per year per site) were
collected in 2004, 2005, 2008, 2009 and 2010 at 4 gauging stations (Donga-Pont, Térou-lgbomakoro,
Bétérou, Zou-Atchérighé, cf. Fig. 5.5). The water has been filtered in order to calculate daily
suspended sediment concentration. Multi-parameter probes YSI 600 OMS (including one turbidity-
broom sensor YSI 6136) were installed at the same stations to register continuous time series of
suspended sediment concentrations to consider the hysteresis effects on the relationship between
sediment and discharge (Van Noordwijk et al., 1998). Suspended sediment as well as turbidity data
for the years 2004 — 2005 were performed by Hiepe (2008).

After filtration, the sediments were analyzed for organic nitrogen and non soluble/organic
Phosphorus content, required for the simulation of nutrient depletion. Weekly scale sample were
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generated to ensure the minimum amount of sediment required according to the available
laboratory methods. Soluble/organic Phosphorus contents were analyzed in the laboratory of
Geography Department of the University of Bonn (using a spectrophotometer), while the Organic
Nitrogen contents were analyzed in the laboratory of Plant Nutrition Institute of the University of
Bonn, using a CHNS-O Analyzer (Elemental Analyzer EuroEA 3000 Series).

Fig. 5.6 shows the relationships between turbidity and suspended sediment concentration obtained
by linear regressions. As mentioned above, these rating curves are used to compute continuous time
series of suspended sediment concentrations to correct the hysteresis effects on the relationship
between sediment and discharge.
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Fig. 5.5. Investigated gauging stations for the suspended sediment measurements and stream water chemical
parameters. The Bétérou gauging station was investigated from 2004 to 2006 for the suspended sediment
concentration (SSC) and from 2008 to 2010 for SSC and stream water chemical parameters (SWCP); Donga-
Pont, from 2004 to 2005 for SSC and in 2008 for SSC and SWCP; Nanon only in 2010 for SSC and SWCP; Térou
Igbomakoro investigated from 2004 to 2005 for SSC; and Zou-Atchérigbé investigated from 2008 to 2010 for
SSC and SWCP. SSC for the years 2004 to 2005 were performed by Hiepe (2008).
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Fig. 5.6. Linear regression (turbidity vs. suspended sediment), (a): Donga-Pont (n = 121); years 2004, 2005 and
2008, (b): Zou-Atchérigbé (n = 56), year 2009.

Figure 5.7 shows the suspended sediment curves performed at daily scale for the Donga-Pont and the
Zou-Atchérigbé gauging stations. Important parts of these curves were simply from the daily water
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sample collection, because of dysfunction of the turbidity probes. Tab. 5.4 presents the organic C, N,
and P content of the suspended sediment at the Donga-Pont and Zou-Atchérigbé gauging stations.
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Fig. 5.7. Suspended sediment concentrations, (a): Donga-Pont gauging station, (b) Zou-Atchérighé gauging
station.

Tab. 5.4. Sediment organic C, N, and P content (from daily sediment amount obtained from gravimetric filtration) at the
Donga-Pont and Zou-Atchérighé gauging stations.

Measurement sites (periods) Statistics OrgN (%) OrgP (mg/Kg) C (%)
Donga-Pont Mean 0.18 7.38 2.49

(15.06.2008 to 29.11.2008) Maximum 0.28 13.00 4.02
Mean Deviation 0.04 1.62 0.72

Atchérighé Mean 0.26 37.57 3.34

(15.06.2008 to 29.11.2008) Maximum 0.36 65.60 4.49
Mean Deviation 0.05 11.46 0.59

Atchérigbé Mean 0.20 26.26 2.51

(08.06.2009 to 29.11.2009) Maximum 0.36 42.04 4.02
Mean Deviation 0.07 6.84 0.74
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5.7. Stream water chemical parameters

Weekly water samples (in total 110 samples) were collected (2008-2010) at four gauging stations
(Donga-Pont, Bétérou, Atchérigbé and Nanon, cf. Fig. 5.5) for the determination of chemical
parameters such as NH,+, NO3, NO,’, SO, and PO,*, required for water quality simulation.

The samples were taken in clean plastic or glass bottles. In order to obtain optimal results, the
samples were immediately analyzed after collection (IMPETUS lab Parakou). If it turns out to be
impossible to analyze them quickly, the bottles were completely filled and capped carefully avoiding
excessive agitation or prolonged contact with air. Samples were sometimes stored up to 24 hours by
cooling to 4 ° C, but brought back to room temperature before analysis. The laboratory methods used
are in general approved by the United Sates Environmental Agency (USEPA) and described below
accordingly to the laboratory manual.

Table 5.5 summarizes analyze results for the Donga-Pont and Zou-Atchérigbé gauging station. Due to
road construction around the Donga-Pont gauging station, no samples were collected in 2009 and
2010. In general the concentrations are relatively low. One should notice that the sampling time scale
of the stream chemical parameter, mainly the nitrate concentration (one time a week) has
significantly affected the extend and the continuity of the data series collected, since many peak
events were likely missed. This was particularly critical, due to the use of nitrate test in 2008 and
2009 to check the samples prior to any laboratory determination. In this context, laboratory
determinations were only performed for the samples that reveal a nitrate concentration of more
than 1 mg/l. A similar procedure has been adopted for the other chemical parameter such as
ammonia, phosphate, etc., for which no laboratory determination was finally done.

Tab. 5.5. Water quality condition at the Donga-Pont and Zou-Atchérighé gauging stations.

+

Measurement sites (periods)  Statistics NO; NO, NH, PO, SO,

Donga-Pont (n=20) Mean 1.783 <0.05 <0.025 <15 <40

(29.06.2008 to 17.11.2008) Maximum 3.024 <0.05 <0.025 <15 <40
Mean Deviation 0.511 - - - -

Atchérigbé (n=17) Mean 2.743 <0.05 <0.025 <1.5 <40

(20.05.2008 to 18.11.2008) Maximum 6.94 <0.05 <0.025 <1.5 <40
Mean Deviation 0.728 - - - -

Atchérighé (n=8) Mean 7.36 <0.05 <0.025 <15 <40

(01.09.2009 to 06.10.2009) Maximum 13.64 <0.05 <0.025 <15 <40
Mean Deviation 1.16 - - - -
Atchérigbhé (n=9) Mean 7.63 0.05 0.66 2.37 -
(21.06.2010 to 06.09.2010) Maximum 21.56 0.06 1.15 9.88 -
Mean Deviation 4.74 0.02 0.18 1.86 -
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6. Analyzing the effects of different soil databases on modeling of hydrological processes and
sediment yield®

Abstract

Besides other information, environmental modeling requires data concerning soil properties and
their spatial distribution. The quality and the applicability of soil maps not only depend on their
scales, but also on the concept of the mapping procedures. To study the effects of different soil
mapping approaches on the performance of the Soil and Water Assessment Tool (SWAT), a modeling
study was carried out in the Zou-Atchérigbé catchment (6980 km?, Fig. 2.5) which is a tributary of the
Ouémé catchment (Republic of Benin, West Africa). Two different maps of the hierarchical Soil and
Terrain digital database approach (SOTER; old and new) were considered in conjunction with the
ORSTOM approach (soil mapping at the reconnaissance level, with one dominant soil type per
mapping unit) all at the same scale. The effects of less coarser new SOTER mapping units and soil
layer aggregation on the model results were evaluated. Sensitivities regarding the model input
parameters with respect to the different soil databases are quantified. Based on daily water
discharge measurements at the catchment gauging station, the SWAT model was calibrated (period
2001 to 2004) and validated (period 2005 to 2006) with reasonable results (coefficient of
determination, model efficiency, and index of agreement, about 0.70 for weekly discharge) but with a
slight underestimation of the total water yield for the coarser old SOTER database. With respect to
the annual discharge, the calibration compensates for the differences in the different soil databases.
The validation identified the less coarser new SOTER map as the best (with respect to modeling of
weekly discharge) used in our study (showing higher model efficiency (0.59), higher coefficient of
determination (0.61), and higher index of agreement (0.87)). Combined effects of the coarser old
SOTER mapping units vs. aggregated soil layers have a measurable influence on lateral flow and
sediment yield within the study area. High spatial variability in surface runoff and sediment yield
patterns caused by the different mapping approaches were simulated although calibration of the
discharge resulted in similar quality measures. Changes in the model parameters discriminated
clearly the effects of soil mapping approaches from those of the mapping unit/parameter
aggregation and have shown that SWAT could be calibrated successfully for discharge with the three
databases, but differences between the soil mapping approaches with respect to discharge could not
be balanced out.

Keywords: hydrological processes, SWAT, SOTER, soil parameterization, soil aggregation, soil
mapping

6.1. Introduction

Assessment studies of land and water degradation have developed from mere static descriptions
based on monitoring and sampling to the analysis of multiple scenarios using simulation models. At
the regional scale, such studies increasingly involve the use of calibrated and validated simulation
models to calculate nitrogen and phosphorus fluxes to groundwater and surface water. The nitrogen
and phosphorus load models used in many studies were developed at the field scale, which further
requires an upscaling step to enable regional scale calculations. For that, soil data, mainly soil maps

! published as: Bossa, A.Y., Diekkriger, B., Igué, A.M., Gaiser, T., 2012. Analyzing the effects of different
soil databases on modeling of hydrological processes and sediment yield. Geoderma 173-174, 61-74.
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may be critical. How the soil map has been developed (mapping approach) and the type of
information deducible for environmental modeling is an important question. For example, soil maps
based on genetic soil types may not have the information required for environmental modeling.
Besides different soil mapping approaches, soil data aggregation is often an important preparative
phase in simulation exercises at large-catchment levels. As established in numerous studies (Becker &
Braun, 1999; Romanowicz et al., 2005), the aggregation of soil data has a considerable impact on
modeling rainfall runoff processes. Therefore, prior to any model calibration, the parameterization of
the soil should be analyzed in detail for distributed hydrological modeling at catchment levels
(Refsgaard et al., 1996).

Running the simulation models with aggregated data often implies that the models will respond
linearly to spatial variations in the model’s parameters as the variability within a mapping unit is not
considered. This was demonstrated with an acidification model by Kros et al. (1993).

Often, it is assumed that the average of the properties is sufficient to characterize the behavior
within an aggregative plot. However, as discussed by Weller (2002) and Diekkriiger (2003), simple
averaging cannot be performed for a non-linear relationship. A physically-based model like SWAT
(Soil Water Assessment Tool, Arnold et al., 1998), as applied in this study, is based on non-linear
relationships.

Three important research questions arise from this finding: (1) whether the output of the physically
based model SWAT depends on the soil mapping approach, (2) how within-aggregative mapping unit
variability and soil layer/soil property aggregation, affect the SWAT model output, and (3) how valid
is a given soil map obtained with a given mapping approach for hydrological evaluations.

As part of the long-term IMPETUS study (Christoph et al., 2008), the current work addresses the
effects of different soil databases to obtain suitable inputs for modeling hydrological and erosional
processes as well as nitrogen and phosphorus loads at the regional scale. The theoretical and
practical aspects of the more recently developed soil aggregation and mapping method, SOil and
TERrain digital database approach (SOTER, van Engelen & Ting-tiang, 1995) are considered in
comparison to the French Commission of Pedology and Soil Mapping approach (CPCS, 1967).
Therefore, the existing SOTER map (lgué, 2005), with its associated virtual soil profiles/aggregative
soil parameters (SM_VP defined as SOTER Map with Virtual Profiles), was revised by refining the
terrain units. As a result, a new SOTER map with referenced soil profiles (SM_RP defined as SOTER
Map with Reference Profiles) was obtained. The ORSTOM aggregative soil maps (Dubrouecq, 1967;
Volkoff, 1966, 1969) also consider referenced soil profiles (OM_RP defined as ORSTOM Map with
Reference Profiles). The ORSTOM soil map differs from SOTER in that it gives only the most dominant
soil type for a mapping unit. Differences in topography do not change these fundamental
characteristics (Dubroeucq, 1977).

Special attention should be paid to the way the soil parameter problem is addressed and how the soil
databases affect a model’s parameters. Specifically, in the Zou (6980 km?) sub-catchment considered
in this study, the sensitivity of the parameters of the distributed hydrological model SWAT is
quantified with respect to the different soil databases. Effects of the mapping approach as well as
those related to the mapping unit/soil parameter aggregation on the surface runoff patterns,
evapotranspiration and sediment yield patterns were quantified.

The SWAT model has already been successfully applied to several Ouémé sub-catchments: (1) the
Térou sub-catchment (Sintondji, 2005), (2) the Zou sub-catchment (Sintond;ji et al., 2009), and (3) the
Upper Ouémé (Hiepe, 2008), and have focused on hydrological processes, water balance and rainfall
erosion, using the French soil map (ORSTOM/ CPCS). The current study aims at the quantification of
effects of different soil mapping approaches on hydrological and sediment yield modeling issue at
catchment scale.
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6.2. Materials and methods
6.2.1. CPCS approach and the OM_RP database

The French CPCS (Commission de Pédologie et de Cartographie des Sols) system (CPCS, 1967) was
developed from 1963 to 1967 by a group of French soil scientists led by Aubert and Duchaufour
(Yerima and van Ranst, 2005). It is a morphogenetic system of soil classification and classifies the
factors of soil genesis by their morphological characteristics. As such, the morphological
characteristics, which are taken into consideration, must translate the evolutionary process in an
effective and harmonious manner. This genetic classification system, which uses mostly ecological
criteria, is still being used by the French soil cartography service. However, a new French Soil
Classification System called the “Referentiel Pedologique Francais (RPF)” under the auspices of INRA
and coordinated by D. Baize and M.C Girard is being developed (Duchaufour, 1988).

In successive steps, the French Commission of Pedology and Soil Mapping (CPCS) developed the
French soil classification (CPCS, 1967), which is a hierarchical approach consisting of the elements
class, subclass, group, subgroup, family, series, and phase. The classification system is based on the
following basic principles: (1) the class takes into account the evolution of the profile (presence of
certain layers), the intensity of weathering, the type of humus, and some basic factors like
hydromorphy (water), or solonetz (salts); (2) the sub-class is essentially defined by the soil and the
climate; (3) the group is defined by morphological characteristics that reflect a specific process; (4)
the sub-groups distinguish between the intensity of a group process and the action of a secondary
process; and (5) the family takes into account the bedrock.

The basic unit used in the legend of the soil maps of the Republic of Benin at 1:200,000 is the soil
family, which includes all series of the same sub-group formed on the same rock or parent material
(Faure & Volkoff, 1998; Volkoff, 1969). It represents the most common soil type in a given area, but
differences in topography do not change its fundamental characteristics (Dubroeucq, 1977). Under
these conditions, most of the hydromorphic soils flanking rivers, and soils developed on colluvial
materials downstream, as well as outcrops of rocks, are not mapped.

The OM_RP database was created by associating a reference soil profile to each ORSTOM mapping
unit taken from the studies of Sintondji (2005), Sintondji et al. (2009), and Hiepe (2008).

6.2.2. SOTER approach implemented in the Ouémé catchment

The SOTER approach is a hierarchical terrain component concept that has several advantages. First it
follows the workflow of a land inventory more naturally, as one tends to split up the major landscape
elements step-by-step and to refine by adding further details to the rough outline. The opposite task,
i.e., the aggregation of defined parts to a larger pattern, is also supported by the new structure. A
direct consequence of this new design is the ease of scale changing (facilitating multi-scaled
evaluation studies).

The methodology used in this work originated from the idea that land (in which terrain and soil
occur) incorporates processes and systems of interrelationships between physical and biological
phenomena evolving through time. The idea was developed initially in Russia and Germany (Haase
and Schmidt, 1971; Haase et al., 1984). A similar integrated concept was used in a land-system
approach developed in Australia and developed further by Cochrane et al. (1981) and Gunn et al.
(1990). SOTER has continued this development by defining land as being made up of natural entities
consisting of combinations of terrain and soil.

The method and descriptions of the land structures in Benin were followed the SOTER procedures
manual (van Engelen & Ting-tiang, 1995). This procedure identifies an area of terrain (land unit) with
distinctive, often repetitive, patterns of geomorphologic or geological elements together with a
corresponding soil pattern. A separation of units is made if it can be mapped at the given scale, i.e., if
the borders can be determined based on the available information and if the resulting areas are big
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enough to be shown on the map. If so, these resulting areas can be mapped and digitized. The
elements belonging to these units are stored in two different databases: the geometry is stored in
the Geographic Information System (GIS) and attribute-information regarding the elements belonging
to the units is stored in another database on three main levels:

- Terrain unit, with its pattern of landform such as elevation, major landform and general
lithology.

- Terrain_components, containing data for slope, surface form, and groundwater, etc. A
terrain unit has one or more terrain components (crest, slopes, and valleys) (Igué, 1997). In
the case they cannot be mapped at the given scale, the information related to non-
mappable terrain components is stored in the attribute database alone, and no entry is
made into the geometric database. Moreover, at larger scales (1:50 000, for example), the
three terrain components (crest, slopes, and valleys) are mapped (lgué, 1996; Spohrer,
1999).

- Soil components, containing information regarding the soils. The components are
described by some general data, such as the position and proportion of the terrain
component, surface properties, and by reference profiles. The soil components can be
mapped at the given scale. Here, a soil component is not described by a single reference
profile but by a set of soil profiles that can contain a free number of soil descriptions. The
set is open for further differentiation of data.

In order to correctly study these three levels, toposequences constitutes the best method adapted
for studying tropical regions composed of terrain with a distinctive, often repetitive pattern of
surface forms (Bocquier, 1971; Boulet, 1974; Igué, 1985; Fritz, 1996; Stahr et al.,, 1995). A
toposequence is defined as a sequence of soil properties which do differ from the top to the base
because of topography as a soil-formation factor. The introduction of toposequences permits
investigators: (1) to collect an extensive inventory of the soils occurring within the different terrain
units and components; (2) to acquire further information about the spatial soil type occurrence; (3)
to cut ideal transects across geomorphic units in order to obtain information about the spatial
arrangement of soil types; (4) to obtain spatial information about surface features (soil crusting, soil
surface color, vegetation, and land use) on smaller and larger scales; (5) to correlate surface
characteristics within soil types, and (6) finally to perform a supervised classification of the landscape.
Thus, an intensive inventory of the soils and their spatial distribution within a terrain was undertaken
for the Ouémé catchment by the National Institute for Agriculture Research of Benin. The terrain
components are differentiated into 45 terrain sub-components, according to the petrography, slope
gradient, and relief intensity (Fig. 6.1), which are each delineated and described. The terrain
components in the study area were formed from Precambrian crystalline basement, usually known as
“Basement complex,” largely composed of acid metamorphic rocks of the “Dahomeyen series”
(gneiss, magmatite, granite, and quartzite). Also present are basalt, gabbro, mylonite, volcano-
sedimentary intrusive rhyolite, sandstone, and conglomerate (OBEMINE, 1989).

The first version covering the entire Ouémé catchment (called “old” in the following text) was
conducted by Igué (2005). As part of this study, a new version (called “new”) was produced by
refining the mapping units and adding more details following the same procedure. Mapping terrain
units and even terrain components were made possible using a detailed topographic map covering
the study area at a 1:50,000 scale (IGN, 1954-1963).

The identified units were combined with geological maps at a scale of 1:200,000 (OBEMINE, 1989).
The main differentiating criteria were the change of landscape morphology (slope gradient), geology,
and hydromorphy for valley and plain. The maps were digitized with GIS (ArcMap).

The new soil and terrain database is being established with data from earlier studies (Dubroeucq,
1967; Volkoff, 1966; Youssouf, 1982; Igué, 1991; Fritz, 1995; Sporer, 1999; Igué et al., 2000; Weller,
2002; Maeir, 2004; Sintondji, 2005; Sintondji et al., 2009 and Hiepe, 2008) and new data from
intensive ground checks and transect studies.
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Fig. 6.1. Representative transect of the geomorphic units "high and low peneplain" and "mountain" on gneiss
basement at Savalou (I: crest, Il: slope, lll: valley) (After Igué, 2000).

6.2.3. Description of the SM_VP and SM_RP databases

The SM_VP database is based on the old SOTER map (lgué, 2005) and has been generated by
aggregating soil physical properties for virtual soil profiles. Therefore, only one virtual profile has
been associated with each terrain component based on all soil profiles occurring within it. Various
steps of aggregation are used: (1) at the profile level, through weighting the vertical proportion of soil
horizons within two virtual layers (n=1,131 soil profiles have been used); and (2) at the terrain
component level, through area-specific weighting factors for soil components (n=480 soil
components were explored and used).

The SM_RP database is based on the refined (new) SOTER map and was compiled by associating
reference soil profile with each mapping unit. For that purpose, the profile sets for each soil
component (found within each terrain component) were used to choose the dominant soil
component according to the importance of the estimated surface area of all soil components within
each terrain component. This means that a reference profile is chosen (including a reference to the
most widespread land-use type) for each calculated dominant soil component from the group of all
profiles linked to it. In order to maintain and confirm existing data, field surveys were made by the
toposequence method. Transects were positioned both along tracks or roads and across the bush. On
the surveyed area, more than 2702 observations by auger drillings and 584 profiles were done. 2263
soil horizon were sampled for different physical and chemical analysis. In addition to that, 213
profiles have been georeferenced from other studies.

6.2.4. Databases and the soil properties

Soil texture and soil organic carbon are the basic soil properties obtained by laboratory analysis for
each soil profile used to create the different databases. They were acquired from very diverse
sources, but more than 90% are based on the method of Reeuwijk (1995):

- Texture: After destruction of organic matter (for organic matter content > 1%), the samples
were dispersed with Na,P,0; and sieved wet into the fractions. Coarse sand (2 - 0.2 mm),
fine sand (200 — 50 um), coarse silt (50 - 20 um). Fine silt (20 - 2 um) and clay (< 2 um) were
determined by sedimentation.

- Organic carbon: Oxidation with potassium dichromate (K,Cr,0,), and titration with iron
ammonium sulfate (Fe(NH4),(SO4),).

Considering these properties, many other parameters were derived for the three databases, such as
the quotient of organic carbon to organic nitrogen content (C/N-ratio), soil organic matter (Sorg),
Cation Exchange Capacity of the clay fraction (CEC_clay), base saturation (BS) (as a percentage of the
sum of exchangeable bases of the cation exchange capacity (CEC_soil)), and soil erodibility (USLE_K).
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The bulk density (BD), saturated hydraulic conductivity (SOL_K), and the soil- available water capacity
(SOL_AWC) used in the OM_RP database were also measured in the laboratory (Sintondji, 2005;
Sintondji et al., 2009, and Hiepe, 2008) but are based purely on calculations for the SM_RP and
SM_VP databases. For that purpose, Acutis and Donatelli’s (2003) Soil Parameter Estimate model
(SOILPAR, v.2.00 beta) was used to estimate the saturated hydraulic conductivity (SOL_K), and soil-
available water capacity (SOL_AWC) for the SM_RP database. Various methods (pedo-transfer
functions) are implemented in this model, including the point pedo-transfer functions of Baumer
(1990) and Rawls and Brakensiek (1982 & 1985).

With regard to the SM_VP database, the following references have been used: (1) saturated hydraulic
conductivity (SOL_K) was estimated using the approach of Tomasella and Hodnett (1997); (2) Field
Capacity and Permanent Wilting Point were estimated using the approaches of Tomasella and
Hodnett (1998), Gaiser et al. (2000), and Rawls and Brakensiek (1982); and (3) the Van Genuchten
Parameter were taken from Maidment (1992).

Different methods were used for this calculation because it was assumed that the water-retention
behavior of soils dominated by high-activity clay (CEC > 24 cmol/kg clay) might differ from those with
low-activity clay (CEC <24 cmol/kg clay). Thus, the whole data set was subdivided into groups of low-
activity clay (LAC) soils and non-low-activity clay soils (Gaiser et al., 2000).

6.2.5. Model components vs. soil mapping approach

The simulated SWAT processes are controlled by many parameters presented in Fig. 6.2 and
described below. In this study the focus is on the model components and parameters affected by the
soil mapping approaches and the soil mapping unit/parameter aggregation (cf. Tab.6.1). As shown,
the discharge dynamic, the annual hydrological water balance, the annual sediment yield and their
patterns within the research area may be affected. Further descriptions are provided in the following
paragraphs.

Control surface
runoff generation

CN2

SOL_K
soL_AwWC | ,
GW_REVAP I Shallow aquifer '
REVAPMN ——
Deep aquifer ‘ GW_DELAY
ALPHA_BF

Control base flow |
generation

Fig. 6.2. General overview of the processes simulated by SWAT and the parameters that control these
processes. CN2: SCS Curve Number [-]; SOL_K: soil hydraulic conductivity [mm h-1]; SOL_AWC: soil available
water capacity [vol %]; GW_REVAP [-] and REVAPMN [mm]: rate and threshold for describing the water
exchange between root zone and shallow aquifer; ALPHA_BF: groundwater recession constant [d]; and
GW_DELAY: groundwater delay time [d]. (Modified from Heuvelmans et al., 2004).

Tab. 6.1. Model components and parameters directly affected by the soil map. HRU: hydrological response unit, ET: actual
evapotranspiration [mm]; CN2: SCS Curve Number [-]; SOL_K: soil hydraulic conductivity [mm h-1]; SOL_AWC: soil available
water capacity [vol. %]; ESCO: Soil evaporation compensation factor [-].

Surface runoff Aquifer recharge  ET Erosion
soil mapping approach CN2, HRU (patterns, slope) - ESCO CN2, HRU (patterns, slope)
soil parameter aggregation SOL_K, SOL_AWC SOL_K, SOL_AWC SOL_AWC -
soil mapping unit aggregation CN2, HRU (patterns, slope) - ESCO CN2, HRU (patterns, slope)
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Surface and sub-surface runoff generation: the runoff curve number (CN2 for medium soil moisture
conditions), soil-available water capacity (SOL_AWC), and the soil hydraulic conductivity (SOL _K) are
the important parameters that influence surface flow in SWAT. Surface runoff is predicted using a
modified version of the SCS CN method (SCS, 1972, 1986) (Eq. 4.2 and 4.3). This method involves
various types of data related to vegetation, hydrologic soil group, slope, and antecedent moisture
condition of the catchment.

An increase of the curve number implies an increase of surface runoff. Initial values (Tab. 6.2) for
calibration are chosen according to land use and the soil hydrologic groups (SCS Engineering Division,
1986). As mentioned above, CN2 values highly depend on the hydrologic soil group, slope, and
antecedent moisture condition of the HRU. The slope belongs to the group of HRU physical
parameters, derived from a Digital Elevation Map. Any change in the HRU patterns will result in
changed slope distribution, as consequence of the mapping approach or the soil mapping unit
aggregation. Given the dependence of the CN2 values on HRU slopes (mountain and hill slopes, low
and high peneplain slopes) which are important mapping criteria in the SOTER approach but not
considered in the traditional French approach. Therefore, it is expected that the different mapping
approaches result in significant different patterns of CN2 values within the research area. In
consequence, significant changes in the surface runoff patterns within the research area may occur.
It should be noticed that changes can be attributed to the soil mapping approach when comparisons
are made between the OM_RP and SM_RP databases, while changes can be attributed to mapping
unit/soil parameter aggregation when the SM_RP and SM_VP are compared.

Tab. 6.2. Runoff curve numbers for different land cover and soil hydrologic groups (SCS Engineering Division, 1986).

Hydrologic soil groups

Cover types A B C D
Forest evergreen 25 55 70 77
Wood savannah 39 61 74 84
Pasture 49 69 79 84
Fallow 77 86 91 94
Agricultural land 67 77 83 87
Residential 31 59 72 79

The soil-available water capacity (SOL_AWC) is the maximum volume of water that is available to
plants when soil moisture is at field capacity. An increase of its values implies a decrease of the
surface runoff. It is highly affected by the parameter aggregation.

This is similar for the lateral flow which can be significant in areas with soils having high hydraulic
conductivities in the surface layers (SOL K), and an impermeable or semi-permeable layer at a
shallow depth. In such a system, rainfall will percolate vertically until it encounters the impermeable
layer; the water then ponds above the impermeable layer, forming a saturated zone, i.e., a perched
water table. This saturated zone is the source of water for lateral subsurface flow. SWAT incorporates
the kinematic storage model for subsurface flow developed by Sloan and Moore (1984) (Eq. 4.10).

Base flow generation: besides the parameters “revap” (GW_REVAP) and the threshold water level in
a shallow aquifer for capillary rise or percolation to deep aquifer (REVAPMN) which are influenced by
the soil map, base flow recession constant (ALFA_BF), groundwater delay time (GW_DELAY),
threshold water level in a shallow aquifer for base flow (GWQMN), and aquifer percolation
coefficient (RCHRG_DP), are the important variables that influence the base flow generation.

The groundwater "revap" coefficient (GW_REVAP) controls the amount of water that moves from a
shallow aquifer to the root zone (capillary rise) as a result of soil moisture depletion and the amount
of direct groundwater uptake from deep-rooted trees and shrubs.

A water flux from the shallow aquifer to the root zone or to plants is allowed only if the depth of
water in the shallow aquifer is equal to or greater than a minimum value (REVAPMN).

43



6. Analyzing the effects of different soil databases on modeling of hydrological processes and
sediment yield

Two other parameters that govern catchment response are the base flow recession factor alpha and
the groundwater delay. The base flow factor or recession constant (ALPHA_BF) characterizes the
groundwater recession curve. This factor approaches zero for flat recessions and approaches one for
steep recessions. The groundwater delay (GW_DELAY) is the time required for water leaving the
bottom of the root zone to reach the shallow aquifer.

The base flow generation parameters are not significantly affected by soils and will not further
analyzed in this study.

Evapotranspiration: actual evapotranspiration is computed using the Penman method (1956). Actual
evapotranspiration is highly affected by the soil evaporation compensation factor (ESCO) and soil
available water capacity (SOL_AWC), already described in the surface runoff generation chapter.
The soil evaporation compensation factor (ESCO) adjusts the depth distribution for evaporation from
the soil to account for the effect of capillary action, crusting, and cracks. This parameter is negatively
proportional to the maximum evapotranspiration in a nonlinear fashion. Therefore, larger values
result in less evapotranspiration (ET), and thus a larger water yield (WTRYLD). A range of 0.001 ~ 1.0
is recommended. It is highly influenced by the mapping unit aggregation due to the change in the
HRU patterns and therefore in the pore, crust and crack patterns.

Erosion: for calculating soil erosion, a modified version of the Universal Soil Loss Equation (Williams,
1975) is implemented in SWAT (Eq. 4.13). The slope length factor (Eq. 4.13) belongs to the group of
HRU physical parameters, derived from a Digital Elevation Map. Any change in the HRU patterns will
result in new slope length factor distribution, as consequence of the mapping approach or the soil
mapping unit aggregation. The erodibility factor (Eq. 4.13) is directly affected by the soil parameter
aggregation. Therefore significant changes can be expected in the annual sediment yield and its
pattern within the research area.

General input data: Figure 6.3 shows the nature and source of the different data layers, their scales
and types of parameters and investigations required for applying the SWAT model in the Ouémé
catchment.

Data and data sources I Scale Parameters/types of investigation
Topography 90 m resolution Elevation, overland / channel lengths,
(DEM : format grid) UTM/WGS 84 channel slopes, sub-basins
SRTM zone 31 N delineation, sub-basin slopes, ...
Saturated conductivity, Organic
carbon, Bulk density, Texture, soil

(format shape)
INRAB & IMPETUS

1

1

1

1

1

1

1

1

I erodibility factor, soil available water
: content, pH, OrgN, .......
1

1

1

1

1

1

1

Land use (format grid) 250 m
Classification Satellite data resolution Biomass, PHU, LAI, CN2, ...
IMPETUS

I
1
I
I
I
I
1
: ORSTOM and SOTER map 1 : 200,000
I
I
1
I
I
1
I

[ HRU ]<::, [ Agricultural practices ]

1

Weather 1 Daily wind speed, precipitation,
T
1

DMN/IRD/IMPETUS temperature, solar radiation...

2008) and from INRAB (Institut National de la Recherche Agricole du Bénin; Igué, 2005).
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As explained in the chapter 5, in SWAT, the catchment is discretized into numerous sub-catchments.
Sub-catchments are delineated from the Digital Elevation Model using a threshold concept
parameter (CSTV), and are linked to one climate station, providing climate data such as daily
precipitation and potential evapotranspiration. Therefore, the number of subcatchments strongly
affects simulation results due to the spatial linkage between sub-catchments and climate information
(Hiepe, 2008).

Within each sub-catchment, the distribution of soils and vegetation is considered by Hydrological
Response Units (HRUs) created by overlaying three types of data layers (topographic map,
CPCS/SOTER soil map, and land use map). Each HRU is represented by specific parameters, such as
the terrain properties, the chemical and physical soil properties and properties of the vegetation
types. Again, a threshold concept determines the number and size of HRUs per sub-catchment,
preventing multiple small HRUs due to fragmented input layers. For the multiple HRUs, the soil
mapping approach and aggregation is critical. As the HRUs are non-georeferenced units, the number
and properties of HRUs should be balanced, with respect to the underlying database. In this study,
CSTV values were maintained constant during SWAT implementation using the different soil maps.
Beyond the general input data presented in Fig. 6.3, daily discharges recorded at the catchment
outlet are available from 2001 to 2006 and are used for calibration (2001-2004) and validation (2005-
2006). Although daily time steps are simulated by SWAT, comparing simulated and observed
discharge is performed on a weekly time scale resolution.

6.3. Results and discussion
6.3.1. Main differences between the soil databases

Figure 6.4 shows the different soil maps used. The ORSTOM map (OM_RP) and the SOTER map
(SM_VP) have almost the same density of cartographic units of 0.038 and 0.041 units/km?
respectively compared to 0.06 units/km? for the SOTER map (SM_RP). Tab. 6.3 and Fig. 6.4 show the
spatial pattern as well as the differences between the three databases for a single mapping unit.
Large variations in the magnitudes of the values of saturated hydraulic conductivity and erodibility
factor were found. For example, the saturated hydraulic conductivity values increase from the
databases OM_RP, SM_RP to SM_VP, while the erodibility factor decreases in the same order. A
significant influence on the water balance components, as well as on the total sediment yield, can be
expected from this variability. According to Bollini and Rosseau (1978), the classification of erodibility
values presented in Tab. 6.4 shows the effect that might be expected with regard to soil erosion. In
the soil units described in Fig. 6.5, the erodibility of the topsoil varies between “resistant to erosion”
and “sensitive to erosion”.

Tab. 6.3. Example of relationships between overlapping soil map units (cf. Fig. 6.4; SM_VP: SOTER map with virtual profiles,
SM_RP: SOTER map with referenced profiles, OM_RP: ORSTOM map with referenced profiles).

SOTER unit SOTER unit CPCS classification Typical geomorphological

WRB classificati Land
(Old) SM_VP  (New) SM_RP classiication oy re unit anduse
BJ33A Ferric Luvisol {LVf) Ferrugir.mous tropical soils with High pe.neplains on gneiss Savannah
concretions migmatite
BJ33B Haplic Luvisol Leached ferruginous tropical  High to higher peneplains on Crop/
(LVh) soils gneiss migmatite fallow
B33 BJ33C Haplic Lixisol (Lxh) Letache.d ferrugingus tropical Higher Peneplains on gneiss Savannah
soils with concretions migmatite
A [ ; : : :
BJ33D Albic Plinthosol eachgd and |nd9rate<:l. ngher.to hlghest .peneplalns Savannah
(PTa) ferruginous tropical soils on gneiss migmatite
BJ33E Ferric Alisol (Alf) Ferruglr_\ous tropical soils with ngher.to hl_ghest .peneplalns Crop/
concretions on gneiss migmatite fallow
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Tab. 6.4. Classification of erodibility (K factor in USLE) according to Bolline & Rosseau (1978).

Erodibility [0.013 t m2 h/(m3 t cm)] Classification

<0.1 very resistant to erosion
0.1-0.25 resistant to erosion
0.25-0.35 medium resistance to erosion
0.35-0.45 sensitive to erosion

> 0.45 very sensitive to erosion
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OM_RP (ORSTOM) SM_RP (SOTER) SM_VP (SOTER)
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Fig. 6.4. Different soil maps used in the study. On the left hand, the soil map is given for the Ouémé catchment. On the right hand the cuttings show details of the Zou
catchment. For the explanation of the representative soil profiles see Tab. 6.3.
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Fig. 6.5. Soil properties for selected reference profiles (cf. Fig. 6.4 and Tab. 6.3) of the different databases for the
layers 1 to 5 of the given soil profiles for soil erodibility (USLE_K), soil carbon (SOL_C), soil available water
content (SOL_AWC), and soil hydraulic conductivity (SOL_K).

6.3.2. Discharge dynamics (calibration and validation)

SWAT has been calibrated using discharge data for the period 2001-2004. Next, the model was
validated using discharge data from the period 2005-2006. The model input parameters were
automatically calibrated using the sum of squared errors between simulated and observed discharge
as quality measure.

The correlations (scatter plots) between the simulated and the observed discharges over the
calibration period are presented in Fig. 6.6 for the different mapping approaches. Fig. 6.7 shows
weekly observed and simulated water discharges and the total water yield for the calibration period
2001 — 2004 and for the different soil databases (OM_RP, SM_RP, and SM_VP). For descriptions of the
model parameters, see the discussion below. The statistical indicators (coefficient of determination,
model efficiency, and index of agreement) are all acceptable (about 0.70 for weekly discharge) with a
slight underestimation of the total water yield. These values for goodness-of-fit are highly affected by
the quality of the observed values, which exhibit considerable errors at the Zou gauging station. Any
clear effects due to differences between the soil databases used have not been discovered at this
stage. One can conclude that with respect to the weekly discharge the calibration balanced out the
differences in the different databases.

OM_RP: calibration 2001 - 2004 SM_RP: calibration 2001 - 2004 SM_VP: calibration 2001 - 2004
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Fig. 6.6. Scatter plot of weekly simulated versus observed discharge for the calibration period 2001-2004 for the
investigated three soil data bases.
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Mean discharge (m?/s) 33 33 0.71 0.69 0.92
Mean water yield (mm/y) 152 151 0.94 0.93 0.98
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Fig. 6.7. Weekly observed and simulated discharge and water yield for the calibration period 2001-2004 for the
investigated three soil databases. R? coefficient of determination, ME model efficiency, IA index of agreement.
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2005 2006 2005 2006 2005 2006
Validation Observed Q [m?/s] Simulated Q [m®/s] R? ME 1A

OM_RP 13.55 13.6 0.47 0.4 0.82
SM_RP 13.55 14.92 0.61 0.59 0.87
SM_VP 13.55 11.19 0.42 0.4 0.76

Fig. 6.8. Weekly observed and simulated discharge for the validation period 2005-2006 for the investigated
three soil databases. R? coefficient of determination, ME model efficiency, IA index of agreement.

Figure 6.8 shows weekly observed and simulated water discharges for the validation period (2005 —
2006) and for the different soil databases (OM_RP, SM_RP and SM_VP). Lower goodness-of-fit was
found for the soil database SM_VP. The SM_RP showed higher model quality (higher model efficiency
(0.59), higher coefficient of determination (0.61), and higher index of agreement (0.87)) and is

therefore the best approach for discharge simulation.
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6.3.3. Water balance and total sediment yield (calibration)

Water balances, as well as the total sediment yield are given in Tab. 6.5 in which the annual mean over
the calibration years is summarized. When analyzing the water balance components, a clear
dependency on the underlying soil database differences was found (cf. Tab. 6.5):

(1) A significantly higher lateral subsurface flow for the soil database SM_VP. This trend is entirely
consistent with the point made above regarding the differentiation of soils. While the results
obtained using OM_RP and SM_RP are similar, the results computed using SM_VP differ
significantly. One can conclude that the combined effects of the coarser SOTER map unit and
the aggregated soil layers (by aggregating soil properties) have large influences on lateral
subsurface flow.

(2) A significant decrease of the actual evapotranspiration computed using soil databases from
OM_RP, SM_RP to SM_VP. The amounts computed using soil databases SM_RP and SM_VP
are similar but differ significantly from the one computed using the OM_RP database, and

(3) a significant decrease of the total sediment yield computed using soil databases OM_RP,
SM_RP to SM_VP, respectively. Here also, the amounts computed using soil databases SM_RP
and SM_VP are similar but differ significantly from the one computed using the OM_RP
database. It therefore seems problematic to apply the OM_RP database for river water quality
evaluation.

The observed differences concerning actual evapotranspiration and total sediment yield can be solely
explained by the soil mapping approach.

Tab. 6.5. Mean annual water balance and total sediment yield for the Zou catchment for the calibration period 2001 — 2004.

Water balance components/total sediment yield OM_RP SM_RP SM_VP
Precipitation (mm a™) 1149 1149 1149
Surface runoff (mma™) 78 80 82
Groundwater flow (mm a™%) 67 94 83
Subsurface lateral flow (mm a™) 2 2 10
Shallow aquifer recharge (mm a™) 82 85 94
Deep aquifer recharge (mm a™) 9 12 14
Actual evapotranspiration (mm a™) 911 876 863
Potential evapotranspiration (mm a™) 2081 2081 2081
Change in soil water storage (mm a™) 0 0 0
Total sediment yield (ton ha'a™) 9 5 3

High disparities in spatial patterns of surface runoff and sediment yield within the research area are
displayed in Fig. 6.9. The patterns simulated by SWAT are different according to the soil database used
in the simulation and reveal impacts of changing HRU patterns (with changing physical properties) as
affected by different soil mapping approaches as well as the aggregation of the soil parameters within
the mapping units in each sub-catchment.

When analyzing the ranges of the annual spatial patterns according to the different databases (Fig.
6.9), the combined effects of the coarser SOTER map unit and the aggregated soil layers (by
aggregating soil properties) are most visible for the surface runoff (varying from 0 to 150 mm/y for
SM_VP against 0 to 310 mm/y for OM_RP and SM_RP).
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Fig. 6.9. Mean annual values for (a) actual evapotranspiration, (b) surface runoff, and (c) sediment yield for the soil
databases OM_RP, SM_RP and SM_VP used in this study. Values are shown for the sub-catchments used in the
simulation.
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6.3.4. Parameter sensitivities and fitted values

High sensitivities are computed for the curve numbers (CN2) that clearly discriminate the ORSTOM
database (OM_RP) from the SOTER database (SM_RP and SM_VP), while all other parameters show a
relatively low sensitivity. Tab. 6.6 shows the sensitivity index for the mean squared error of the
discharge at the investigated sub-catchment outlet.

Table 6.7 shows the fitted model parameter values for the different soil databases. Important
conclusions can be drawn from this table which are primarily related to the values of the curve
number (CN2), the soil-available water capacity (SOL_AWC), the saturated soil conductivity (SOL K),
and the soil evaporation compensator factor (ESCO):

(1) Compared to the initial parameterization, the curve number (CN2) decreases for all soil
databases in very clear ranges (-13 for the OM_RP, -16 for SM_VP and -8 for the SM_RP).
This difference of more than 4 units occurring in the CN2 values for both, the OM_RP and
SM_RP database, has no influence on the catchment’s annual surface runoff, but
significantly changes its patterns. This clearly shows the effects of changes in CN2 value
patterns caused by the mapping approach as discussed in the chapter 3.5.

(2) An important difference of more than 7 units is found in the CN2 values when comparing
the SM_RP and SM_VP databases. Again, this has no influence on the catchment’s annual
surface runoff, but has significantly changed its spatial patterns. This is attributed to the
combined effects of the soil mapping unit aggregation and the soil parameter aggregation,
which cannot clearly be separated at this level.

(3) Contrary to the CN2 values, the soil-available water capacity (SOL_AWC) increases when
comparing the SM_RP database with the OM_RP database. This difference is indirectly
caused by changes in the HRU patterns (with changed soil water conditions) due to the soil
mapping approaches. No clear difference can be identified for the soil available water
capacity changes between the SM_RP and SM_VP databases.

(4) In general, the saturated soil conductivity increases for the OM_RP database while it
decreases for the SOTER database. This trend is comparable to the available water
capacity values found when comparing the OM_RP and SM_RP database. Therefore the
interpretation is similar.

(5) The soil evaporation factor ESCO increases between 0.15 (OM_RP) and 0.23 (SM_RP and
SM_VP). This indicates once more the effects of modified HRU patterns (changes in soil
hydrological properties and changes in soil pore distribution, crusting, and soil cracking
patterns) due to the soil mapping approach.

In summary, on the one hand, the trends found in the change of the model parameters (specifically for
the CN2 and the ESCO) discriminate clearly the effects of soil mapping approaches from those of
mapping unit/parameter aggregation when comparing model results obtained using different
databases. On the other hand, while parameters such as the soil available water capacity and the
saturated soil conductivity vary similarly for the SOTER databases, the soil evaporation factor
minimizes the effects of the aggregation of soil parameter within the mapping units.

Figure 6.10 shows the correlation of the model parameters available water content and soil hydraulic
conductivity before and after model calibration. For the OM_RP database, a weak correlation exists
within the initial parameterization that also exists after calibration. In contrast, both parameters are
strongly correlated in the SM_VP and SM_RP simulations. Although SWAT could be calibrated for the
three databases, differences between the soil mapping approaches could not be balanced out.
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Tab. 6.6. Sensitivity index SI10 of the model parameters for the mean squared error of daily discharges. CN2: SCS Curve
Number; ALPHA_BF: base flow recession constant; GW_DELAY: groundwater delay.

Parameter Spatial influence OM_RP SM_RP SM_VP

CN2 HRU scale 0.56 Hi. 0.43 Hi. 0.11 Med.
ALPHA_BF Catchment scale 0.01 Lo. 0.00 Lo. 0.02 Lo.
GW_DELAY  Catchment scale 0.00 Lo. 0.00 Lo. 0.02 Lo.

Lo. = Low sensitivity (SI < 0.05); Med. = Medium sensitivity (0.05< SI < 0.2); Hi. = High sensitivity = (0.2 < SI < 1);
Very high sensitivity = (SI > 1).

Tab. 6. 7. Fitted model input parameter values. Shown are the calibrated values, their ranges and the Changing Method (CM);
a: initial values were modified by an absolute change (+ x units); v: initial values were replaced by a new estimate; r: initial
values were modified by a relative change (in %).CN2: SCS Curve Number; SOL_AWC: soil available water capacity, ALPHA_BF:
base flow recession constant; SOL_K: soil hydraulic conductivity, RCHRG_DP: aquifer percolation coefficient, GWQMN:
minimum water level for base flow generation, GW_REVAP: groundwater re-evaporation rate, REVAPMN: threshold water
level in a shallow aquifer for capillary rise, ESCO: Soil evaporation compensation factor, GW_DELAY: groundwater delay. For
more details see text.

_— OM_RP SM_RP SM_VP

Parameter CM (initial range) - - -

Value (final range) Value (final range) Value (final range)
CN2 [] a(-10..+10) -12.97 (-14.10..-11.01) -8.33 (-9..-7) -15.89 (-18..-14)
ALPHA_BF [d] v (+0.03 ..+0.17) 0.16 (+0.158..+0.16) 0.11 (+0.1..+0.12) 0.12 (+0.11..+0.14)
SOL_AWC1 [vol. %] r(-0.3..+0.3) -0.18 (-0.29..-0.11) 0.28 (+0.23..+0.3) 0.17 (+0.12..40.21)
SOL_AWC2 [vol. %] r(-0.3..+0.3) -0.33 (-0.42..-0.23) 0.36 (+0.35..+0.47) -0.01 (-0.02..0.09)
SOL_AWC3 [vol. %] r(-0.3..+0.3) -0.18 (-0.26..-0.10) 0.39 (+0.33..+0.4) -
SOL_AWC4 [vol. %] r(-0.3..40.3) -0.09 (-0.24..-0.10) 0.39 (+0.34..40.44) -
SOL_AWCS [vol. %] r(-0.3..+0.3) - 0.34 (+0.33..40.4) -
SOL_AWCS [vol. %] r(-0.3..+0.3) s 0.31 (+0.3..+0.4) -
SOL_K1 [mm/h] r(-0.5..+0.5) 0.18 (+0.07..4+0.49) 0.31 (+0.29..+0.36) -0.24 (-0.36..-0.11)
SOL_K2 [mm/h] r(-0.5 ..+0.5) 0.73 (+0.10..+0.78) -0.25 (-0.27..-0.2) -0.24 (-0.32..-0.14)
SOL_K3 [mm/h] r(-0.5..+0.5) 0.30 (+0.22..40.52) -0.44 (-0.44..-0.34) -
SOL_K4 [mm/h] r(-0.5..+0.5) 0.55 (+0.16..+0.6) -0.04 (-0.12..-0.04) -
SOL_K5 [mm/h] r(-0.5..+0.5) - -0.02 (-0.02..+0.03) -
SOL_K6 [mm/h] r (-0.5 ..+0.5) - -0.12 (-0.13..-0.04) -
RCHRG_DP [-] v (+0.05 ..+0.07) 0.06 (+0.53..+0.067) 0.06 (+0.056..+0.06) 0.06 (+0.05..+0.07)
GWQMN [mm] v (+10 ..+30) 28.91 (+25..+31.41) 22.84 (+20.5..+25.7) 19.70 (+18.3..422.3)
GW_REVAP [-] v (+0.01 ..40.2) 0.11 (+0.1..+0.13) 0.11 (+0.08..+0.11) 0.15 (+0.1..+0.16)
REVAPMN [mm] v (+0.01 ..+10) 7.66 (+4.12..48) 0.96 (+0.32..+2.89) 6.53(0.18..+0.26)
ESCO [-] v (+0.01 ..+0.9) 0.15 (+0.062..+0.345) 0.23 (+0.19..4+0.26) 0.23 (0.18..+0.26)
GW_DELAY [d] v (+25 ..+35) 28.99 (28.11..+29.81) 30.87 (30.5..+31.7) 30.14 (+30.6..+31.3)

Many studies demonstrate a strong influence of spatial input data on modeling results (Chaplot, 2005;
Zhao et al., 2006; Romanowicz et al., 2005; Chaubey et al., 2005; Thieken et al., 1999; Bormann, 2006).
The scale of the database influences spatial variation in the modeling parameters over the sub-
catchments and HRUs (Heuvelmans et al., 2004). As previously discussed, threshold concepts are used
for determining the number of sub-catchments and HRUs. Therefore, both the scale of the database
and the chosen threshold controls how the database is considered in the modeling exercise. For
example, Chaplot (2005) analyzed the effect of the DEM and the scale of the soil map on water,
nitrogen, and sediment dynamics in a small catchment. He confirmed that with increasingly accurate
information, simulation quality increases. Nevertheless, Chaplot (2005) states that changing the spatial
patterns of HRUs would probably have changed the results of his study due to the non-linear effect of
thresholds on the model’s results. To avoid this effect, the same thresholds were considered in this
study, when using the different soil databases. Therefore, the changes occurring in the modeling issues
(when applying the different databases) are directly related to differences in soil mapping approaches
which affect considerably and directly the HRU patterns and indirectly the physical HRU parameters
with high impacts on runoff and sediment yield patterns. This proves that not only the database scale
affects the modeling issue, but also the mapping approach behind the database.
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Fig. 6.10. Correlation between soil available water capacity (SOL_AWC) and soil hydraulic conductivity (SOL_K)
before and after calibration for the investigated three soil data bases.

6.4. Conclusion

It is well known that the quality of any application of environmental models depends on the
underlying database (Bormann et al., 1999). Often, the calibration of model parameters is used to fill
data gaps and to reduce the uncertainty of available information. In this study, it was shown that not
only the soil parameters themselves are uncertain and produce uncertain model outputs, but also the
concept used to develop the soil map. This uncertainty is well known concerning soil maps of different
scales (Bormann et al., 1999) but is rarely investigated for the same scale. One of the reasons of the
scale dependency of the impact of the soil map on modeling results is that coarsening the soil map
usually does not consider their application in environmental modeling, which would require that the
aggregation rules depend on the problem to be solved.

In this study, a comprehensive database of physical and hydraulic soil properties was developed for
the study region using two different approaches for the soil maps, one of them having been further
divided into two differing concepts. Although, from a scientific point of view, the SOTER approach may
be more appropriate, this is not necessarily true for its application in environmental modeling. In this
study, soil data were used to simulate water fluxes and sediment yield at the regional scale (6980
km?).

The simulations result in statistical indicators (coefficient of determination, model efficiency, and index
of agreement) with an acceptable quality (about 0.70 for discharge) but with a slight underestimation
of the total water yield computed for the coarser old SOTER map. With respect to discharge, the
calibration balanced out the differences in the databases, and has resulted in significant changes in the
model parameters. The validation identified the less coarse new SOTER map as the best (with respect
to discharge modeling) used in our study (showing higher model efficiency (0.59), higher coefficient of
determination (0.61), and higher index of agreement (0.87)).

Besides the changes in the model parameters, combined effects of the coarser old SOTER map units
vs. aggregated soil layers have shown a distinct influence on the simulated lateral subsurface flow and
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the spatial pattern of sediment yield within the study area. This leads to the conclusion that the old
SOTER map that consists of coarser mapping units and aggregated soil layers cannot be adequately
used for the simulation of sediment yield. Model calibration reduces the drawbacks of this approach
but does not generally solve the problem. Although the CPCS soil map produces lateral flows
comparable to the best approach in this study (less coarse new SOTER), the quality measures are
weak. Furthermore, mean annual sediment yield is significantly higher compared to the use of the
other two mapping approaches. High disparities in surface runoff, evapotranspiration and sediment
yield patterns within the research area were found and reveal impacts of changing hydrology response
unit patterns (due to changes in mapping unit patterns) originating from soil mapping approaches as
well as the aggregation of the soil parameters within the mapping units. These have shown that SWAT
could be calibrated successfully for the three databases regarding the total discharge dynamics, but
the spatial patterns of the differences persist. Depending on the modeling issue this may cause a
significant bias in the model results.

The study has shown how the soil mapping concepts affect the hydrological modeling. For modeling
future development of the Ouémé catchment, this must be taken into account in the uncertainty
guantification and focus should be laid on how the concept interacts with the model structural errors.
As alternative, the e-SOTER project (Regional pilot platform as European Union contribution to a
Global Soil Observing System) was suggested and is tested since 2008. This approach considers new
methodologies that combine remote sensing (soil pattern recognition) with the standardization of
available soil attributes collected by earlier surveys and high resolution digital elevation models. This is
a quite promising perspective for future updating SOTER maps used for modeling studies in the
Ouémé catchment.
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7. Modeling the effects of crop patterns and management scenarios on N and P loads to surface
and groundwater’

Abstract

Assessment studies of N and P loads to water systems have developed from simple descriptions
based on monitoring and sampling into the analysis of multiple scenarios using simulation models. In
this study, water, sediment, and nutrient delivery to the stream flow at the Donga-Pont river
catchment outlet (586 km?, cf. Fig. 2.5) in the Republic of Benin, West Africa were simulated
incorporating local management practices including detailed crop systems, fertilization and manure
deposition, using the Soil and Water Assessment Tool (SWAT).

At the study scale (586 km?2), cropping systems are not mapped. Therefore, a land use map was
refined for the study area, enabling the evaluation of four management scenarios: detailed crop
systems with fertilizer supplied only to cotton, rice and maize, as is common in Benin (Sc0); detailed
crop systems without the use of fertilizer (ScOa); the original land use map with similar fertilizer
inputs to all cropping systems (Scl); and the original land use map without fertilizer inputs (Scla).
Compared to the first scenario, the latter two scenarios, commonly used in regional scale modeling,
exhibited distinct biases in plant growth parameters (e.g., water and nitrogen stress days), crop
yields, water yield, sediment yield and nitrogen load.

Finally, it was apparent that at the catchment scale, decreases in water yield and nutrient loading
were induced by reductions in rainfall (as the result of climate change scenarios), but the effects of
the decline in precipitation were counteracted by the effects of changes in land use (land use
scenarios). This indicates the strength of the relationship between agriculture and water quality
(sediment and nutrient transport) within the Donga-Pont catchment. It was clear that management
practices such as fertilizer inputs are among the principal factors controlling this dynamic. Moreover,
high spatial variation in the groundwater nitrate concentration, reaching 42 mg/|, was observed.

Keywords: SWAT, management scenarios, land degradation, water quality, climate change, land use
change.

7.1. Introduction

Catchment hydrology is affected by vegetation types, soil properties, geology, topography, land use
practices, and the spatio-temporal patterns of interactions among these factors (Tomer and
Schilling, 2009). Land use practices and climate variables make water erosion and nitrogen and
phosphorus losses the primary threats to sustainable agricultural development and to the
maintenance of water quality (Vezina and Bonn, 2006). Soil erosion (sediment and nutrient loss)
affects soil properties, directly decreasing rooting depths and water storage capacity, and leads to
soil compaction, crusting, water-logging and a decrease of biological activity. Harsh climatic
conditions, high rainfall intensities, prolonged dry seasons, extensive drought periods, high
population growth, and the excessive use of resources have made tropical ecosystems particularly
vulnerable to soil erosion and erosion-induced soil degradation (Hiepe, 2008).

Compared to temperate regions, the decline in food productivity is often more drastic in the tropics
due to the harsh climate, low soil fertility, and the poor quality of the subsoil or unstable soil
properties (Lal, 1990; Steiner, 1994; Hiepe, 2008). For instance, in the center of Benin, the average
crop vield for maize has decreased to 550 kg ha™ (compared to approximately 10 tons ha™ in Europe

2 published as: Bossa, A.Y., Diekkruiger, B., Giertz, S., Steup, G., Sintondji, L.O., Agbossou, E.K., Hiepe,
C., 2012. Modeling the effects of changing crop patterns and management practices on N and P
loads to surface water and groundwater in a semi-humid catchment (West Africa). Agricultural
Water Management 115, 20-37.
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and the USA) despite the residual effects of cotton fertilizer (Igué, 2000). In many tropical soils,
fertility is restricted to the organic matter in the topsoil, which declines about five times faster than
in temperate regions because the dominant clay mineral, kaolinite, has a very low potential cation
exchange capacity (Ahn 1970; Steiner, 1994; Hiepe, 2008). The farming systems have shifted in
response, from maize/yam-based systems to maize/cassava-based systems and then to groundnut
or beans when the soils become poorer. Fallowing (the primary management practice used to
restore soil fertility in the region) periods are becoming shorter, there is more pressure on marginal
lands, and agriculture is becoming progressively more intensive. Fertilizer use is increasing because
experiments in Benin have demonstrated that an application of mineral N, P, K (90, 39, 75 kg ha™ a™)
outyielded all other soil fertility maintenance strategies on Acrisols and Luvisols (widespread soils)
by approximately 1 ton ha™ (Akondé, 1995; Agbo, 1999; Igué, 2000). Additionally, high yielding crop
varieties are often introduced to reach a stable yield of 2 tons ha™, regardless of the degree of
degradation at a specific site or the sustainability of the management practices. According to the
Regional Center for Agriculture Promotion (CeRPA) in the north of Benin, an average of 100 to 250
kg ha™ of fertilizer (NPK + Urea) is applied for cotton, rice and maize, primarily on Acrisols, Lixisols
and Luvisols. In contrast, according to the online World Bank database, total fertilizer consumptions
of 103 kg ha™ a™ for the USA, 160 kg ha™ a™* for Germany and 468 kg ha™ for China were recorded for
the year 2008.

High fertilizer inputs (without any associated structural or organic technologies), monoculture
cultivation, uncontrolled agricultural land expansion and the traditional bush fire practices common
in Benin are likely to be indirectly damaging water resources and ecosystems in the region by
influencing the intensity of pollutant particle loads. The Natural Resources Management and
Environment Department of the Food and Agriculture Organization (FAO, 1996) stated that pollution
by sediments has two major dimensions: (1) the physical dimension—topsoil loss and land
degradation due to gully and sheet erosion, which leads to high levels of turbidity in receiving waters
and to off-site ecological and physical impacts from deposition into river and lake beds and (2) the
chemical dimension—the silt and clay fraction (<63 um fraction) is a primary carrier of adsorbed
chemicals, especially nitrogen, phosphorus, chlorinated pesticides and most metals, which are
transported by the sediment into the aquatic system, where they may cause damage.

Reducing water and soil degradation requires knowledge of the processes and sources of diffuse
pollution at the local and regional scales, as well as an assessment of the long-term potential
environmental impacts. Fohrer et al. (2005) stated that the application of hydrological models can
clarify the processes involved and support well-balanced management decisions. This has helped
several European countries to develop environmental regulations and new agricultural policies to
mitigate the negative impacts of diffuse source pollution and protect stream habitats from
eutrophication (Lam et al., 2010).

Previous investigations and integrated modeling studies in West Africa, including those of the
IMPETUS Project (Speth et al., 2010) in Benin (in the upper Ouémé catchment), have contributed to
improving knowledge of the degradation processes at the local to regional scales. Sediment load
rates greater than 3 ton ha™ in agricultural lands were measured and simulated. Land use and
climate change impacts (Thamm et al. 2005; Judex, 2008; Paeth et al., 2005) have been estimated to
contribute in the range of -4 to 25% to the observed sediment yield (Hiepe, 2008). Future
investigations, including the current work, are expected to take into account the chemical dimension
of erosion-related degradation.

Numerous ecohydrological simulation models have been developed within recent decades to
develop the best management scenarios, which is essential for decision support. The Soil and Water
Assessment Tool (SWAT) (Arnold et al.,, 1998) is a conceptual, continuous time model that was
developed in the early 1990s to assist water resource managers in assessing the impacts of
management and climate on water supplies and non-point source pollution in catchments and large
river systems (Arnold and Fohrer, 2005). SWAT was found to meet the requirements of the European
Union Water Framework Directive, as reported by Pohlert et al. (2005).
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The SWAT model is applied in the current work to simulate the physical and chemical degradation of
land and water at the field scale in a meso-scale catchment (Donga-Pont catchment—586 km?; cf.
Fig. 1). As has been established, one prerequisite for making full use of distributed physical-based
models is the existence and easy accessibility of a large amount of data, including detailed spatial
information on natural parameters such as geology, soil, vegetation and man-made impacts such as
water abstractions, agricultural practices and discharges of pollutants (Sintondji, 2005). Many
studies demonstrate the strong influence of the scale of available input data on modeling results
(zhao et al., 2006; Romanowicz et al., 2005; Chaubey et al., 2005; Thieken et al., 1999; Bormann,
2006). The scale of the available data influences the spatial variation in the modeling parameters
among the sub-catchments (Heuvelmans et al.,, 2004). For example, Chaplot (2005) analyzed the
effects of DEM and the soil map scale on sediment and nitrogen dynamics in a small catchment and
confirmed that with increasingly accurate information, the simulation quality increases. The
resolution of land use data was also shown to greatly affect the modeled sediment and nitrogen
dynamics. For example, Brown et al. (1993) indicated that predictions using the ANSWERS model
exhibited drift anomalies at land use map resolutions greater than 120 m. In this study, agricultural
lands in the available land use map were refined into different cropping systems to more accurately
assess sediment and nutrient dynamics at the scale of the Donga-Pont catchment.

This current research specifically aims to (1) assess the impacts of crop and fertilizer patterns on
simulated plant growth; (2) provide insight into the physical and chemical pollution of surface water
and groundwater in relation to management practices, including fertilizer use; and (3) quantify the
effects of future global change on soil and water degradation. These types of information are
required for supporting well-balanced management decisions to preserve the long-term fertility of
the soil and the health of the population and the environment.

7.2. Materials and methods

The location of the Donga-Pont sub-catchment is shown in the Fig. 2.5 in the chapter 2. Detailed
descriptions of SWAT model components including soil loss, nutrient transport as well as water
quality components are provided in the chapter 4. Input data such as soil, land use, and climate are
described in the chapter 2. Calibration and validation data such as discharge and sediment- nutrient
concentrations are described in the chapter 5.

At the considered catchment scale, cropping systems are not reflected in the available land use map
derived from LANDSAT ETM+ satellite images from 2003. Within SWAT, the term "Agricultural Land
Generic (AGRL)“ is used to refer to all crops with similar physical and physiological characteristics
without considering individual characteristics or fertilizer demand. Although often used for
simulating a mean behavior of all crops, strong differences in the crop calendar and fertilizer
demand between the crop types are ignored. This may lead to simplifications in the application of
the model, which risks causing a bias in the results. To quantify the bias in the modeling results, the
available land use map has been refined, allowing the evaluation of four modeling scenarios (Tab. 3):

1) ScO - agricultural lands (AGRL) were refined into 12 cropping systems with mineral fertilizer
supply only to cotton, rice and maize, as is common in Benin. Grazing (manure deposition) is
considered;

2) Scl - agricultural lands (AGRL) were not refined, but it was assumed that all crops receive
fertilizer inputs similar to the total fertilizer amount applied in ScO divided by the total
agricultural area. Grazing (manure deposition) is also considered;

3) Sc0a - considers ScO without fertilization and grazing operations; and

4) Scla - considers Scl without fertilization and grazing operations.

As they are common in Benin, the fertilizers (Tab. 7.2) NPKSB, Urea, and P,0s were specified in this
study. Many other variables were specified: (1) the N and P element fractions of the total fertilizer
applied to the soil surface, (2) the heat unit fraction for management operations, (3) tillage depth,
(4) the mixing efficiency, (5) the burning fraction of biomass, (6) the number of grazing days, (7) the
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biomass eaten and manure deposited, etc. Heat unit may be defined as the accumulated number of
daily temperature degrees above a certain threshold base temperature (needed to reach plant
maturity), which varies among crop species. The mixing efficiency of the tillage implement defines
the fraction of the residue, nutrients, and bacteria pool in each soil layer that is redistributed
through the depth of soil that is mixed by the implement.

Tab. 7.1. Descriptions of modeling scenarios ScO and Scl. Crop system scale: whereas ScO includes a set
fertilizer amount for only cotton, maize and rice, Scl divides the total amount applied in ScO over the total
agricultural area. Catchment scale: the total amount of fertilizer applied at the crop scale is extrapolated to the
whole catchment area. AGRL means agricultural lands, a common term with no distinction among crop
systems.

At the crop system scale At the catchment scale

Scenario | Crop ! Cropland (ha) | Cropland (%) | N(kg/ha) | P(kg/ha) | N(kg/ha) | P (kg/ha)
' Peanut i 3185 : 11 i i ! !
1 Cotton b 1448 b 5 b 51 b 20 : :
Cowpeas 2027 7
E Yam E 6080 E 21 E E E E
' Maize ' 6659 ' 23 ! 60 ! 18 | |
i Cassava | 2027 i 7 i i : :
Sc0 Sweet potato 290 1 10 3
! Pear Millet i 1158 i 4 i i ; ;
| Rice | 1158 | 4 | 106 18 ;
i Sorgho i 4053 i 14 i i i i
Tomato 290 1
i Bambara Groundnut ! 579 ; 2 E E ; ;
Scl . AGRL | 28952 1 100 1 21 1 6 1 10 1 3

Tab. 7.2. Management operations scheduled for cotton, maize and rice. T1, T2 and T3: tillage operations; F1,
F2 and F3: fertilization; PIB: beginning of plant growth; Hk: harvest; E: end of the growing season; Bu: burning.
NPKSB: nitrogen-phosphorus-potassium-sulfur-boron

Parameter (Cotton) ' T1 1 PIB 'V F1 VT2 T3 ' F2 VHK | Bu

Heat unit fraction 1 0.00 10.15 10.16 10.20 1 0.35 1 0.36 1.2 1136
NPKSB (14%N-10%P) (kg ha™) ; i 1200 (28-20) i i i i

Urea (46%N) (kg ha™) I I I ! I 150(23) !

Tillage depth (cm) E 25 E E E 10 E 10 E E E

Mixing efficiency E 0.5 E E E 0.25 E 0.25 E E E

Burning fraction of residual biomass ; : ; : : : : : 0.7
Parameter (Maize) ' T1 PIB T2 T3 ' F1 ' F2  F3 " HK 1 Bu

Heat unit fraction 10.00 1015 10.18 1034 1035 1035 10.66 112 115

P,0s (44%P) (kg ha™) : : : | : 140(18) : |

Urea (46%N) (kg ha™) 5 5 5 5 1 65(30) 165(30) 5

Tillage depth (cm) 125 110 110 b b b b b

Mixing efficiency E 0.5 E E 0.25 E 0.25 E E E E E

Burning fraction of residual biomass ' ' ' ' ' ' ' ' 1 0.6
Parameter (Rice) T1 !PB T2 'F1 ' T3 ' F2 'F3 'HK ! Bu

Heat unit fraction 0.00 ' 0.15 !0.18 ' 0.19 1043 1044 075 '12 15

P,0s (44%P) (kg ha™) : : ! : 1 40 (18) : !

Urea (46%N) (kg ha™) i i 1130 (60) ! i 1100 (46) ;

Tillage depth (cm) 25 110 110 ; ; ; ;

Mixing efficiency 05 ! 10.25 | 10.25 ! ! ! !

Burning fraction of residual biomass : ; : : ; ; ; 1 0.8
Parameter (Pasture) i PIB | Grazing E i Bu
Heat unit fraction 10.15 10.2-- 11.2 1 1.6
Grazing days E E 300 E E
Biomass eaten: beef/dairy - sheep - goat (kg ha™ d™) ' 176-24-28 ' '
Biomass trampled: beef/dairy - sheep - goat (kg ha™ d™) E E 15-5-6 E E
Cattle manure (1%N-0.4%P-3%0ORGN-0.7%0ORGP-95%NH3N) (kg ha™ d'l) E E 38 E E
Sheep manure (1%N-0.4%P-3%0RGN-0.7%0RGP-95%NH3N) (kg ha™ d*) : 12 | :
Goat manure (1%N-0.4%P-3%O0RGN-0.7%ORGP-95%NH3N) (kg ha™* d™) ; 164 ; ;
Burning fraction of biomass ' ' i 1 0.1
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7.3. Results and discussion
7.3.1. Water dynamics and water balance

Fig. 7.1 shows the simulated daily discharges for the model calibration (2006 — 2008) and validation
(2001 — 2005) periods at the Donga-Pont catchment outlet. The measures of the quality of model fit
to the daily measured discharges show satisfactory values. The model efficiency (ME) and the
coefficient of determination (R?) are 0.68 and 0.67, respectively, for the calibration period and 0.58
and 0.51, respectively, for the validation period. This relatively low quality measure for the fit of the
model to the daily measurements was partly caused by the auto-calibration, which considered
sediments and nutrients together simultaneously with discharge. Separate calibration significantly
improved ME and R? up to 0.75, but did not produce in an appropriate result for the nutrient
processes.
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Fig. 7.1. Simulated vs. observed discharge at the catchment outlet: calibration period 2006 — 2008, validation
period 2001 — 2005; modeling scenario ScO. The model efficiency (ME) and the coefficient of determination
(R?) are 0.68 and 0.67, respectively for the calibration period and 0.58 and 0.51, respectively for the validation
period.

Less accurate predictions of single peaks are also shown over the validation period, partly due to the
measurement errors during periods of exceptional flooding in the years 1999 and 2003, in which full
discharge over the bank was observed at the gauging station. Differences are also caused by the
SWAT structure because it is a continuous time model with a daily time step, and subscale processes
such as single-event flood routing cannot be efficiently predicted. In addition, the daily measured
precipitation for 24 h starts at 6:00 am and may not match well to the daily average discharge
values, which were measured for 24 h beginning at midnight (Lam et al., 2010).

Stream flow recessions were reproduced satisfactorily, demonstrating the model's ability to
effectively reproduce the catchment’s groundwater flow. Tab. 5 shows the simulated water balance
components for the scenario ScO over the calibrated period (2006 - 2008).

Tab. 7.3. Simulated water balance components for the scenario ScO over the calibrated period (2006 - 2008).

Water balance components Scenario ScO (mean values from 2006 to 2008)
Precipitation (mm a_l) 1211.3

Surface runoff (mm a_l) 147.2

Groundwater flow (mm a'l) 96.1

Groundwater uptake (to soil/plants) (mm a™) 61.6

Deep aquifer recharge (mm a™) 29.6

Total water yield (mm a'l) 245.6

Actual evapotranspiration (mm a™) 874.3
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7.3.2. Sediment dynamics

Sediment load dynamics are presented in Fig. 7.2 at a daily time scale, where the simulated results
were compared with measurements at the catchment outlet for both the calibration and the
validation period. Good agreements concerning quality assessment were obtained with a model
efficiency (and a coefficient of determination) of 0.67 (0.69) for the calibration period (2008) and
0.55 (0.58) for the validation period (2005).
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Fig. 7.2. Simulated vs. observed sediment yields at the catchment outlet for modeling scenario ScO: calibration
period 2008, validation period 2005. Model efficiency (and a coefficient of determination) of 0.67 (0.69) for
the calibration period (2008) and 0.55 (0.58) for the validation period (2005). Data for 2005 were collected by
Hiepe (2008).

Measured and simulated sediment peaks accompany runoff peaks and reach a daily maximum of
6,000 tons at the catchment outlet compared to the annual total of approximately 40,000 tons. This
indicates the important role of single runoff events for sediment delivery to the catchment outlet
and leads to the conclusion that poor simulations of runoff peaks will result in a significant bias in
the annual sediment yield. This was particularly difficult to balance in the calibration, as discharge,
sediment and nitrate were simultaneously calibrated with an underestimation of the calibration year
(2008) and an overestimation of the validation year (2005). Overall, good agreements of the model
fit to the measurements were obtained, although mean deviations of £14% were observed for both
the calibration and validation periods compared to the measurements.

7.3.3. Nitrate dynamics

The nitrate dynamics for single days of the calibration and validation periods are presented in Fig.
7.3. Disturbances of the measurements at the catchment gauging station in the year 2009 due to
construction activity inhibited further validation. Therefore, validation was performed by comparing
the model results with measurements at the Bétérou gauging station downstream (cf. Fig. 2.5,
catchment size 10,072 km?). Good agreements concerning the model fit to the measurements were
obtained, with a model efficiency (and a coefficient of determination) of 0.99 (0.99) for the
calibration period (2008) and 0.78 (0.95) for the validation period (2008 - 2009).

Tab. 6 presents the correspondence between measurements in mg/| and estimated loads in kg. As
can be seen from this table, the minimum and the mean observed values of the nitrate
concentration are close, but significantly different for the corresponding load values. This is caused
by the difference in the daily water volume that transports the nitrate, which indicates once more
the important role of daily runoff events in nitrate loss processes.
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Fig. 7.3. Simulated vs. observed nitrate yields at the catchment outlet for modeling scenario ScO: (a) calibration
period 2008, (b) spatial validation period 2008 — 2009 (at Bétérou outlet, cf. Fig. 2.5). Model efficiency (and a

coefficient of determination) of 0.99 (0.99) for the calibration period (2008) and 0.78 (0.95) for the validation
period (2008 - 2009).

Tab. 7.4. Correspondence between daily nitrate concentrations and nitrate loads (observed and simulated) at
the Donga-Pont gauging station.

Observed nitrate Simulated nitrate

Concentration [mg/l] Load [kg] Concentration [mg/I] Load [kg]
Mean 1.95 698 1.97 705
Maximum 3.02 1396 291 1344
Minimum 1.28 159 1.41 175

7.3.4. Organic N and P load

As explained above, pollution by sediment has two major dimensions: (1) the physical dimension—
top soil loss and land degradation by erosion, which leads both to excessive levels of turbidity in
receiving waters and to off-site ecological and physical impacts from deposition in river and lake
beds, and (2) the chemical dimension—the silt and clay fraction, the primary carrier of adsorbed
chemicals such as nitrogen and phosphorus, which are transported by sediment into the aquatic
system. Fig. 7.4 and 7.5 show the weekly simulated versus observed sediment and associated
organic N and P deliveries at the catchment gauging station. Organic N and P are not calibrated.
Because it was assumed that a good adjustment of the soil nutrient pools would be reflected in their
simulations, only a validation was performed.
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Fig. 7.4. Simulated vs. observed organic phosphorus and sediment yield at the Donga-Pont sub-catchment
outlet for modeling scenario ScO (validation); model efficiency (and coefficient of determination) of 0.99 (0.89)
for the organic P and 0.89 (0.88) for the sediment yield.
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Fig. 7.5. Simulated vs. observed organic nitrogen and sediment yields at the Donga-Pont sub-catchment outlet
for the modeling scenario ScO (validation). Model efficiency (and coefficient of determination) of 0.95 (0.97)
for organic N and 0.91 (0.91) for the sediment yield.

As concluded for the delivery of sediment to the catchment outlet, a poor simulation of runoff peaks
will result in a significant bias in the annual nutrient yield. The dynamics of organic nitrogen loss
from the soil are important, with a maximum weekly loss of more than 4 tons, in contrast with the
relatively insignificant loss of organic phosphorus, which exhibited a maximum weekly loss of 13 kg
for the entire catchment.

7.3.5. Effects of management scenarios

Calibration was performed only for scenario Sc0, and the calibrated parameters were directly used
for scenarios Sc0a, Sc1 and Scla. As can be seen from Tab. 7.5, the water yield, sediment yield and N
dynamics are well simulated considering the reference scenario Sc0. The common simplification
scenarios (scenarios Scl and Scla) lead to a distinct bias in the water, sediment and nutrient yields
as well as the biomass production, crop yield and related measures such as the days with water and
nitrogen stress (Fig. 7.6 and 7.7). This must be considered when SWAT is calibrated at the catchment
scale, ignoring local-scale differences in land use and fertilizer application.

For reference scenario ScO with a fertilization rate (mineral N) of 10 kg ha™ a™, nitrate loads to
surface and ground-water were simulated as 0.6 kg ha™ a™ (35 ton a™ for the whole catchment) and
7 kg ha™ a™* (410 ton a™), respectively. The silt and clay particle load totaled 0.5 ton ha™ a™ (29,300
ton a™) with an associated organic nitrogen load of 0.8 kg ha™ a™ (88 ton a™). These values clearly
indicate that the study area is impacted by land and water degradation processes, defined as
human-induced or natural processes that negatively affect terrestrial ecosystem services such as the
taking up, storing and recycling of water, energy, and nutrients. The direct effects of such
degradation are threats to food security and social development and damage to biodiversity and
ecosystems.

Tab. 7.5. Effects of crop patterns and management on the simulations for the period 2006 to 2008.

Water balance components and sediment loading ScO ScOa Scl Scla
Precipitation (mm a'l) 1211.3 1211.3 1211.3 1211.3
Surface runoff (mm a_l) 147.2 156.8 142.42 139.7
Groundwater flow (mm a_l) 96.1 86.7 98.82 73.7
Groundwater uptake (to soil/plants) (mm a'l) 61.6 144.9 38.51 70.4
Deep aquifer recharge (mm a’) 29.6 43.2 25.18 26.7
Total water yield (mm a™) 245.6 245.3 243.3 215.3
Actual evapotranspiration (mm a™) 874.3 774 898.3 898.7
Total sediment loading (ton ha™ a™) 0.5 0.6 0.4 0.8

63



7. Modeling the effects of crop patterns and management scenarios on N and P loads to surface
and groundwater

Nutrient transport rates Sc0 ScOa Scl Scla
Organic N loading (kg ha'a’) 0.8 1 0.7 1.1
NO; yield in surface flow (kg ha' a’l) 0.6 0.4 0.2 0.2
NO; leached to shallow aquifer (kg ha' a’l) 7 4 4.1 3.6
NO; yield in baseflow (kg ha' a’l) 2.8 1 19 14
Soluble P yield in surface flow (kg ha'a®) 0.2 0.1 0.2 0
Soluble P yield leached (kg ha™ a™) 1.8 0.5 1.5 0.5
Organic P loading (kg ha™ a’l) 0 0 0 0
Plant growth output parameters Sc0 ScOa Scl Scla
Final N fertilizer (kg ha' a’l) 104 0 10.6 0
Final P fertilizer (kg ha™ a'l) 3 0 3 0
Biomass (ton ha™ a'l) 6.7 5 3.9 2.1
Yield (ton ha™ a™) 1 0.5 0.7 0.1
Nitrogen stress (d a’l) 42 50 49 58
Water stress (d a’l) 38 43 31 30
Temperature stress (d a'l) 12 12 4 4
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Fig. 7.6. Comparison of plant growth characteristics for the modeling scenarios
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Fig. 7.7. Water balance and nutrient load water systems according to the modeling scenarios.
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Groundwater supplies the majority of the water used in households in the Donga-Pont catchment
area as well as the municipal drinking water (Kamagaté, 2006). It is important not only for these
beneficial uses but also because it provides recharge water to streams, rivers, lakes and wetlands,
and any degradation in a given area will automatically affect the area ecosystems.

The simulation results (ScO, 2006—2008) show that nitrate was contributed to the groundwater via
percolation (an annual average of 7 kg ha™®). The daily concentration of nitrate in base flow (from the
shallow aquifers) averages 1.4 mg/l compared to a maximum of 9.1 mg/| for the catchment as a
whole. This is likely to result in high spatial variation (cf. Tab. 7.6 and Fig. 7.8) within the catchment
aquifer systems, which may involve risks for the population, primarily those using private wells
without periodic quality tests. Tab. 7.6 and Fig. 7.8 show the results of the groundwater quality
investigation conducted within the research area from 2002 to 2010 (available from the Integrated
Data Bank of the General Directorate of Water of Benin), comprising 49 drillings. An average of 6.99
mg/l, a maximum of 42.24 mg/l and a minimum of 0.44 mg/l were recorded for the nitrate
concentration. Although the mean value is comparable to those simulated in this study, the high
spatial variation of the nitrate load of ground water is confirmed. Obviously, agricultural land
management is the primary driver of this issue, which should lead to strict regulation policies. The
lack of regulation policies, as observed today, will simply lead to limitations to resource accessibility
and even the closing of many already-used drillings in the future. The U.S. Environmental Protection
Agency (USEPA) has established a federal drinking water standard MCL (maximum contaminant
level) of 10 mg/I for nitrate-nitrogen (an equivalent of 45 mg/| of nitrate) because it was proven that
exposure to nitrate in concentrations over the MCL is associated with a condition called
methemoglobenemia or "blue-baby syndrome" in infants six months of age and younger (USEPA,
1990). However, the maximum contamination level for nitrates in drinking water recommended by
the World Health Organization (WHO, 2008) and relayed by the Food and Agriculture Organization
(FAO, 2011) is 50 mg/|, which is higher than the US federal drinking water standard.

Tab. 7.6. Observed water quality parameters of 49 drillings within the study area (2002-2010). Data available
from the Integrated Data Bank of the General Directorate of Water of Benin.

Mean value Maximum Mean deviation
Nitrate NOs- [mg/I] 6.99 42.24 463
Ammonium NH," [mg/1] 0.07 2.3 0.05
Phosphate PO, [mg/I] 0.7 3.1 0.3
pH 7.16 8.5 0.6
Conductivity [us/cm] 305 1079 104
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Fig. 7.8. Drilling locations (49) within the Donga-Pont sub-catchment. Information available from the Integrated
Data Bank of the General Directorate of Water of Benin.
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7.3.6. Effects of climate and land use change

To clarify the relationship between agricultural practices, primarily fertilizer use, and land and water
degradation within the catchment, the climate change scenarios (A1B and B1) and the land use
change scenarios (La and Lb) described in the chapter 5 were used to evaluate potential changes in
renewable water resources as well as sediment and nutrient transport to the catchment gauging
station.

Potential changes in the model results in accordance with the climate and land use change scenarios
were calculated in reference to modeling scenario Sc1, considered a baseline, given the fact that the
land use scenario maps do not consider future changes in cropping systems.

Climate scenarios

The effects of the climate change scenarios (from 2010 to 2029), are summarized in Tab. 7.7. Similar
to the trend observed for the climate change scenarios, a reduction in rainfall will cause reductions
in surface runoff, sediment and related organic nitrogen losses, and nitrate loads to the surface and
groundwater at the watershed outlet. Especially for the period 2010-2014, the water balance
components and sediment, nitrate, and organic N loads to surface runoff increased by up to 50%.
Notably, severe flooding events that involve material and financial damages to the population, as
occurred in the year 2010, remain relevant for this period.

Tab. 7.7. Changes in water balance, sediment yield, nutrient yield, and plant growth parameters according to
climate scenarios A1B and B1 and management scenario Scl. Deviations from the reference scenario (2000-
2009) are shown in brackets.

: : A1B : B1 : A1B : B1

| Reference | [2010-2014] , [2010-2014] , [2025-2029] | [2025-2029]
Rainfall (mm a’) 12334 1296 (5.1) 1177 (-46) ! 1116 (-95) ! 1138 (-7.7)
Water yield (mm a™) \ 2427 3587 (47.8), 261 (7.5) , 206 (-153), 225  (-7.2)
Groundwater flow (mm a™) I 106 !'1465 (38.2)! 110 (4.0) ' 916 (-13.6)! 101  (-5.2)
Surface runoff (mm a™) | 1357 12108 (55.3)) 149 (10.0), 113 (-17.0), 123  (-9.1)
Evapotranspiration (mm a™) I 9273 18426 (9.1)! 848 (-86) ' 864 (-6.9) ' 854  (-7.9)
Sediment yield (ton ha™a™) | 04 1 06 (50.0), 05 (25.0) ) 04 (0.0) |, 0.4 (0)
Organic N load (kg ha™ a™) 1 07 1 1 (429):1 08 (143)1 0.6 (-143)1 0.7 (0)
NO; in surface runoff (kg ha™ a™) ' 02 ' 03 (500)"' 02 (00 "' 02 (0.0) ' 02 (0)
NOs in groundwater flow (kg ha'a®) ; 1.6 1 1.6 (0.0); 15 (-6.3) ; 1.2 (-25.0): 12  (-25)
Leached nitrate (kg ha™ a™) ' 33 1 33 (00)! 32 (30" 26 (212)' 26 (-21)
Nitrogen stress (d a™) | 416 , 472 (135), 441 (6.0) , 446  (7.2) | 467  (12.3)
Temperature stress (d a'l) 1 3.2 14 (25.0)1r 49 (53.1) ' 54 (68.8) 1 5 (56.3)
Water stress (d a™) | 451 | 417 (-7.5), 418 (-7.3) | 419 (-7.1) | 405  (-10)
Biomass (ton ha™a™) 1 33 1 33 (00)1 33 (001 32 (301 32 (-3)

Land use scenarios

The effects of the land use change scenarios (from 2010 to 2029) are shown in Tab. 7.8 for the
annual rate of applied fertilizer (mineral N), surface runoff, sediment losses, organic nitrogen losses,
nitrate loads to surface runoff and N leached to the shallow aquifer. The increase in agricultural land
area results in increases in the different simulated components for both scenarios La and Lb. Surface
runoff, sediment and organic nutrient losses increase at a relatively high rate (50%), inducing high
levels of pollution of surface water and groundwater of up to 50% in response to the combination of
increasing agricultural lands and management practices, which were kept similar to those
implemented in modeling scenario Scl. This was primarily the case for land use scenario Lb, where
large areas of savannahs (up to 40%) were converted to cropland.
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Tab. 7.8. Changes in the water balance, sediment yield, nutrient yield, and plant growth parameters according
to climate scenarios A1B and B1 and management scenario Scl. Deviations from the reference scenario (2000-
2009) are shown in brackets.

i La . Lb i La Lb
Reference ! [2010-2014] ' [2010-2014] ' [2025-2029] [2025-2029]
Rainfall (mm a™) 12334 , 1233 (0.0) ; 1233 (0.0) ;1233 (0.0) , 1233  (0.0)
Water yield (mm a™) 2427 12468 (1.7) 1267.5 (10.2) ' 267 (10.0) ' 263 (8.5)
Groundwater flow (mm a™) 106 100.7 (-5.0)}112.9 (6.5) |, 114 (7.2) , 888  (-16.2)
Surface runoff (mm a’l) 135.7 145.1 (6.9) 1153.8 (13.3) 1 152 (12.3) 174 (28.4)
Evapotranspiration (mm a™) 927.3 9154 (-1.3),910.5 (-1.8) , 915 (-1.3) | 919 (-0.9)

1 1
1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
Sediment yield (ton ha " a 1 0.4 1 04 0.0) + 05 25.0) 1+ 0.5 5. 1 Vi 75.
di ield (ton ha™a™) 0 (0.0)1 0 (25.0) (25.0) 1 0 (75.0)
' 07 !'o07 (00)! 08 (143)!08 (143) !
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1

Organic N load (kg ha a'l) 1 (42.9)
NO3 in surface runoff (kg ha™ a'l) 0.2 0.3 (50.0), 03 (50.0), 0.3 (50.0) 0.3 (50.0)
NO3 in groundwater flow (kg ha™ a™) 1.6 1.6 (0.0)' 1.9 (18.8)' 23 (43.8) ' 23 (43.8)
Leached nitrate (kg ha™a™) 3.3 37 (121), 3.8 (152), 45 (36.4) , 48  (45.5)
Nitrogen stress (d a™) 41.6 442  (6.3) 1 406 (-2.4) 1 41 (-1.4) 32.9 (-20.9)
Water stress (d a™) 45.1 47.6  (5.5) , 482 (6.9) | 47  (4.2) 44 (-2.4)
Biomass (ton ha™’a™) 33 46 (39.4)1 45 (36.4)1 45 (36.4) 1 3.9 (18.2)

Combined scenarios

The combined scenarios were evaluated as shown in Tab. 7.9 as well as in Fig. 7.9. The 2010-2014
simulation period shows an increase in rainfall of up to 10%; an increase in the water balance
components (water yield, groundwater flow, surface runoff) of up to 75%; a decrease in
evapotranspiration of up to 5%; a decrease in sediment yield and organic N load of up to 80%;
increases in nitrate in surface runoff, nitrate leached to the shallow aquifer and biomass of up to
150%; increases in water stress of up to 50%; and increases in nitrogen and temperature stress of up
to 10%. Globally, for the period 2010 — 2014, climate changes had the dominant impact on the
model results. The simulation period 2025-2029 shows a decrease in rainfall of up to 10%; a
decrease in water yield and groundwater flow of up to 50%; an increase in surface runoff of up to
50%; a decrease in evapotranspiration of up to 10%; an increase in sediment yield and organic N
load of up to 100%; an increase in leached nitrate and nitrate in surface runoff of up to 40%; an
increase in biomass of up to 20%; and increases in temperature, water and N stresses of up to 50%.
Clearly, the simulation period 2025 — 2029 is also dominated by climate change effects regardless of
the land use scenarios; however, land use scenario Lb exhibited larger effects compared to scenario
La. This may be explained by the contrast between “stronger economic development, controlled
urbanization, large-scale irrigation schemes, and a 3.2% population growth per year (scenario La)”
and “a weak national economy, uncontrolled settlement and farmland development, and a 3.5%
population growth per year (scenario Lb)”.

Tab. 7.9. Water balance and soil degradation rate according to the combined climate and land use scenarios
and modeling scenario Sc1.

1 2000-2009 1 2010-2014 | 2025-2029

! Reference ! LaA1B ! LaBl ! LbA1B | LbB1 'LaAlB ! LaBl !LbA1B! LbB1
Rainfall (mm a™) 1 12334 112964 | 1177 | 1296.4 | 1177 1 1116 | 1138 | 1116 | 1138
Water yield (mm a™) ' 2427 !3754 {2707 3951 | 2858 ! 2219 | 2449 | 2218 | 246.7
Groundwater flow (mma™) I 106 1 153.7 | 112.3 | 1636 | 120 ; 955 | 107 | 75 | 87.4
Surface runoff (mma™) I 1357 12203 | 157 | 230.4 ! 164.6 ' 125.1 | 136.5 | 145.9 | 158.4
Evapotranspiration (mm a™) | 9273 | 8352 | 840.7 | 830.1 | 8355, 857.4 | 847.3 | 854.7 | 845.2
Sediment yield (ton ha™ a™) 1 0.4 1 06 | 05 ! 07 ! 05 1 04 ! 05 ! 06 ! 0.6
Organic N load (kg ha™ a™) 07 |, 1 [ 08 | 1.1 ;09 ,07 ;08 ; 1 | 1
NO; in surface runoff (kg ha™ a™) 1 02 1 04 | 03 i 04 | 03 1 021 02 i 02 i 03
NO; in groundwater flow (kg ha*a?) ! 1.6 19 ¢ 17 ¢ 22 ¢ 2 Y21 2 o2 &2
Leached nitrate (kg ha™ a™) : 3.3 39 | 38 | 39 | 38 , 41 | 4 | 43 | 41
Nitrogen stress (d a™) I 416 ' 503 ! 462 ! 471 @ 43 ' 46 | 49 | 349 i 371
Temperature stress (d a™!) \ 32 42 {55 | 37 | 48 |, 5 [ 47 | 27 | 27
Water stress (d a™) 1 45.1 1 439 | 443 | 448 | 453 1 445 | 432 i 42 | 408
Biomass (ton ha™ a™) ' 33 ! 44 ! 44 i 43 | 43 ! 38 ! 39 ! 38 ! 38
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Fig. 7.9. Predicted changes according to the combined climate and land use scenarios and modeling
scenario Scl.

One may infer from these results that an increase in rainfall resulted in increases in the water yield,
groundwater recharge, surface runoff, and the nutrient loads to surface runoff and groundwater
systems. The combined effects of a decrease in rainfall and an increase in the daily temperature
resulted in decreases in the water yield, groundwater recharge and the pollution rate of surface
water and groundwater. However, due to land use change (increasing croplands), the surface runoff,
yield of sediment and associated organic nutrients and groundwater pollution increased. Finally, it
appears that the induced decreases in water yield and land degradation rate (due to the reduced
rainfall) may be counteracted by the effects of land use change. This indicates the strength of the
relationship between agriculture and water quality (sediment and nutrient transport) within the
Donga-Pont catchment.
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3.7. Parameter sensitivity and uncertainty issue

The sensitivities (It-Statl) of the model input parameters (cf. details in the chapter 4) to the
measurements (discharge, sediment and nitrate data) and the final calibrated values are presented
in Tab. 7.10. As described in the chapter 4, these It-Statl sensitivities are calculated using the
sequential uncertainty fitting algorithm with the sum of squared error (SS) set as a three degree
objective function, taking into account the discharge and the sediment and nitrate loads
simultaneously. The sensitivity significance P-values (obtained with a t-test) are also provided (a
value close to zero has a high significance) (cf. details in the chapter 4). The soil erodibility factor
(USLE_K) is identified as the most sensitive parameter, followed by the nitrogen percolation factor
(NPERCO), effective channel hydraulic conductivity (Ch_K2), soil depth (SOL_Z) and the threshold
depth for groundwater flow to occur (GWQMN).

The SUFI-2 procedure uses a sequence of steps in which the initial (large) uncertainties in the model
parameters are progressively reduced until a certain calibration requirement based on the
prediction uncertainty is reached (Abbaspour et al., 2004). Tab. 6 summarized the final optimized
uncertainties for discharge and sediment transport obtained through the model calibration.

In the final calibrated parameter set, more than 50% of the measurements (P-factor) were captured
by the 95% prediction uncertainty, and the ratio of the average distance between the 2.5" and 97.5"
percentiles of the cumulative distribution of the simulated variable and the standard deviation of the
corresponding measured variable (R-factor) was less than 0.5. However, an unexpected R-factor
value (1.83) is obtained for the nitrate load as a consequence of the discontinuous time-scale of the
data.

Tab. 7.10. Input parameter sensitivity and calibrated values (SUFI-2, Abbaspour, 2008). It-Statl is the sensitivity
(high value means high sensitivity). P-values are the significance of the sensitivity (values close to zero indicate
high sensitivity).

Parameter Description Fitted values  It-Statl P-values
ESCO Soil evaporation compensation factor [-] 0.38 0.84 0.41
SOL_7Z Soil depth [mm)] 0.27 1.20 0.24
CN2 Curve number [-] 6.65 0.30 0.77
GWQMN Threshold depth for ground water flow to occur [mm] 38.75 1.17 0.26
REVAPMN Threshold water level in shallow aquifer for revap [mm]  15.25 0.11 0.91
Ch_K2 Effective channel hydraulic conductivity [ mm/hr] 3.95 1.39 0.18
Sol_K Saturated hydraulic conductivity [ mm/hr] -0.78 0.29 0.77
GW_DELAY Ground water delay [ day] 15.08 0.16 0.87
USLE_P Practice factor [-] 0.13 0.26 0.80
USLE_K Soil erodibility factor [0.013 t m*h/(m’ t cm)] 0.03 1.89 0.07
SPEXP Exponent for calculating max sediment retrained [-] 1.35 0.25 0.81
SURLAG Surface runoff lag coefficient [-] 0.19 0.16 0.88
ALPHA_BF Base flow recession factor [ day] 0.06 0.50 0.62
NPERCO Nitrate percolation coefficient [-] 0.49 1.58 0.13
RCHRG_DP Fraction of deep aquifer percolation [-] 0.25 0.24 0.81

Tab. 7.11. Uncertainty quality measures for the calibration of discharge, sediment and nitrate load. The P-
factor is the percentage of measured data bracketed by the 95% prediction uncertainty. The R-factor is the
ratio between the average distance between the 2.5th and 97.5th percentiles of the cumulative distribution of
the simulated variable and the standard deviation of the corresponding measured variable.

Discharge Sediment Nitrate
Calibration period 2006-2008 2008 2008
p-factor 0.57 0.61 0.75
R-factor 0.24 0.08 1.83
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7.4. Conclusion

Currently, many factors alter the relationship between agriculture and the environment.
Agriculture’s direct and indirect impacts on water resources and human well-being are recognized all
over the world. In this study, the SWAT agro-hydrological model was used to simulate the current
and future status of land and water degradation in the Donga-Pont catchment. The model was able
to accurately simulate the daily dynamics of water and sediment as well as nitrate and organic
nutrient transportation.

The quality of the spatial information, primarily the accuracy of diffuse-source agricultural pollution,
is crucial for modeling soil nutrient dynamics, biomass and crop yield with an acceptable uncertainty
level. The predictions based on a simple aggregation of the cropping systems (in the land use maps)
are associated with high uncertainties.

Water yield and all water balance components increased over the period 2010-2014 and decreased
from 2025-2029 as a result of the changing climate. High risks of severe flooding events remain
pertinent for the period 2010-2014.

The model results showed the susceptibility of nutrients to removal from soils to the detriment of
surface water and groundwater quality, driven by climate change, which emerges as a challenging
factor for agricultural nutrient management in the Donga-Pont catchment.

The expansion of croplands increased the amount of nutrient loss from soils (water quality
deterioration) at the catchment scale, in spite of the decreases of water balance components over
the period 2025-2029. It is clear that management practices such as fertilizer inputs remain a
principal driver of this dynamic. Furthermore, groundwater investigations within the catchment have
shown nitrate concentrations close to the World Health Organization and US federal drinking water
standards for the maximum nitrate contamination level.

In addition to the regulation of agricultural inputs to cotton, rice and maize fields suggested by this
work, special attention should be paid to potentially vulnerable areas such as inland valleys, which
were not adequately parameterized in our work due to the technical limitations of the model.
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8. Estimating scale effects of catchment properties on modeling soil and water degradation®

Abstract

Distributed physically-based models require large amount of data, including detailed spatial
information (e.g. geology, soil, vegetation). The relevance of spatial information highly depends on
the modeling scale and may control the modeling issue, mainly model parameters, which already
depend on model assumptions and target processes. In this study, scale dependent catchment
properties were used to derive SWAT model parameters (for ungauged basins) using uncertainty
thresholds and statistical approaches. Six individual sub-basins of the Ouémé River (Benin) ranging
from 586 to 10,072 km? in size were investigated, leading to the multi-scale modeling of discharge,
sediment and nutrient dynamic. The Sequential Uncertainty Fitting approach was applied for
calibration and an uncertainty analysis. Calibrated parameters set were considered only when more
than 50% of the measurements were captured by the 95% prediction uncertainty, and when the
ratio of the average distance between 2.5 and 97.5 percentiles of the cumulative distribution of the
simulated variable and the standard deviation of the corresponding measured variable was less than
0.5. Regression models between the calibrated model parameter sets and linearly independent
catchment property sets were established. Following a confidence threshold of 5%, nine predicted
model parameters (e.g. soil depth) may fall within the confidence interval with 95 to 99% of chance,
and six model parameters (e.g. Curve Number) may be predicted with 83 to 93% of chance. Globally,
geology appeared to be a major driver of the regional hydrological response, correlating significantly
with eleven out of fifteen model parameters. Validation was performed by applying the derived
model parameters at different scales (1,200 and 25,000 km?) with goodness-of-fit (to daily
measurements) around 0.7 for Nash-Sutcliffe model efficiency and R% This study revealed that
runoff-sediment-nutrient dynamic (soil and water degradation) may be simulated for ungauged large
scale catchments in Benin with reasonable degree of accuracy.

Keywords: SWAT; Uncertainty; Catchment properties; Modeling scale; Soil and water degradation.

8.1. Introduction

The complexity of hydrological processes depends on the environmental heterogeneity (e.g. soil
distribution, topography, geology, vegetation, anthropogenic impacts) and has to be analyzed in
connection with the spatial scale.

Earlier works (von Bandat, 1962; Strahler, 1964; Beven, 1981; Germann, 1986, 1990; Kneale and
White, 1984; Jones, 1987; Chappell and Ternan, 1992; Dunne, 1978, Jenny, 1980; Bléschl and
Sivapalan, 1995) have for instance illustrated catchment subsurface spatial heterogeneity in
connexion to the scale (Fig. 8.1): (1) at the local scale, soils often exhibit macropores such as cracks,
root holes or wormholes, which can transport the bulk of the flow with a minimum contribution of
the soil matrix (macropore flows become operative with a certain thresholds in precipitation
intensity and antecedent moisture); (2) at the hillslope scale, preferential flow may occur through

? Published as: Bossa, A.Y. and Diekkriger, B., 2012. Estimating scale effects of catchment properties
on modeling soil and water degradation. In : R. Seppelt, A.A. Voinov, S. Lange, D. Bankamp (Eds.),
Managing Resources of a Limited Planet. Proceedings of the Sixth Biennial International Congress on
Environmental Modeling and Software (iEMSs), Leipzig, Germany (in press).
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high conductivity layers and pipes and water may exfiltrate to the surface as return flow; (3)
heterogeneity at the catchment scale may relate to different soil types and properties, valley floors
show different soils as hillslopes and ridges; and (4) at the regional scale, geology is often dominant
through soil formation (parent material) and controls on the stream network density.

Preferential

Macropores flowpaths Soils Geology
) q \\\\ R
o N
! o
0
F-) Q
o , Voo
Qo ’
8 0 e
N 0 ° - — + A
Local scale Hillslope scale Catchment scale Regional scale
1m 100 m 10 km 1000 km

Fig. 8.1. Heterogeneity (variability) of catchments and hydrological processes at a range of spatial scale
(Source: after Bloschl and Sivapalan, 1995)

This understanding has led to the development of several conceptual, distributed or physical-based
(e.g. SWAT, WASIM, UHP-HRU, SIMULAT-H, etc.), attempting to quantify the hydrological variability
occuring at a range of scales by subdividing the catchment into a number of sub-areas: sub-
catchments, hillslopes, hydrological response units, contour-based elements, and square grid
elements (Abbott et al., 1986; Sivapalan and Viney, 1994a, 1994b; Diekkriiger and Arning, 1995;
Arnold et al., 1998; Giertz et al., 2006). It was a great successful step for hydrological modeling, but
which nevertheless opened discussions on the model structural errors, including the scale-effects in
the internal aggregation (FitzHugh and Mackay, 2000) that complicate the parameter uncertainty
issues for large scale applications. In addition, the lack and the non-accurate boundary condition
data (e.g. stream water-sediment-nutrient measurements) at large scale may affect the magnitude
of model parameters which may have finally no physical meaningfulness, carrying too bad
information. These still are a severe limitation raising once more the traditional hydrology concern
of large-scale catchment modeling (regionalization), which is crucial for long-term climate and land
use impact assessment in a data-poor environment like in Benin and the whole West Africa region.
Multi-scale applications of the Soil and Water Assessment Tool (SWAT) model [Arnold et al., 1998] in
the Ouémé-Bonou catchment (49,256 km?) in Benin have shown a strong spatial scale dependent
variations in the model parameters [Lawal et al., 2004; Sintondji, 2005; Busche et al., 2005; Hiepe,
2008; Bossa et al., 2012]. Although the model parameters highly depend on the model assumptions
and the target processes, they vary significantly under physical catchment property influences
especially when moving between different catchment scales. For instance when comparing two sub-
catchments within the Ouémé catchment (upstream - Donga-Pont (586 km?) and downstream —
Bétérou (10,072 km?3), cf. Fig. 2.5), investigated physical catchment properties (e.g. slopes, soil
distribution, land cover) differ significantly, causing different behavior, and in consequence
completely different model parameters [Hiepe, 2008]. Bardossy [2007] stated that in principle, if the
models are based on the basic principles of physics (mass and energy conservation), the estimation
of model parameters should be a straightforward task. Nevertheless, the extreme heterogeneity of
the influencing parameters, such as soil properties or the unresolved spatial and temporal variability
of meteorological variables (mainly rainfall) limits the applicability of physically-based models to
process studies even on small well observed experimental catchments.

Furthermore, an increase in the size of the investigated catchment is often related to a decrease in
data availability and to the scale of the underlying information [Bormann et al., 1999]. At the field
scale for instance, a soil map or a land use map of 1:5,000 are commonly available, which may
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decrease to the scale of 1:200,000 or less in regional studies. This is often called parameter crisis
[e.g., Stoorvogel & Smaling, 1998], which is felt at almost any scale that is related to initial
conditions, boundary conditions and model parameters.

For environmental modeling it is important to know (1) how knowledge of different small-scale
processes may efficiently contribute to the simulation of large-scale behavior and (2) how and with
which uncertainties model parameters are transferable to ungauged catchments. Several study
[Andersen et al., 2001; Wooldridge and Kalma, 2001; Heuvelmans et al., 2004] discussed the
significance of the spatial variability in parameter optima for a large-scale model applications and
found that the spatially-distributed parameterization obtained by a multi-site calibration leads to a
better model fit than the single-site calibration that treat model parameters as spatially invariant.
Wale et al. [2009] as well as Gitau and Chaubey [2010] concluded that regression-based parameter
sets can be obtained and used for simulating hydrologic responses satisfactorily.

The SWAT model is applied in the current work to simulate the physical and chemical degradation of
land and water for six individual sub-catchments of the Ouémé River in Benin. For that, an advanced
regionalization methodology has been applied to develop scale dependent regression-based
parameter models for accurately simulating water-sediment-nutrient fluxes at ungauged and large
scale basins. The methodology considers physical catchment properties depending on spatial scale
(ranging from 586 to 10,072 km® in size) as explanatory variables for estimating SWAT model
parameters. Such an approach avoids the limitations caused by model internal aggregation that
often leads to increased uncertainties in the model parameters, and solves at the same time the
problem of lack and non-accurate data (e.g. stream water-sediment-nutrient measurements) at the
Ouémé-Bonou gauging station (49,256 km?).

8.2. Methods
8.2.1. Modeling approach

The location of the Donga-Pont sub-catchment is shown in the Fig. 2.5 in the chapter 2. Detailed
descriptions of SWAT model components including soil loss, nutrient transport as well as water
quality components are provided in the chapter 4. Input data such as soil, land use, and climate are
described in the chapter 2. Calibration and validation data such as discharge and sediment- nutrient
concentrations are also described in the chapter 5.

The modeling approach is summarized in Fig. 8.2. General input data such as digital elevation model,
soil data and land use data are used to compute selected physical catchment attributes presented in
Tab. 8.1. They are also used as input for SWAT, which was run for six individual Ouémé sub-
catchments. Auto-calibration and uncertainty analysis were performed applying the SUFI-2
procedure (Sequential Uncertainty Fitting version 2), using the SWAT-CUP interface [Abbaspour,
2008], based on SWAT outputs and various measurements from the sub-catchment gauging stations
(cf. chapter 5). SPSS and Minitab software were used for statistical analysis, based on a correlation
analysis performed to identify physical catchment properties meaningful for each model parameter.

Calibrated parameter sets were considered only when more than 50% of the measurements were
captured by the 95% prediction uncertainty, and when the ratio of average distance between 2.5
and 97.5 percentiles of the cumulative distribution of the simulated variable and the standard
deviation of the corresponding measured variable was less than 0.5.
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Fig. 8.2. Schematization of the modeling approach. Soil and land use data are from IMPETUS (Christoph et al.,
2008) and INRAB (Institut National de la Recherche Agricole du Bénin; Igue, 2005), Climate data are from

IMPETUS, IRD (Institut de Recherche pour le Développement), and DMN (Direction de la Météorologie
Nationale), Geology data is from OBEMINES (Office Béninoise des MINES).
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Tab. 8.1. Selected physical catchment properties.
1

Catchment properties ) Description
Catchment area 1 Reflects volume of water that can be generated from rainfall
: Distance from the catchment’s outlet to the most distant source on the catchment
Length of longest flow path 1 boundary
Hypsometric integral ! Describes the distribution of elevation across the catchment area.
Average altitude : Average elevation of the catchment from SRTM DEM
Average slope of catchment 1 Calculated from digital elevation model SRTM DEM pixel by pixel
Drainage density : Total stream length for the basin divided by catchment area
1 Circularity index: the ratio of perimeter square to the area of the catchment.
Basin shape : Elongation ratio: the ratio of length of longest drainage to diameter of a circle
1 which has the same area as the basin
Land cover (%) ! Forest, grassland, cropland, savannah, ..
Soil (%) : Lixisols, leptosols, vertisols, ..
Geology (%) 1 Migmatite, granite, alterite, ..

8.2.2. Multiple linear regression analysis

Due to various limitations, which are mainly data availability problems, only 6 sub-catchments are
used in the statistical analysis step. A total of 26 catchment characteristics have been initially used to
perform a Variable Inflation Factor (VIF) analysis to avoid collinearity problems (Eq. 8.1). Only one
characteristic was considered if a computed VIF between two characteristics exceeded a threshold
value of 10. This has resulted in a final use of 16 catchment characteristics to compute a correlation
matrix with the calibrated model parameters. Higher correlations than 0.7 for a given model
parameter have indicated which catchment characteristics may explain this model parameter.

Scale dependent parameter models have been computed (in a multiple linear regression form, using
the statistical tool SPSS), where each model input parameter is explained by one or many catchment
properties. Coefficients of determination and Fisher probabilities were the criteria used to select the
best parameter models.
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2
VIF _1/(1—rij) (Eq. 8.1)
Y'=By + B X + L, X, + B X+ + B, X, (Eq. 8.2)

where r,»,-z is the collinearity coefficient, 8,4, 8,, . .. ., 8, are regression coefficients, X, X,, X5, ... ,X, are
independent variables (catchment characteristics), Y’ is the dependant variable (model parameter)
and B, is an intercept of the regression line.

8.3. Results and discussion
8.3.1. Multi sub-catchment scale calibration

Accordingly to the investigated Ouémé sub-catchments, model goodness-of-fit to the daily
discharge, sediment and nutrient measurements are listed in Tab. 8.2 Regarding discharge
simulations, poor model efficiency were obtained for validation in Vossa and Kaboua sub-
catchments (0.34 and 0.40 respectively) due mainly to peak overestimation caused partly by land
use map derived from 2003 Landsat images, which considered more agricultural areas than the
reality of the validation period (1995 — 1998).

Critical model performances were obtained for sediment simulation in the Bétérou sub-catchments,
where the model efficiency decreased even to 0.14. This may be mainly caused by strong hysteresis
effects observed at this station, which was not equipped of turbidity probe as used at the Donga-
Pont and Atchérigbé gauging stations to minimize this effect.

Nitrate load was in general well represented in the model with coefficients of determination ranging
from 0.62 to 0.99 and model efficiencies ranging from 0.54 to 0.99. Higher performances were
observed for smaller sub-catchments.

Tab. 8.2. Model goodness of fit to measurements for the different sub-catchments involved in the multiple regression
analysis, for model calibration. Information concerning validation are provided in brackets.

Donga Vossa Térou Atchérighé Kaboua Bétérou
Period 2006-2008 1998-2000 2002-2005 2007- 2008 2004- 2006 2006-2009
Discharge (1998- 2005) (1995) (1998-2001, 2006) (2001-2006, 2009) (1995-1998) (1998-2005)
R? 0.72(0.58) 0.75 (0.63) 0.75 (0.61) 0.89 (0.71) 0.73 (0.55) 0.75 (0.64)
NS 0.72(0.51) 0.75 (0.34) 0.74 (0.51) 0.82 (0.62) 0.67 (0.40) 0.60 (0.59)
Period 2008 - 2004-2005 2008 - 2008-2009
. (2005) - (2006) (2009) - (2004-2005)
Sediment —p; 0.69 (0.58) - 0.44 (0.33) 0.66 (0.67) - 0.43 (0.27)
NS 0.67 (0.55) - 0.41(0.32) 0.64 (0.67) - 0.30 (0.14)
. 2008 - - 2008 - 2008-2009

Period

Nitrate (2008-2009) - - (2009) - (2008)
R? 0.99 (0.95) - - 0.86 (0.62) - 0.73 (0.52)
NS 0.99 (0.78) - - 0.81 (0.54) - 0.70 (0.46)

Simulated versus observed daily water discharge and sediment yield are shown in Fig. 8.3 and 8.4 for
the Atchérigbé sub-catchment (cf. Fig. 2.5). Recession periods were generally well represented. Less
accurately predictions of single peaks are also shown in some years, partly due to the measurement
errors during exceptional flooding years (2003 and 2007) in which over bank full discharge was
observed at the gauging station. As already indicated in the chapter 6, differences are also usually
caused by the SWAT structure, since it is a continuous time model with a daily time step and
subscale processes such as single-event flood routing cannot be efficiently predicted. In addition, the
daily measured precipitation for 24 h starts at 6:00 am and may not well match to the daily average
discharge values, which were measured for 24 h from midnight on (Lam et al., 2010). As it can be
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seen from the figures in the year 2008, discharge measurement gaps of even more than 10 days can
happen due mainly to technical problems.
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Fig. 8.3. Simulated vs. observed daily discharge for the Atchérigbé sub-catchment (6978 kmz). Calibration
period was 2007 to 2008 (R2=O.89 and ME=0.83), validation period was 2001-2006, and 2009 (R2=O.71 and
ME=0.62).
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Fig. 8.4. Simulated vs. Observed daily sediment yield for Atchérigbé sub-catchment (6978 kmz). Calibration
period was 2008 (R’=0.66 and ME=0.64), validation period was 2009 (R°=0.67 and ME=0.67). SSC = suspended
sediment.

Simulated versus observed daily stream water nitrate load are shown in Fig. 8.5 for the same
Atchérigbé sub-catchment. Similarly to the sediment yield, nitrate peaks accompanied discharge
peaks mainly caused by combined effects of increase nitrate loading and increase in water volume.
Due to the sampling time scale (one time a week) several peaks were missed, but did not affect the
model calibration.

According to FAO (1996), water degradation by sediment has a chemical dimension - the silt and clay
fraction, primary carrier of adsorbed chemicals, like nitrogen and phosphorus, which are transported
by sediment into the aquatic system. Fig. 7.6 shows weekly simulated versus observed organic N and
P delivery at the Atchérigbé gauging station. Organic N and P were not calibrated. Since it was
assumed that a good adjustment of soil nutrient pools would be reflected in their simulations, only a
validation was performed. Model goodness-of-fit were acceptable: 0.58 (R and 0.78 (NS) for
organic Nitrogen and 0.89 (R%) and 0.96 (NS) for organic Phosphorus.
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Fig. 8.5. Simulated vs. observed daily nitrate load for Atchérigbé sub-catchment (6978 km?). Calibration period
was 2008 (R2=0.86 and ME=0.81), validation period was 2009 (R2=0.62 and ME=0.54).
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Fig. 8.6. Simulated vs. observed weekly organic N and P load for the Atchérighé sub-catchment (6978 km?).
Only validation was performed from 2008 to 2009 with R’=0.58 and ME=0.78 for organic Nitrogen and R’=0.89
and ME=0.96 for organic Phosphorus.

8.3.2. Calibrated model parameters

Calibrated model parameters as obtained for the six sub-catchments involved in the multiple
regression analysis are listed in the Tab. 8.3. Fifteen sensitive parameters were found sufficient to
represent the simulated processes. The parameters have a fairly homogeneous overview with some
particular distinctions. That is for example the case of the practice factor (USLE_P) which is almost
zero for the Bétérou sub-catchment. It is also the case of the soil erodibility factor (USLE_K) which
has harshly relatively and negatively changed (-0.57) for the same sub-catchment. This may be partly
explained by the combined effects of high percentage of savannahs (54%) and higher percentage of
lateritic consolidated soil layers (8% against a maximum of 4% for the others, cf. Tab. 8.4), known to
be resistant to erosion.
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To have more confidence on the calibrated values, the base flow recession factors (ALPHA_BF) for
example were computed directly from discharge measurements and were found completely
consistent with the calibrated values.

Tab. 8.3. Calibrated model parameter involved in the multiple regression analysis.

Parameter Description Donga Vossa Térou Atchérigbé Kaboua Bétérou
ESCO Soil evaporation compensation factor [-] 0.38 0.28 0.49 0.35 0.28 0.43
SOoL_Z Soil depth [mm] 0.27 0.01 0.37 0.16 0.06 0.03
CN2 Curve Number [-] 6.65 3.86 5.55 6.24 3.97 2.51
GWQMN Threshold depth for ground water flow to occur [mm] 38.75 7.50 47.50 28.50 30.50 43.50
REVAPMN Threshold water level in shallow aquifer for revap [mm] 15.25 6.50 45.50 18.50 26.50 26.50
Ch_K2 Effective channel hydraulic conductivity [ mm/hr] 3.95 1.00 12.77 10.65 1.00 12.52
Sol_K Saturated hydraulic conductivity [ mm/hr] -0.78 -0.65 -0.73 -0.35 -0.82 -0.66
GW_DELAY Ground water delay [ day] 15.08 17.12 23.25 10.87 16.04 24.80
USLE_P Practice factor [-] 0.13 0.10 0.07 0.15 0.18 0.00
USLE_K Soil erodibility factor [0.013 t m*h/(m® t cm)] 0.03 0.16 0.08 0.14 0.25 -0.57
SPEXP Exponent for calculating max sediment retrained [-] 1.35 1.07 1.21 1.20 1.28 1.38
SURLAG Surface runoff lag coefficient [-] 0.19 0.35 0.24 0.25 0.17 0.10
ALPHA_BF Base flow recession factor [ day] 0.06 0.17 0.07 0.12 0.11 0.15
NPERCO Nitrate percolation coefficient [-] 0.49 0.88 0.74 0.71 0.32 0.67
RCHRG_DP Fraction of deep aquifer percolation [-] 0.25 0.20 0.17 0.22 0.15 0.29

8.3.3. Catchment properties and parameter models

The computed catchment properties are presented in Tab. 8.4. The lowest variations were found for
average slope of the catchment, the percentage of level, the circularity index and the elongation
ratio. The highest variation was found for the geological components percentage of alterites and
lateritic consolidated soil layers.

Tab. 8.4. Catchment physical attributes as computed for the sub-catchments. CV means coefficient of variation.

Catchment Attributes Donga Affon  Vossa Térou Atchérighé Kaboua Bétérou Save Ouémé CV

Area (kmz) 586.4 1178.8 1934.7 23443 6978.4 9458.7 10072.1 23487.9 49256.0 1.35
Length longest flow path (km) 64.4 102.54 94.0 108.7 174.2 294.0 220.2 415.0 622.4 0.79
Drainage density (km/ km?) 2.09 2.10 2.04 211 2.17 1.99 2.20 2.16 3.8 0.25
Hypsometric integral 0.4 0.38 0.3 0.3 0.3 0.5 0.4 0.5 0.4 0.20
Average slope of catchment 2.6 2.51 3.1 2.6 2.7 2.9 2.5 2.8 2.7 0.07
Percentage of level 99.9 99.86  99.2 99.4 98.3 99.8 99.6 99.2 99.8 0.01
Circularity Index 51.8 69.54  48.0 48.2 50.0 77.1 47.6 58.7 64.2 0.19
Elongation ratio 2.4 2.65 1.9 2.0 1.8 2.7 1.9 2.4 2.5 0.16
Average altitude (m) 395.9 392.72 273.8 3929 191.0 350.5 355.0 327.9 270.7 0.21
Crop land (%) 47.8 32.26 30.0 17.0 45.2 31.7 25.6 21.8 37.6 0.32
Savannah (%) 48.8 61.78 30.1 65.1 23.7 34.2 54.4 52.1 433 0.31
Lixisol (%) 324 23.00 90.6 58.0 39.1 43.8 42.7 52.1 57.3 0.40
Alterites (%) 12.23 1.52 0.0 34.48 0.0 2.00 3.35 5.0 2.7 1.62
Granites (%) 20.16 27.27 12.08 0.0 43 18.00 9.55 5.8 4.7 0.79
Migmatites (%) 45.78 4250 82.43 50.25 65.05 70.00 68.76 73.6 68.0 0.22
Lateritic consolidated soil layers (%) 0.13 2.81 0.24 0.32 0.0 1.50 8.16 4.8 4.1 1.14

Tables 8.5 and 8.6 show respectively the correlation matrix (calibrated parameters versus catchment
properties in a non-colineality condition) and the performed regression-based parameter models. As
explained before, higher correlations than 0.7 for given model parameters have indicated which
catchment properties may explain these model parameters. For instance, the parameter soil
evaporation compensation factor (ESCO) is correlated with average slope of the catchment,
percentage of savannah and alterites. This has led to two parameter models: (1) a simple linear
regression (ESCO = 0.177 + 0.005 (% savannah)) with a Fisher probability of 0.022 and a R* of 0.75,
(2) a multiple linear regression (ESCO = 0.935 - 0.217 (Average slope of catchment) + 0.00327 (%
Alterites)) with a Fisher probability of 0.022 and a R* of 0.92. The second parameter model was
finally retained because of higher R? given the same value obtained for the Fisher probability. But
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the real raised problem is the physical and hydrological meaningful of the performed equations. In
general, all the computed parameter models are meaningful and completely consistent with the
theoretical fundament of the model parameters.

For instance, theoretically, the soil evaporation compensation factor (ESCO) adjusts the depth
distribution for evaporation from the soil to account for the effect of capillary action, crusting, and
cracks. This parameter is negatively proportional to the maximum evaporation in a nonlinear
fashion. Therefore, larger values result in less evaporation, and thus a larger water yield. On the one
hand this gives sense to the positive correlation found between ESCO and percentage of savannahs
and should be strengthen by a negative correlation between ESCO and percentage of croplands
which is unfortunately found equal to -0.43 (insufficient). On the other hand it gives also sense to
the negative correlation (-0.79) between ESCO and the average slope of the catchment and the
positive correlation (0.80) between ESCO and the percentage of alterites. Because terrain slopes
(average slope of the catchment) and geology (alterites) are factors that highly affect soil depths and
soil layer distribution (indirectly pore distribution and crusting).

Another example is the correlation between soil depth and percentage of migmatites, which makes
sense given the soil formation processes. Indeed, apart from water induced relocation processes
(erosion), occurring at the soil surface and visible at local and hillslope scale (Diekkriiger, 2010), at
the lower boundary of the soil, rocks are weathered and incorporated into the soil. This is part of
processes called soil formation that may not exclude scale dependent relationships between soil
depth and the intensity of bedrock (migmatites in this study). Thus, migmatite is very prominent in
the basin (Tab. 8.4) and its spatial pattern may affect soil formation as well as dominant hydrological
processes at regional scale.

Globally, with respect to process representation in SWAT model, one can read from the performed
equations that in the Ouémé catchment, geology appears to be a major driver of hydrological
response, correlating significantly with eleven out of fifteen model parameters. This is consistent
with Bloschl and Sivapalan (1995), stating that at the regional scale, geology is often dominant
through soil formation (parent material) and controls the main hydrological processes. Slope
appears to be powerful to control the channel conductivity, groundwater threshold for base flow
generation and soil evaporation compensation (accounting for capillary, crusting and cracking
actions). Soil type lixisol (a dominant soil type within the Ouémé catchment) partly explained the
surface runoff lag and the maximum retrained sediment. Lateritic consolidated soil layer explained
the soil susceptibility to erosion (sediment loading) and drainage density explains the fraction of
aquifer percolation.

Following a confidence threshold alpha of 5%, 9 predicted parameters (e.g. soil depth, soil
evaporation compensation factor, saturated hydraulic conductivity, threshold depth for ground
water flow to occur, effective channel hydraulic conductivity, nitrate percolation coefficient) may fall
within the confidence interval with 95 to 99% of chance, and 6 parameters (e.g. Curve Number, USLE
practice factor, exponent for calculating max sediment retrained, surface runoff lag coefficient) may
be predicted with 83 to 93% of chance (cf. Tab. 8.6).

Figure 8.7 shows correlations between calibrated and predicted model parameters with associated
95% confidence interval. Weak coefficients of determination were obtained for the curve number
(0.49), the Fraction of deep aquifer percolation (0.55), Threshold water level in shallow aquifer for
revap (0.60), the USLE practice factor (0.51). This may be caused by the fact that the catchment
properties used to explain these parameters are perhaps insufficient to completely capture the
processes behind.
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Tab. 8.5. Correlation matrix (calibrated parameters vs. Catchment attributes) with respect to a non-collinearity condition.

Physical Attributes ESCO SOL Z CN2 GWQMN REVAPMN Ch_K2 ALPHA BF USLE_K NPERCO SPEXP SURLAG USLE_P GW_DELAY SOL_K RCHRG_DP
Area (kmz) -0.15 -0.56 -0.60 0.16 0.18 0.22 0.44 -0.38 -0.36 0.38 -0.62 -0.04 0.12 0.17 0.07
Length longest flow path (km) -0.29 -0.52 -0.55 0.10 0.22 -0.01 0.31 -0.12 -0.54 0.31 -0.54 0.18 0.05 -0.04 -0.22
Drainage density (m/ km?) 0.63 0.14 0.01 0.48 0.19 0.87 0.09 -0.73 0.39 0.36 -0.36 -0.63 0.26 0.57 0.74
Hypsometric integral -0.39 -0.15 -0.04 0.15 0.04 -0.49 -0.29 0.24 -0.98 0.50 -0.52 0.58 -0.25 -0.51 -0.29
Average slope of catchment -0.79 -049 -0.21 -0.91 -0.53 -0.77 0.47 0.61 0.19 -0.78 0.73 0.43 -0.33 -0.06 -0.58
Percentage of level 0.11 0.06 -0.25 0.33 0.15 -0.35 -0.29 -0.20 -0.55 0.54 -0.47 -0.16 0.45 -0.96 0.07
Circularity Index -0.53 -0.25 -0.14 -0.06 0.08 -0.55 -0.13 0.44 -0.83 0.18 -0.27 0.66 -0.26 -0.44 -0.59
Elongation ratio -0.34  0.00 0.04 0.14 0.07 -0.59 -0.42 0.34 -0.94 0.42 -0.39 0.56 -0.18 -0.70 -0.38
Average altitude (m) 0.49 0.41 -0.08 0.62 0.49 0.00 -0.51 -0.25 -0.41 0.55 -0.48 -0.32 0.62 -0.89 0.05
Crop land (%) -0.43 -0.04 0.57 -0.24 -0.65 -0.33 -0.23 0.24 -0.30 0.16 0.02 0.58 -0.84 0.34 0.29
Savannah (%) 0.88 0.58 -0.05 0.80 0.72 0.52 -0.43 -0.48 0.00 0.46 -0.43 -0.66 0.82 -0.53 0.22
Lixisol (%) -0.28 -0.29 -0.35 -0.68 -0.25 -0.31 0.55 0.24 0.67 -0.83 0.77 -0.17 0.18 -0.02 -0.34
Alterites (%) 0.80 0.88 -0.66 0.64 0.78 0.45 -0.67 0.06 0.10 -0.82 0.00 -0.28 0.49 0.06 -0.22
Granites (%) -0.58 -0.36 0.66 -0.25 -0.56 -0.79 -0.06 0.11 -0.64 0.57 -0.23 0.39 -0.30 0.49 0.11
Migmatites (%) -0.68 -090 0.76 -0.76 -0.49 -0.37 0.94 0.01 0.30 0.95 0.32 0.01 -0.06 -0.14 -0.15
Lateritic consolidated soil layers (%) 0.28 -046 -0.51 0.37 0.16 0.40 0.47 -0.92 -0.04 0.29 -0.72 -0.71 0.66 -0.30 0.61

Tab. 8.6. Best parameter model (multiple regression analysis) and resulting values for three independent catchments (Affon, Savé and Ouémé).

2

parameters i Equations i R i Fisherp | Affon i Save | Ouémé
ESCO ' =0.935-0.217 (Average slope of catchment) + 0.00327 (% Alterites) ! 0.92 ! 0.022 ! 0.39 ! 0.34 ! 0.37
SOL_z ! =0.758 - 0.01 (% Migmatites) : 0.81 L0015 0.33 b002 & 008
SOL_K | =26.991-0.278 (% Percentage of level) i 0.92 i 0.023 i -0.77 ;. -0.58 | -0.76
CN2 i =10.0 - 0.0824 Migmatites (%) i 0.49 i 0.12 i 6.50 i394 4.40
GWQMN ! =185 - 49.2 (Average slope of catchment) - 0.255 (% Migmatites) ! 0.85 ! 0.05 ! 50.49 ' 26.89 ! 37.28
REVAPMN | =16.5+0.769 (% Alterites) ! 060 i 007 i 3747 i 2037 1856
Ch_K2 | =56.1-16.0 (Average slope of the catchment) - 0.461 (% Granites) i 0.98 i 0.033 i 331 i 8.12 i 11.53
ALPHA_BF i =-0.0794 +0.00300 (% Migmatites) i 0.87 i 0.01 i 0.05 i 014 0.12
GW_DELAY : =19.0-0.248 (% Crop land) + 0.165 (% Savannah) : 0.98 : 0.042 : 21.19 : 22.17 : 16.82
USLE_P i =0.129 - 0.0143 (% Lateritic consolidated soil layer) i 0.51 i 0.1 d 0.09 i 0.06 i 0.07
USLE_K i =0.162 - 0.0848 (% Lateritic consolidated soil lay) i 0.85 i 0.01 | -0.08 i -0.24 i -0.18
NPERCO | =1.72 - 3.80 (% Hypsometric integral) + 0.00779 (% Circularity Index) - 0.033 (% Elongation ratio) | 0.85 i 0.05 i 0.74 i 008 | 047
RCHRG_DP : =-0.758 +0.462 (Drainage density (km/ km?)) : 0.55 : 0.09 : 0.21 : 0.24 : 0.99
SPEXP i =1.47 - 0.00454 Lixisol (%) + 0.00011 Migmatites (%) i 0.70 i 0.169 i 1.24 i 1.22 i 1.47
SURLAG i =0.109 + 0.003 Lixisol (%) - 0.016 Lateritic consolidated soil layers (%) i 0.93 i 0.104 i 0.07 i 0.19 i 0.22
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Fig. 8.7. Predicted vs. Calibrated model parameter with associated 95% confidence interval. Parameter
definitions are provided in the Tab. 8.3.
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8.3.4. Validation at different scales

Scale dependent parameter sets (Tab. 8.6) were calculated from the performed parameter models
for independent and different sub-catchment scales (Affon, 1179 km? and Savé 23488 km?), and
were used for validation. Satisfactorily model goodness-of-fit to the daily total discharge were
obtained (Affon: 0.70 for R? and 0.61 for model efficiency; Save: 0.71 for R? and 0.67 for model
efficiency). Recession periods were generally well represented (Fig. 8.8). As mentioned for the
calibration results, less accurately predictions of single peaks occurred in some years, usually caused
by the SWAT structure, since it is a continuous time model with a daily time step and subscale
processes such as single-event flood routing cannot be efficiently predicted.
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Fig. 8.8. Observed vs. simulated total discharge using the regression-based parameters for: (a) the Save sub-
catchment (23,488 kmz), with 0.71 for R* and 0.67 for model efficiency (ME); and (b) the Affon sub-catchment
(1179 km?), with 0.70 for R? and 0.61 for model efficiency (ME).

8.3.5. Hotspots of soil degradation

At the whole Ouémé-Bonou catchment scale (about 49,256 km?, cf. Fig. 2.1), surface runoff was
simulate to 77 mm a™ (hiding a spatial pattern ranging from 0 to 350 mm a™), sediment yield was
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evaluated to 0.3 ton ha™ a™ (with a range from 0 to 10 ton ha™ a™) and lost soil organic nitrogen was
evaluated to 1.2 kg ha™ a™ (hiding a spatial pattern ranging from 0 to 20 kg ha ™* a™) for the period
2000 to 2009 (Tab. 8.7 and Fig. 8.9). These results open the perspective of predicting more
accurately water, sediment and nutrient transport of ungauged catchment and allow assessing
climate and land use impacts at large catchment scale in a data-poor environment in Benin.

Tab. 8.7. Mean annual water components and total sediment and organic nitrogen yield for the Ouémé-Bonou catchment
(period 2000 — 2009).

Rainfall (mm a™) 1138.90
Water yield (mm a'l) 224.62
Surface runoff (mm a'l) 76.99
Groundwater flow (mm a'l) 147.63
Evapotranspiration (mm a™) 794.80
Sediment yield (ton ha™ a™) 0.32
Organic N load (kg ha™’a™) 1.18
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Fig. 8.9. Simulated results in the Ouémé-Bonou catchment. (a) : Surface runoff pattern (mm a™); (b): Sediment
yield pattern (ton ha™ a™*); (c): Organic Nitrogen yield pattern (kg ha™ a™) (period 2000 — 2009).

8.3.6. Uncertainty analysis

The SUFI-2 procedure uses a sequence of steps in which the initial (large) uncertainties in the model
parameters are progressively reduced until a certain calibration requirement based on the
prediction uncertainty is reached (Abbaspour et al., 2004). In this study, as explained before,
calibrated parameter set were considered only when more than 50% of the measurements (P-factor)
were captured by the 95% prediction uncertainty, and when the ratio of average distance between
2.5 and 97.5 percentiles of the cumulative distribution of the simulated variable and the standard
deviation of the corresponding measured variable (r-factor) were less than 0.5. Table 7.8
summarized the final optimized uncertainties for discharge and sediment transport through the
multi scale calibration and validation, while Fig. 7.10 presents the final optimized 95% prediction
uncertainty band for both discharge and sediment transport for the Atchérighbé sub-catchment from
2008 to 2009. In general, the final r-factor values met the quality requirements for all simulated
variables, while the p-factor values were poor for sediment transport in some sub-catcments (0.31,
0.34, and 0.40 respectively for Térou, Bétérou and Atchérigbé sub-catchments). According to
Abbaspour et al (2004) this indicates that the calibrated parameter ranges produced several
relatively poor simulations, and that a higher degree of multi-objective formulation is needed in the
objective function to limit the number of bad simulations. But in this specific case, it may be caused
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partly by the hysteresis problems encountered in some sub-catchments (e.g Bétérou), since an
objective function of degree 3 (sum of square error of discharge, sediment and nitrate) was used.

Tab. 8.8. Uncertainty quality measures for the different sub-catchments involved in the multiple regression analysis.

donga vossa terou zou kaboua beterou
Period 1998-2008 1995-2000 2002-2007 2001- 2009 1995- 2006 1998-2009
Discharge  p-factor 0.57 0.63 0.62 0.53 0.5 0.52
r-factor 0.24 0.36 0.5 0.33 0.49 0.59
Period 2005, 2008 2004 -2005  2008-2009 2008 - 2009
Sediment p-factor 0.57 0.31 0.4 0.34
r-factor 0.08 0.48 0.27 0.64
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Fig. 8.10. Uncertainty in the model predictions for Atchérigbé sub-catchment: Observed daily discharge and
sediment yield bracketed by the 95 percent prediction uncertainties. 95PPU is defined as 95 percent prediction
uncertainties.

Other source of uncertainties was the decrease of constraint level in the calibration of the Vossa and
Kaboua sub-catchments, where boundary condition data such as sediment and nutrient
measurements were not used. Consequently, the objective function was reduced only to discharge
variable. This would have certainly affected the parameters, by increasing the level of bad
information (Abbaspour et al., 2004) that would not be beneficial in the statistical analysis.

In general the model parameter uncertainty issues were acceptable, since a clear coherency
appeared in the final parameter matrix, which was successfully correlated with the scale dependent
catchment physical properties. This is possible because of the robustness of the Sequential
Uncertainty Fitting approach. Better results may be obtained if the algorithm used could consider
many objective functions (e.g. sum of square error, model efficiency of Nash and Sutcliffe,
coefficient of determination, etc.) simultaneously.

8.4. Conclusion

Facing the contemporary environmental challenges (impacts of global change) and the uncertainties
(induced by the lack of data) for land and water management in Benin, the development of
advanced regionalization methods is crucial. In this study, an advanced regionalization methodology
has been applied to develop scale dependent regression-based parameter models for accurately
simulating water-sediment-nutrient fluxes at ungauged and large scale catchments in Benin.
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In this study, scale dependent physical catchment properties are used to explain (statistically) and
derive SWAT model parameters for ungauged catchments. With respect to process representation in
SWAT model, geology appears to be a major driver of hydrological response, correlating significantly
with eleven out of fifteen model parameters. Slope appears to be powerful to control the channel
conductivity, groundwater threshold for base flow generation and soil evaporation compensation
(accounting for capillary, crusting and cracking actions). Soil type lixisol (a dominant soil type within
the Ouémé catchment) partly explains the surface runoff lag and the maximum retrained sediment.
Lateritic consolidated soil layer explained the soil susceptibility to erosion (sediment loading) and
drainage density explains the fraction of aquifer percolation.

Although the computed regression-based parameter models are physically meaningful and
consistent with the theoretical fundament of the model parameters, they contain uncertainty due to
the non-uniqueness of the considered calibrated parameter set, which is caused by limited available
information. For improving the data base, a new data collection policy must be developed. However
the model parameter uncertainty issues were acceptable, since a clear coherency appeared in the
final parameter matrix, which was successfully correlated with the scale dependent catchment
physical properties. This is partly due to the robustness of the Sequential Uncertainty Fitting
approach. Repetitive applications of the here-tested regionalization approach (using different
simulation models) should lead to further understanding of scale dependent physical controls on the
hydrological response in order to improve the physical meaning of the developed statistical
relationships.
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9. Simulating land and water degradation under land use and climate change scenarios: from meso
(586 km?) to regional scale (49,256 km3)

Abstract

Among factors that contribute to the impacts of the current climate and land use change in West
Africa countries including Benin are: lack of information, low management capabilities,
overexploitation of land resources including forests, increases in population, uncontrolled
settlement, etc.. In order to support well-balanced management decisions, number of these factors
is often used as drivers for calculating land use and climate change scenarios for the impact
guantification, using distributed physical-based models.

In this chapter, scale dependent parameter models developed in the chapter 8 were used to
simulate the impacts of climate and land use scenarios on water yield, sediment and nutrient
transport at the Ouémé-Bonou catchment scale (49,256 km?). This methodology solved two
difficulties in model setup in the Ouémé catchment: the scale-effects on the model parameters and
the associated uncertainty issues for large scale model application and the lack and non-
accurateness of boundary condition data (e.g. stream water-sediment-nutrient measurements). The
results were discussed in comparison to the simulation results obtained for a meso-scale catchment
(Donga-Pont catchment, 586 km?, cf. Fig. 2.5), based on the management scenario Sc1 developed in
the chapter 7.

Regardless the simulation scale, it appeared that surface runoff, groundwater flow, sediment and
organic nitrogen load were dominantly affected by land use change by -8 to +50%, while water yield
and evapotranspiration were dominantly affected by climate change by -31 to +2%. Comparison
made for both simulation scales, have shown that variables such as surface runoff, groundwater
flow, sediment and nutrient transport, mainly sensitive to land use change were significantly
affected by increasing scale, while variables such as water yield and evapotranspiration, mainly
sensitive to climate change, have changed almost similarly for the both scales.

Sediment yield was more important at the meso catchment scale (ranging from 0.4 to 0.6 ton ha™ a™
against 0.32 to 0.45 ton ha™ a™ at the larger catchment scale), due to less retrained sediment at
large scale. However, organic nitrogen yield simulated at the large catchment scale was more
important (roughly 1.2 to 1.7 ton ha™ a™ against 0.5 to 1 ton ha™ a™ at the meso scale catchment), as
consequences of high rate of very fine particle load from abundant threatened areas as shown by
the spatial pattern.

9.1. Introduction

Erosion and soil degradation have evolved in very considerable proportions in Africa, especially in
tropical Africa. Moreover, to achieve the Millennium Development Goals (UNDP, 2005), it is crucial
to take serious measures against erosion and soil degradation, which are primarily sheet and gully
erosion that scours the humus horizon in one generation (Roose et al., 2004).

Many researches have been conducted in parts of Africa to understand the processes as for the
determinant and promoting causes, related to the specific climatological, meteorological and soil
condition (Giertz et al., 2006, Bormann et al. 2005; Laouina et al., 2004, Roose et al., 2004, Speth et
al., 2010). Many studies in Benin (Gbessemehlan, 1988; Biaou, 1995; Dissou, 1992; Sintondji, 2005;
Bormann et al., 2005; Hiepe, 2008; Speth et al., 2010) showed a fast degradation of natural
resources including the loss of agricultural soils of up to 40 ton ha™ a™* compared to 3.9 ton ha™ a™
in the savannahs.

Vulnerability to change, whether climate-induced or related to changes in land use/land cover, is a
major threat, consisting at the same time of a water dimension (lower level of the water table), an
agrarian dimension (falling yields) and an environmental dimension (weakening of the soil and
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increasing erosion) (Laouina et al., 2004). Several investigations on the global change processes and
its impact on the hydrological cycle (Bormann et al., 2005; Speth et al., 2010) have shown that global
climate change has a significant influence on the regional water resources.

Any interaction to solve the problem must consist to a prior investigation of the involved processes
from local to regional scales, and an assessment of long-term potential environmental impacts, since
solutions could be only given at local scale.

In this chapter the degradation trends between two different scale catchments were compared. One
meso-scale catchment (Donga-Pont; 586 km?) for which more data were available and where
farming practices were more easily investigated and provided in the model (cf. chapter 7). The other
catchment is very large (Ouémé-Bonou; 49,256 km?, Benin) with less available data, where
evaluations were based on a preliminary regionalization methodology developed in chapter 8, which
considers scale dependent regression-based parameter models as alternative for accurately
simulating water-sediment-nutrient fluxes at large scale basins in Benin. This methodology has
considered physical properties of catchments, depending on spatial scale (ranging from 586 to
10,072 km? in size) as explanatory variables for SWAT model parameters. Such an approach may
limit the effects of model internal aggregation that often increase uncertainties in the model
parameter, and solve at the same time the problem of the lack and non-accuracy of data (e.g.
stream water-sediment-nutrient measurements) at the Ouémé-Bonou gauging station.

Based on these readily made models, and as for the objectives of this study, order of magnitude of
impacts of climate and land use scenarios were compared for the studied catchments. Land use and
climate change impacts were then evaluated, using two land use scenarios (La, stronger economic
development, controlled urbanization, 3.2% population growth per year; and Lb, weak national
economy, uncontrolled settlement and farmland development, 3.5% population growth per year
(RIVERTWIN, 2007)) and two climate change scenarios (computed using the regional climate model
REMO, nested in the global circulation model ECHAMS5/MPI-OM and driven by the IPCC SRES
scenarios A1B and B1 (Paeth et al., 2008)).

9.2. Materials and method

For the model calibration, local management operations as well as calibrated model parameters
described in the chapter 7 for the management scenario Scl were considered for the Donga-Pont
catchment. As explained in chapter 7, SWAT model was applied to simulate the dynamic of soil
nutrient pools from the field scale considering interactions with various inputs like fertilization and
grazing. Therefore, water, sediment, and nutrient delivery to the stream flow at the Donga-Pont
river catchment outlet (586 km?) are simulated considering local management practices. As for the
Ouémé-Bonou catchment (49,256 km?), the regionalization methodology developed in the chapter 8
is used for simulating water-sediment-nutrient fluxes.

9.3. Results and discussion
9.3.1. Impacts of climate scenarios

As shown in Tab. 9.1, scaling effects were directly reflected by the simulated surface runoff, which
ranges from 100 to 140 mm per year for the Donga-Pont catchment (586 km?), while varying from 60
to 80 mm per year for the Ouémé-Bonou catchment (49,256 km?). In the both scales, annual
sediment yield and actual evapotranspiration have significantly decreased (of up to 20%) over the
simulated years (2000 to 2029) with a small resumption (of up to 5%) for the period 2025 to 2029.
Groundwater flow decreased significantly from 15 to 22% for the Donga-Pont catchment and from 4
to 17% for the Ouémé-Bonou catchment. Sediment yield was more important at the Donga-Pont
catchment scale, ranging from 0.3 to 0.4 ton ha™ a™ against 0.3 ton ha™ a™ for the Ouémé-Bonou

87



9. Simulating land and water degradation under land use and climate change scenarios: from meso
(586 km?) to regional scale (49,256 km?)

catchment. This may be explained by less retrained sediment at large scale, due for instance to
deposit in the inland valleys, which become important at large scales (Speth et al.,, 2010).
Conversely, the simulated organic nitrogen yields for the Ouémé-Bonou catchment (roughly 1.2 ton
ha™ a™!) were two times the computed amount for the Donga-Pont catchment (0.6 to 0.7 ton ha™ a°
1). This may be simply due to the distribution of hotspots which may be important at large scales. It
may also be the consequence of high rate of very fine particle load from given threatened areas. Fig.
9.1 shows a decreasing trend for all the simulated components (of up to 20%), regardless the
different scenarios, but more pronounced for the Donga-Pont catchment.

Tab. 9.1. Simulated SWAT components under climate scenarios (with unchanged land use map derived from 2003 landsat
image). Deviation (in %) from the reference scenario (2000-2009) are shown in brackets.

Reference AlB B1 AlB B1
Donga-Pont (586 km?) [2000-2009] [2015-2019] [2015-2019] [2025-2029] [2025-2029]
Rainfall (mm a™) 1233.4 1096.7 (-11) 1113.9 (-10) 1116.0 (-10) : 1138.0 (-8)
Water yield (mm a™) 254.7 206.9 (-19) 215.5 (-15) 205.6 (-19) 2253 (-12)

i i i i i
i i i i i
i i i i i
i i i i i
i i i i i
Groundwater flow (mm a™) i 117.6 i 98.9 (-16) i 1003 (-15) | 91.6 (-22) i 1005 (-15)
| | | | |
! ! ! ! !
| | | | |
i i i i i
! ' ! ! !

Surface runoff (mm a™) 137.2 106.7 (-22) 113.7 (-17) 112.6 (-18) 123.4 (-10)
Evapotranspiration (mm a™) 923.7 839.1 (-9) 849.2 (-8) 863.6 (-7) 854.1 (-8)
Sediment yield (ton ha™ a™) 0.4 0.3 (-25) 0.3 (-25) 0.4 (0) 0.4 (0)
Organic N load (kg ha® a™) 0.7 0.6 (-14) 0.6 (-14) 0.6 (-14) 0.7 (0)
! Reference ! Al1B ! B1 ! AlB ! B1
Ouémé-Bonou (49,256 km?) ! [2000-2009] ! [2015-2019] | [2015-2019] ! [2025-2029] | [2025-2029]
Rainfall (mm a™) ! 1138.9 | 10352 (9) | 10452 (8) | 10415 (9) ! 10749 ()
Water yield (mm a™) i 2246 i 1914 (-15) | 189.0 (-16) | 186.2 (-17) | 2180 (-3)
Groundwater flow (mm a™) i 147.6 | 1275 (14) | 1237 (-16) | 1228 (-17) | 1422 (-4)
Surface runoff (mm a™) ! 77.0 ! 639 (-17) ! 65.3 (-15) ! 63.4 (-18) ! 75.8 (-2)
Evapotranspiration (mm a*) E 794.8 {7343 (8 | 7475 (6) | 7458 (6) | 7402 (-7)
Sediment yield (ton ha™ a™) i 0.3 i 03 (0) | 03 (0) | 03 (00 i 03 (0
Organic N load (kg ha™ a™) i 1.2 i 1.1 (-8) i 1.1 (-8) i 1.1 (-8) i 1.2 (0)
Rainfall Donga-Pont
e Reference[2000-2009]
e A1B[2015-2019]
B1[2015-2019]
e A1B[2025-2029]
e B1[2025-2029]
Rainfall Ouémé-Bonou
Water yield e Reference[2000-2009]
e A1B[2015-2019]
B1[2015-2019]
Baseflow e A\1B[2025-2029]

e B1[2025-2029]

Evapotranspiration urface runoff

Fig. 9.1. Simulated trends under climate scenarios (with unchanged 2003 land use).

One can conclude that the large scale simulations may have decreased SWAT component (surface
runoff, groundwater flow, sediment yield, organic nitrogen load) sensitivity to climate change.
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Similar results were found by (Hiepe, 2008; Giertz et al., 2010) in the upper Ouémé catchment using
SWAT model and the same IPCC (Intergovernmental Panel on Climate Change) SRES scenarios A1B
and B1.

9.3.2. Impacts of land use scenarios

As indicated in the chapter 5, changes in the Ouémé land use according to the scenarios La and Lb
are mainly expressed by the conversion of the savannah into croplands and pastures in a range of 10
to 20% of the agricultural lands for the scenario La (stronger economic development, controlled
urbanization, 3.2% population growth per year) and 20 to 40% for the scenario Lb (weak national
economy, uncontrolled settlement and farmland development, 3.5% population growth per year).
Accordingly, an increasing surface runoff was simulated (from 2000 to 2029) for the both scenarios
La and Lb, but in a pronounced way for the scenario Lb (Tab 9.2 and Fig. 9.2). This increase ranges
from 9 to 27% for the Donga-Pont catchment and between 22 and 57% for the Ouémé-Bonou
catchment. In spite of this simulated increase for the surface runoff, water yield has change in a very
small rate (roughly £5%), forcing a decrease of the groundwater flow (between -9 and -27% for the
Donga-Pont catchment and between -22 and -57% for the Ouémé-Bonou). This is manifestly the
proof of decrease of the infiltration rate over the study area, and a severe threat to its groundwater
systems. Sediment yield has increased from 25 - 75% for the Donga-Pont catchment and from 33 —
66% for the Ouémé-Bonou catchment. Organic nitrogen load has increased from 14 — 43% for the
Donga-Pont catchment and from 17 — 58% for the Ouémé-Bonou.

Evapotranspiration has decreased from 0.5 to 1.1% for the Donga-Pont catchment and 0.8 to 2% for
the Ouémé-Bonou catchment. For this trend the land use scenario Lb differs from the other by
showing the highest underlying simulated rates, as already discussed above for the other
components.

In summary (combining the sections 9.3.1 and 9.3.2), surface runoff was found more sensitive to
land use change (+22 to +75% of changes) than climate change (-5 to -20% of changes),
evapotranspiration was more sensitive to climate change (-8 to -12% of changes) than land use
change (-0.5 to -2% of changes) and groundwater flow was less sensitive to climate change (-4 to -
22%) than land use change (-9 to -57%). Sediment yield was more sensitive to land use (+25 to +75%)
than climate change (-25 to 0%). Organic nitrogen load was more sensitive to land use change (+14
to +58%) than climate change (-8 to -14%).

At the large catchment scale (Ouémé-Bonou), sediment yield has decreased (-25% for the climate
scenarios and -57% for the land use scenarios) and organic nitrogen load has increased (100% for the
climate scenarios and 175% for the land use scenarios) in reference to the meso scale catchment
(Donga-Pont).

Tab. 9.2. Simulated SWAT components under land use scenarios (with unchanged climate condition of the period 2000 to
2009). Deviation (in %) from the reference scenario (2000-2009) are shown in brackets.

Reference : La : Lb : La : Lb
Donga-Pont i [2000-2009] | [2015-2019] | [2015-2019] | [2025-2029] | [2025-2029]
Rainfall (mm a™) i 1233.4 i 12334 (0) i 1233.4 (0) i 1233.4 (0) i 1233.4 (0)
Water yield (mm a™) ! 254.7 b228.7 (110) | 2367 (-7) ! 267.0 (5) ! 2634 (3)
Groundwater flow (mm a™) : 117.6 t 788 (33) | 790 (33) | 1136 (-3) | 888 (24)
Surface runoff (mma™) i 137.2 i 1491 (9) i 1570 (14) | 1524 (11) | 1743 (27)
Evapotranspiration (mm a™) ! 923.7 ! 913.7 (-1) i 918.0 (-1) i 9153 (-1) i 919.1 (0)
Sediment yield (ton ha™a?) : 0.4 ; 05 (25 | 06 (50) | 05 (25 | 0.7 (75)
Organic N load (kg ha™ a™) ; 0.7 ; 0.8 (14) i 0.9 (29) i 08 (14) i 1.0 (43)
i Reference | La i Lb i La i Lb
Ouémé-Bonou { [2000-2009] | [2015-2019] | [2015-2019] | [2025-2029] |  [2025-2029]
Rainfall (mm a™) : 1138.9 P 11389 (0) P 11389 (0) 11020 (-3) | 11389 (0)
Water yield (mm a™) i 224.6 i 231.5 (3) i 238.8 (6) i 2336 (4) i 243.0 (8)
Groundwater flow (mm a™) i 147.6 i 1379 (-7) i 128.8 (-13) @ 1339 (-9) | 1217 (-18)
Surface runoff (mm a™) ! 77.0 ! 93.7 (22) | 1100 (43) ! 99.7 (29) ! 121.3 (58)
Evapotranspiration (mm a™) : 794.8 : 788.9 (-1) : 782.1 (-2) : 787.4 (-1) : 778.8 (-2)
Sediment yield (ton ha™ a™) i 0.3 i 04 (33) i 04 (33) | 0.4 (33) | 0.5 (67)
Organic N load (kg ha™ a™) i 1.2 i 1.4 (17) | 1.7 (42) | 1.5 (25) | 1.9 (58)
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Fig. 9.2. Simulated trends under land use scenarios (with unchanged climate: 2000-2009)

9.3.3. Impacts of combined climate and land use scenarios

In reference to the results discussed in the sections 9.3.1 and 9.3.2, an overview of combined land
use and climate change scenario effects on the degradation trend presented in Tab. 9.3 and Fig. 9.3
identified climate change as the major driver of the changes in water yield and evapotranspiration.
At the meantime, land use changes raises as the major driver affecting surface runoff, groundwater
flow, sediment yield and organic nitrogen load. Stronger effects of climate change were computed
for the time period 2015 to 2019 in the Donga-Pont catchment scale, which have been significantly
compensated (not completely) by the land use change effects over the time period 2025 - 2029.

Tab. 9.3. Simulated SWAT components under land use and climate scenarios (2015 to 2019). Deviation (in %) from the
reference scenario (2000-2009) are shown in brackets.

i Reference | La&AI1B | la&B1 i Lb&AIB Lb & B1
Donga-Pont i [2000-2009] | [2015-2019] | [2015-2019] i [2015-2019] | [2015-2019]
Rainfall (mm a™) ! 1233.4 ' 1096.7 (-11) | 11139 (-10) ! 1096.7 (-11) | 1113.9 (-10)
Water yield (mm a™) E 242.7 {1917 (21) | 2011 (17) | 199.1 (-18) | 206.8 (-15)
Groundwater flow (mm a™) i 135.7 i 1164 (-14) | 1231 (-9) | 1235 (-9) | 1304 (-4)
Surface runoff (mm a™) i 106.0 i 741 (-30) | 76.6 (-28) | 745 (-30) | 75.1 (-29)
Evapotranspiration (mm a™) ! 927.3 ! 8317 (10) | 8415 (90 | 833.6 (-10) | 843.7 (-9)
Sediment yield (ton ha™ a?) : 0.4 05 (200 | 04 (8 | 05 (15) | 04 (7)
Organic N load (kg ha™ a™) i 0.7 0.5 (-29) i 0.6 (-10) i 0.7 (0) i 0.7 (3)
Ouémé-Bonou i Reference ; Lla&AlB | La&Bl | Lb&A1B : Lb&Bl

i [2000-2009] [2015-2019] | [2015-2019] §  [2015-2019] | [2015-2019]
Rainfall (mm a™) ' 1138.9 I 10352 (-9) | 1045.2 (-8) ! 10352 (-9) ! 1045.2 (-8)
Water yield (mm a™) : 224.6 ! 1959 (-13) ! 1941 (-14) | 2011 (-10) | 2001  (-11)
Groundwater flow (mm a™) i 77.0 i 757 (-2) 781 (1) | 873 (13) | 90.6 (18)
Surface runoff (mm a™) i 147.6 i 120.2 (-19) i 116.0 (-21) | 1139 (-23) | 109.5 (-26)
Evapotranspiration (mm a™) ! 794.8 i 7308 (—8)! 743.4 (—6)! 7262 (-9) ! 7381 (-7)
Sediment yield (ton ha™” a™) : 03 : 04 (9) | 03 (6) | 04 (25 | 04 (22
Organic N load (kg ha™ a™) i 1.2 i 1.3 (13) | 1.3 (9) 1.5  (29) i 1.5  (26)
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Fig. 9.3. Simulated trends under land use and climate scenarios (2015 to 2019).

At the Donga-Pont scale (Tab. 9.3 and Fig. 9.3, time period 2025 — 2029), annual surface runoff may
change from -8 to +17%. The decrease (-8%) (scenarios La + A1B) was mainly drive by climate
change, while land use change effects have mainly resulted in an increase (+17%) (scenarios La + B1,
Lb + A1B and Lb + B1). Sediment yield increased for all the scenarios from 12.5 to 50%, and organic
nitrogen load also has increased from 1.4 to 46% (driving by land use changes). Under climate
change effects, water yield has changed from -9 to +1.6%, groundwater flow from -29 to 1% and
evapotranspiration from -9 to -7.5%.

At the Ouémé-Bonou scale (Tab. 9.3 and Fig. 9.3, time period 2025 — 2029), annual surface runoff
may change from +5.7 to +42% for all the scenarios, driving by land use change. Sediment yield
increased for all the scenarios from 15.6 to 41%, and organic nitrogen load also has increased from
15 to 47% (driving by land use changes). Under climate change effects, water yield has changed from
-14 to +0.6%, groundwater flow from -30.5 to -16% and evapotranspiration from -8.4 to -7%.
Regardless the modeling scale, the simulated impacts for the land use and climate change scenarios,
over the simulated period 2000 to 2029 (30 years) may be summarized as follow: (1) surface runoff,
groundwater flow, sediment and organic nitrogen load are found mainly sensitive to land use change
with roughly -8 to 50% of changes; and (2) water yield and evapotranspiration are found more
sensitive to climate change with roughly -31 to +2% of changes as consequence of rainfall reduction
and temperature increase (cf. chapter 5).

In addition the results suggest that variables such as surface runoff, groundwater flow, sediment and
transported nutrients, mainly sensitive to land use change were significantly affected by the
increasing scale, while variables such as water yield and evapotranspiration, mainly sensitive to
climate change, have changed almost similarly for the both scales. An application of the conceptual
semi-distributed model UHP-HRU (Universal Hydrological Program — Hydrological Response Unit) in
the same study area, using the physical-based model SIMULAT-H as benchmark (Giertz et al., 2010),
has led to a similar conclusion that water yield is more influenced by climate than land used, which
more affects runoff components (surface runoff vs. interflow and base flow). Results of scenario
analysis from the same work (Giertz et al., 2010) revealed that the amount of renewable water
decreases during the period 2001 — 2049 in both climate IPCC (Intergovernmental Panel on Climate
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Change) SRES (Special Report on Emission Scenarios) scenarios A1B and B1, which were also used in
the present study.

Sediment yield were more important at the Donga-Pont catchment scale, ranging from 0.4 to 0.6 ton
ha™ a™ against 0.32 to 0.45 ton ha™ a™ at the Ouémé-Bonou catchment scale. This may be explained
by less retrained eroded particles at large scale, due to sequestration in the inland valleys, which
become important at large scales (Speth et al., 2010). According to Diekkriiger (2010), high erosion
rates are often observed at the local scale, but sediment yield, which is the net transport out of the
catchment, decreases with increasing size of the catchment. This is consistent with the results
obtained.

In the meantime, the simulated organic nitrogen yield for the Ouémé-Bonou catchment (roughly 1.2
to 1.7 ton ha™ a*) were almost two time the computed amount for the Donga-Pont catchment
(roughly 0.5 to 1 ton ha™ a™). This may be the consequences of high rate of very fine particle load
from given threatened areas, which may become important at large scale.

Tab. 9.4. Simulated SWAT components under land use and climate scenarios (2025 to 2029). Deviation (in %) from the
reference scenario (2000-2009) are shown in brackets.

Donga-Pont i Reference i La & A1B i la &B1 i Lb & A1B i Lb & B1

! [2000-2009] ! [2025-2029] ! [2025-2029] ! [2025-2029] ! [2025-2029]
Rainfall (mm a™) ; 1233.4 11160  (-10) ; 11380 (-8) ;1116.0 (-10) : 1138.0 (-8)
Water yield (mm a™) i 242.7 i 2219 (-9) i 244.9 (1) i 2218 (-9) i 2467 (2)
Groundwater flow (mm a™) i 135.7 i 1251 (-8) | 1365 (1) | 1459 (7) | 1584 (17)
Surface runoff (mm a™) E 106.0 t 955 (100} 1070 (1) | 750 (-29) | 87.4 (-18)
Evapotranspiration (mm a™) i 927.3 i 857.4 (-8) | 847.3 (-9) | 8547 (-8) | 8452 (-9)
Sediment yield (ton ha™ a™) i 0.4 i 05 (13) i 05 (15) i 06 (45) i 06 (50)
Organic N load (kg ha™ a™) ! 0.7 to07 (1) @ 08 (99 ! 1.0 (36) ! 1.0 (46)
Ouémé-Bonou i Reference i La & A1B i La & B1 i Lb & A1B i Lb & B1

{  [2000-2009] | [2025-2029] | [2025-2029] | [2025-2029] | [2025-2029]
Rainfall (mm a™) ; 1138.9 {10415  (-9) i1060.9 (-7) (10415 (-9) :1060.9 (-7)
Water yield (mm a™) i 224.6 i 1933 (-14) i 215.8 (-4) i201.6 (-10) | 223.3 (-1)
Groundwater flow (mm a™) i 77.0 i 814 (6) i 917 (19) i 99.0 (29) i 109.6 (42)
Surface runoff (mm a™) : 147.6 Po1119 (-24) | 1241  (-16) | 1026  (-30) | 1138 (-23)
Evapotranspiration (mm a™) : 794.8 i 7404 (-7) i 734.6 (-8) i 733.0 (-8) 7283 (-8)
Sediment yield (ton ha™ a™) i 0.3 i 04 (16) i 04 (22) | 04 (34) i 05 (41)
Organic N load (kg ha™a™) i 1.2 P14 (15) | 1.5 (25) | 16 37) | 17 (47)

Rainfall Donga-Pont

e Reference[2000-2009]
e a_A1B[2025-2029]
La_B1[2025-2029]
e | _A1B[2025-2029]
e Lb_B1[2025-2029]

Rainfall  gyémé-Bonou

e Reference[2000-2009]
e a_A1B[2025-2029]
La_B1[2025-2029]
e | b_A1B[2025-2029]
e | b_B1[2025-2029]

Fig. 9.4. Simulated trends under land use and climate scenarios (2025 to 2029).
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Fig. 9.5, 9.6 and 8.7 show respectively surface runoff, sediment yield and organic nitrogen load
pattern for the combined scenarios (La & A1B), (La & B1), (Lb & A1B) and (Lb & B1) from 2000 to
2030 within the Ouémé-Bonou catchment. Accordingly to the land use dynamic, the simulated
pattern reflected higher and increasing degradation in the agricultural land. Surface runoff varies
from 0 to 350 mm a™, sediment yield varies from 0 to 10 ton ha™ a™ and lost soil organic nitrogen
varies from 0 to 20 kg ha™ a™. Lost soil organic nitrogen shows higher dynamic and more threatened
areas compared to sediment yield. This is completely consistent with the findings in section 9.3.3. As
land use change was identified as the major driver of the ongoing land degradation, the scenario Lb
(pessimistic, weak national economy, uncontrolled settlement and farmland development, 3.5%
population growth per year) must be avoided in order to exclude the combinations (Lb & A1B) and
(Lb & B1) for which larger threatened areas are shown in the figures.

SWAT model was applied in the upper Ouémé catchment to evaluate the effects of climate change
and land use change on soil erosion (Hiepe, 2008; Giertz et al., 2010; Speth et al., 2010). In the
combined land use and climate scenarios, the soil erosion increases with a large variability within the
study area, which shows the high impact of land use change. The study has concluded that area with
a high potential of cropland expansion, future sediment yield will be driven by land use change and
may therefore strongly increase. Conversely, in the areas with a low potential for cropland
expansion and strong reductions in rainfall, future sediment yield may decrease.

These findings are consistent with the results presented in this study, which furthermore suggest an
extension to soil organic nutrients.
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Fig. 9.5. Impacts of land use and climate change on surface runoff patterns in the Ouémé-Bonou catchment.
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Fig. 9.6. Impacts of land use and climate change on sediment yield patterns in the Ouémé-Bonou catchment.
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Fig. 9.7. Impacts of land use and climate change on Organic Nitrogen patterns in the Ouémé-Bonou catchment.
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9.4. Conclusion

Soil and water are essential natural resources, available in limited quantities, but are nowadays
dangerously exposed to the vagaries of climate and land use change. Balancing the future
degradation requires a sufficient understanding of processes behind at different scales, a task that
may not be possible without an overriding of difficulties related to data availability in a data-poor
environment such as Benin.

In this chapter the lack and non-accurate boundary condition data (e.g. stream water-sediment-
nutrient measurements), have been overridden, and simulated climate and land use change impacts
on the ongoing soil and water degradation at the Ouémé-Bonou catchment scale (50,000 km?) were
compared to a meso scale (586 km?) results.

Results revealed significant and increasing impacts over years. Surface runoff, groundwater flow,
sediment and organic nitrogen load were affected by land use change (as dominant effects) of -8 to
+50%, while water yield and evapotranspiration were affected by climate change (as dominant
effects) of -31 to +2%. These rates may be reached gradually over years and according to the
scenario development,

It was found that variables such as sediment and soil nutrients, mainly sensitive to land use change
were significantly affected by the increasing catchment scale. Furthermore, while sediment yield
decreases with increasing size of the catchment, lost soil organic nitrogen increases with the size of
the catchment.

These works is a significant contribution for supporting sustainable management strategies to drive
stronger economic development that considers controlled settlements, controlled farmland
extension, less pressures on natural vegetations, and sustainable farming system managements.

This study reveals the relevancy and the efficiency of the modeling strategy used for bridging the
data gap, since the results are consistent with previous findings within the study area. Future works
should focus on the interaction between uncertainties associated with the scenarios data and the
model structural errors. This will help to clearly quantify the uncertainties in the simulated impacts
which are not investigated in this work.
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10. General Conclusion and perspectives

Among the many challenges facing the sub-Sahara African countries, is the well-balanced and
sustainable management of natural resources, which begins with their quantitative and qualitative
assessment, while specifying the gross uncertainties that are often associated. The present work
perfectly fits in with this logic. It focuses on three types of uncertainty: (1) uncertainty due to the to
soil mapping approach, (2) uncertainty due to the aggregation of land use types at the regional and
uncertainty due to the model simplifications. This work allowed (1) to report on the validity of SOil
and TERrain (SOTER) maps for hydrologic simulations in Benin, (2) to test a regionalization
methodology using multi-scale investigations, (3) to give an extensive insight of relationships
between agriculture and the dynamics of nutrient and sediment loading, and (4) finally the
guantification of potential impacts of climate change and land use on water resources and soil
degradation.

It is well known that the quality of any application of environmental models depends on the
underlying database (Bormann et al., 1999). Often, the calibration of model parameters is used to fill
data gaps and to reduce the uncertainty of available information, but may not be sufficient to
balance local impacts of differences in the available information (database). The importance of these
local impacts may be seen as quality measure for selecting adequately the data to be involved in a
modeling work.

In this study, a comprehensive database of physical and hydraulic soil properties was developed for
the study region using two different approaches for the soil maps, one of them having been further
divided into two differing concepts. Although, from a scientific point of view, the SOil and TERrain
(SOTER) approach may be more appropriate, this is not necessarily true for its application in
environmental modeling. Thus, the SOTER maps have been evaluated and found valid for simulating
hydrological processes. Beyond this aspect, it was shown that not only the soil parameters
themselves are uncertain and produce uncertain model outputs, but also the concept used to
develop the soil map. This uncertainty is well known concerning soil maps of different scales
(Bormann et al., 1999) but is rarely investigated for the same scale. It was then proved that SWAT
could be calibrated successfully for different soil databases regarding the total discharge dynamics,
but the spatial patterns of the differences persist. Depending on the modeling issue this may cause a
significant bias in the model results.

For modeling future development of the Ouémé catchment, this must be taken into account in the
uncertainty quantification and focus should be laid on how the concept interacts with the model
structural errors. As alternative, the e-SOTER project (Regional pilot platform as European Union
contribution to a Global Soil Observing System) was suggested and is tested since 2008. This
approach considers new methodologies that combine remote sensing (soil pattern recognition) with
the standardization of available soil attributes collected by earlier surveys and high resolution digital
elevation models. This is a quite promising perspective for future updating SOTER maps used for
modeling studies in the Ouémé catchment.

Many problems alter the relationship between agriculture and the environment. Its direct and
indirect impacts on water resources and human well-being are known all over the world. In this
study, the SWAT model has been used to simulate the current and future vulnerability of surface
water and groundwater quality. The model was able to accurately simulate the daily dynamic of
water and sediment as well as nitrate and organic N and P transport. High spatial variations in
groundwater nitrate partly explained the simulated dynamic and indicated that agricultural land
management controls mainly this issue and should lead to strict regulation policies. Future scenario
developments have shown clearly an increasing contamination rate in response to increasing
conversion of savannahs to croplands. No regulation policies as observed today may simply lead to
limitations in the water resources accessibility and the closing of many already used drillings.

The quality of the spatial information, mainly the accuracy of agricultural diffuse source pollution is
crucial for modeling the soil nutrient dynamic, biomass and crop yield, with an acceptable
uncertainty level. This may be critical at regional scale, where cropping systems are rarely mapped,
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leading to simplifications in the model application with the risk to cause a bias in the results. In this
work, predictions based on simple aggregation of the cropping systems are associated with high
uncertainties for the soil nutrient dynamic, biomass, crop yield as well as water and nitrogen stress.
These forms of uncertainties are often neglected and should be considered in the scenario
elaborations for supporting well-balanced management decisions.

To bridge the data gap (water discharge, sediment and nutrient concentration, required for the
model calibration) and estimate the impacts of climate and land use change at the whole Ouémé-
Bonou catchment level, scale dependent physical catchment properties were used to explain
(statistically) and derive SWAT model parameters. Although the computed regression-based
parameter models are physically meaningful and consistent with the theoretical fundament of the
model parameters, they contain uncertainty due to the non-uniqueness of the considered calibrated
parameter set, which is caused by limited available information. For improving the data base, a new
data collection policy must be developed. However the model parameter uncertainty issues were
acceptable, since a clear coherency appeared in the final parameter matrix, which was successfully
correlated with the scale dependent catchment physical properties. Repetitive applications of the
tested regionalization approach (using different simulation models) should lead to further
understanding of scale dependent physical controls on the hydrological response in order to
improve the physical meaning of the developed statistical relationships.

The results revealed significant and increasing impacts of climate and land use change over years
according to the evaluated scenarios. Surface runoff, groundwater flow, sediment and organic
nitrogen load were dominantly affected by land use change, while water vyield and
evapotranspiration were dominantly affected by climate change. It was shown the susceptibility of
nutrients to be lost from soils, driven by the climate change, which emerges as a factor that is
challenging agricultural nutrient managements in the study area.

These works is a significant contribution for supporting sustainable management strategies to drive
stronger economic development that considers controlled settlements, controlled farmland
extension, less pressures on natural vegetations, and sustainable farming system managements. This
study reveals the relevance and the efficiency of the modeling strategy used for bridging the data
gap, since the results are consistent with previous findings within the study area. Future works
should focus on the interaction between uncertainties associated with the scenarios data and the
model structural errors. This will help to clearly quantify the uncertainties in the simulated impacts
which are not investigated in this work.
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