N
N

N

Sahelian land-cover degradation and its effects on the

HAL

open science

silting-up of the middle Niger River

Okechukwu Amogu

» To cite this version:

Okechukwu Amogu. Sahelian land-cover degradation and its effects on the silting-up of the middle
Niger River. Hydrology. Université Joseph-Fourier - Grenoble I, 2009. English. NNT:

00385629v1

HAL Id: tel-00385629
https://theses.hal.science/tel-00385629v1
Submitted on 19 May 2009 (v1), last revised 19 May 2009 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

tel-


https://theses.hal.science/tel-00385629v1
https://hal.archives-ouvertes.fr

Université Joseph Fourier Grenoble 1

THESE

présentée et soutenue publiquement par
Okechukwu AMOGU
pour obtenir le grade de
DOCTEUR DE LUNIVERSITE JOSEPH FOURIER GRENOBLE 1
Spécialité : Océan, Atmosphere, Hydrologie
préparée au Laboratoire d’étude des Transferts en Hydrologie et Environnement
(LTHE, UMR 5564, CNRS-INPG-IRD-U]JF)

dans le cadre de ’Ecole Doctorale : Terve, Univers, Environnement

La dégradation des espaces sahéliens et ses conséquences

sur l'alluvionnement du fleuve Niger moyen

Date de soutenance : 4 Mai 2009

Composition du jury :

Mr Gil Mahé Directeur de Recherche, IRD Montpellier Rapporteur

Mr Alain Laraque Chargé de Recherche, IRD Fort de France Rapporteur

Mr Issaka Amadou Docteur es Sciences, ABN Niamey Examinateur
Mr Patrick Sauvaget Docteur, SOGREAH Grenoble Examinateur
Mme Emmanuelle Gautier ~ Professeur, Université Paris 8 (LGP) Examinateur
Mr Philippe Schoeneich Professeur, UJF IGA-PACTE) Examinateur
Mr Philippe Belleudy Professeur, UJF Grenoble (LTHE) Examinateur

Mr Luc Descroix Chargé de Recherche, IRD Directeur de thése



Remerciements

Je remercie tout d’abord ceux qui sont a l'origine de ce projet de recherche : Luc Descroix, mon
directeur de these, qui a souhaité étudier ce sujet important ; Christophe Brachet qui était alors a
I’ABN ; Seyni Seydou de PABN ; Martin Parent du Ministére des Affaires Etrangeres de France.
Ensemble, ils ont construit le projet de recherche et trouvé les financements pour mener a bien

cette these. Sans leur enthousiasme, ce travail n’aurait jamais été réalisé.

Je veux aussi remercier Robert Dessouasi et Pierrick Fraval de FABN pour lintérét qu’ils ont

porté a mon travail.

Je tiens a remercier ceux qui ont géré le financement de ma bourse de these : Vincent Larrouzé
qui était alors a 'ambassade de France au Nigeria et Marie-Ange Pena du CROUS de Grenoble.

IIs ont montré un tres haut niveau de compétence et de professionnalisme.

Je remercie Philippe Belleudy pour son soutien scientifique tout au long de ce travail,
particulierement pour son approche critique et sa disponibilité pour réfléchir avec moi sur les

nombreux questionnements techniques que j’ai rencontrés pendant ce travail.

Je remercie aussi les autres membres du jury. En premier, les rapporteurs de ce travail, Gil Mahé
et Alain Laraque qui ont lu minutieusement la premiere version de mon manuscrit avec un regard
extérieur et qui ont permis d’améliorer mon travail grace a leurs suggestions constructives. . Je
remercie Philippe Schoeneich pour sa gentillesse d’avoir accepté de présider le jury de ma these.
Je remercie aussi Emmanuelle Gautier, Patrick Sauvaget et Issaka Amadou d’avoir accepté

d’examiner mon travail.

J’ai eu le privilege de bénéficier de 'appuie de plusieurs institutions au Niger.

Je remercie les personnes de 'IRD Niger pour leur accueil : Gilles Bezangon, Jean-Louis Rajot et
Fati Maiga pour les aspects administratifs ; Nicolas Boulain, Pierre Sire, Mamadou Sow,
Maimouna Ibrahim et David Ramier pour leurs aides diverses. Abdoulkadir Doumi de ’ABN,
Abdoulaye Koné, Issoufou, Hamza et Abdoulaye Issoufou de 'IRD Niamey m’ont conduit sur le
terrain et ont été de trés bons compagnons de terrain. Je tiens a remercier les observateurs des

stations de mesure pour les prélevements, car sans eux il n’y aurait pas eu de données journalicres



de MES: Ibrahim Mohammed Albachir, Abdoulaye Toldi, Hama Haoji, Oumarou Hassane,
Boulama, Zakou, Abdou Hama, Abdoulaye Mossi, Adamu Umorou Mossi et Ayouba Abdou.

A I'Université Abdou Moumouni (UAM) du Niger, j’ai été accueilli par Ibrahim Bouzou Moussa
qui m’a permis d’utiliser les locaux du département de Géographie. J’ai aussi bénéficié de
discussions intéressantes avec Yahaya Nazoumou et jai pu utiliser les équipements du
département de Géologie de 'TUAM. Je remercie Ibrahim Mamadou, Gado Abdourahamane et
Kadidia Yero qui m’ont aidé a traiter mes nombreux échantillons de sédiments.

Je remercie aussi ’Agrhymet qui m’a ouvert ses portes pour mon travail et pour 'assistance que
j’ai reque de la part d’André Nonguierma, d’Issifou Alfari, d’Issa Garba et de Hubert Ndjafa
Ouaga.

J’ai eu le plaisir de pouvoir profiter de 'aide au Laboratoire de Géographie Physique a Paris de

Emmanuelle Gautier, Daniel Brunstein et Coral Garcia.

Jai trouvé au LTHE des supports techniques et administratifs formidables : Isabella Zin et
Nadine Dessay m’ont initié a la télédétection et se sont toujours souciées de mes progres ; Hervé
Denis m’a aidé dans les mesures granulométriques, Véronique Chaffard pour les données
pluviométriques AMMA ; je remercie Jean-Francois Daian qui a eu la gentillesse de me donner
son avis sur ma premicre répétition de soutenance ; Wajdi Nechba et Patrick Juen qui ont assuré
le bon fonctionnement informatique; je remercie Odette Nave pour tous les aspects

administratifs et pour sa gentillesse.

Les années passées au LTHE ont été agrémentées par I'amitié¢ des jeunes du labo : Olivier,
Laurent, Vincent, Céline, Pierre, Soumaila, Renaud, Cédric, Matthieu, Adrien et Moussa. Je tiens
aussi a remercier les amis qui ont rendu mon séjour a Grenoble et en France si agréable :

Fabiola, Morgane et Steeve, Emilie et Aurélien, Marie, Benjamin, Laurence et Cyril.
The difficult times during this doctoral study were surmounted with support from my parents but
also from Chidi and Osita, Ifeoma and Ike, Nnamdi, Amarachi, and my nieces and nephew:

Chidera, Chimdalu, and Chinua.

Finally, I thank Anne-Laure, who supported me from the very beginning.



Résumé

Le principal objectif de ce travail est de comprendre 'impact du changement de couverture des
sols sur la production et le transport de sédiments dans le bassin du fleuve Niger moyen. Ceci a
nécessité des approches comprenant I’étude de données hydrologiques (1929 — 2008), de
couvertures des sols (1965 — 2000) et des données sédimentaires mesurées (2005 — 2008). L’étude
est centrée sur deux sous-bassins sahéliens (le Gorouol et la Sirba) comparés avec un sous-bassin
soudanien (la Mékrou). L’augmentation des surfaces de sol nu, mesurée par télédétection, accroit
le transfert de sédiments au fleuve par ses affluents jaugés comme par ceux, éphémeres et non-
jaugés, connus sous le nom de «koris», dont le nombre et la taille s’est beaucoup accru depuis les
années 70. Les caractéristiques des sédiments, surtout celles des matieres en suspension (MES)
ont été mesurées a dix stations sur le fleuve et certains de ses affluents afin de quantifier le flux de
sédiment et d’identifier les sources principales de sédiment. I.’analyse hydrologique démontre
I'impact de la diminution des précipitations sur les débits, la récente période seche ayant modifié
le régime du fleuve a Niamey avec un impact sur la forme du chenal. L'analyse du flux
sédimentaire le long le fleuve indique qu'il y a d'autres sources importantes de sédiments outre les
affluents principaux. Une simulation de la capacité de transport fluvial par classe granulométrique
a été effectuée en utilisant des parametres hydrodynamiques obtenus a partir d’'un modele 1-D du
fleuve. La comparaison de cette capacité avec les valeurs de MES mesurées permet de localiser les

zones en équilibre et les zones de dépot de sédiments.

Mots clés : Transfert sédimentaire, Flenve Niger, Sahel, Matieéres en suspension (MES)



Abstract

In order to achieve the overall objective of this research which was to gain an understanding into
the impact of land cover change on sediment production and transport in the middle Niger River
basin, the application of various approaches was necessary. These approaches included the study
of hydrological data (1929 — 2008) and land cover data (1965 — 2000), in addition to the
measurement of sediment characteristics (2005-2008).The study focused on two Sahelian sub-
basins (the Gorouol and the Sirba basins) in comparison to a Sudanian basin (the Mékrou basin).
An evaluation of the evolution of land cover by remote sensing techniques showed an increase in
disturbed bare soil surfaces favouring an increase of sediment transfer to the middle Niger via
conventional tributaries as well as ungauged ephemeral streams that have increased in number
and size since the 1970s. Field measurements of sediment characteristics where carried out at ten
locations along the middle Niger River and some of its tributaries in order to quantify the
sediment flux and sources in the study area. Hydrological analyses showed the impact of the
reduction of precipitation on river discharge, with the most recent dry period, resulting in the
alteration of the Niger River’s regime at Niamey and affecting river planform. The sediment flux
analysis for the middle Niger River points to the existence of other significant sediment sources
apart from the main tributaries. A simulation of the sediment transporting capacity, by grain size
class, using data from a 1-D model of the river enabled the localization of areas of sediment

equilibrium and deposition, when compared to measured sediment concentration values.

Keywords: Sediment transfer, River Niger, Sabel, Suspended sediment concentration (§SC)
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Introduction: Silting up
of the middle Niger,
myth or reality?



1. Problem statement

In recent times, the naturally sparse vegetation of the semi-arid West African Sahel has been
adversely affected by a 25 to 30 percent reduction in precipitation as well as an increasing
livestock and human influence due to overgrazing and an increasing demand for fuel wood [M-F
Conrel, 1985; L Descroix, 2003]. In the Sahel, the reduction in precipitation has been observed to

have an amplified effect in the flows of the Niger River.

In the same period, due to more denuded soils, sediment is more easily transported into the
Niger River from its basin. In addition, the Niger River’s reduced flow has resulted in what has

been called a silting-up of the Niger’s middle basin.

2. Justification of the study

The consequences of the combination of an increased sediment supply and reduced flows in the
Niger River may be numerous and varied, ranging from more extreme low flows, variable high
flow patterns, to the potential silting-up of proposed hydraulic works along the river. The
potential negative impacts of increased sediment input on aquatic life, river navigability, and
water treatment are not negligible and has caused debate and speculation amongst scientists and
basin managers as to the causes and severity of the observed phenomena thereby generating the
following questions: Sediment deposits or just an exposed river bed?, less water or more

sediment?

The facts have been difficult to separate from perception due to limited or non-existent direct

measurements of the sediment dynamics in the study area.

The present study is therefore necessary as a contribution to the understanding of the basin’s
evolution in terms of sediment production, transfer, and main controlling factors during a period
of rapid land use change. It may also be useful to basin managers in devising sediment control

measures as well in planning hydraulic works in the basin that may be affected by sedimentation.



3. Aim of the study

The present work aims to study land cover change and its relationship with sediment production,

transport, and deposition in the middle Niger River basin.
Further objectives will be to:

*  Quantify changes in land cover between 1965 — 2000;

*  Analyse the sediment transport within the middle Niger River basin (to understand the

major transport mechanisms, constraints etc.);
*  Evaluate the influence of land cover change on:

- The sediment transport of the middle Niger River,
- The increased sedimentation within the river;

e  Determine the:

- Predominant mode of sediment transport,
- Sediment soutrces,
- TFactors controlling sediment deposition,

- Areas of sediment deposition.

4. Research approach

The aim of the study being to understand the relationship between land cover change and
sediment production as well as to study the transport of sediment in the middle Niger basin, the

research was carried out in the following manner.

*  Tirstly, it was necessary to apply remote sensing techniques in order to gain a synoptic
understanding and estimation of the land cover change that has occurred in the study

area over the past few decades.

*  Secondly, climatic factors, particularly precipitation and its impact on river discharge

were analysed for the study area.

*  Thirdly, measurements of sediment and riverbed characteristics, such as suspended
sediment concentration and sediment particle size, where carried out at several locations
along the middle Niger River and its tributaries with particular attention to the
confluences of three tributaries (two Sahelian rivers and one Sudanian river) with the
Niger River. This was with a view to quantifying tributary contribution to the middle

Niger River’s sediment load. In addition, the measurements were carried out in order to



understand and quantify the movement of sediment along the middle Niger River,

distinguishing erosion zones from deposition zones.

The information derived from the above methods were used to evaluate the relationship of
sediment production in the middle Niger River basin to land cover change and its associated

effects like increased local runoff.

The major results are grouped according to research components as river form and bed evolution

(part II), land cover change analysis (part III), hydrology (part IV) and sediment transport
analysis (part V).

5. Funding and collaboration

In order to improve the management of the Niger River basin’s resources, the Niger Basin
Authority (NBA) expressed the need of gaining a better understanding of the sediment transfer

dynamics especially in view of the continuing environmental changes.

The study was jointly funded by the embassy of France in Abuja, Nigeria, through a “Boursier
de Gouvernement Francais™ scholarship, the Niger River Basin Authority (NBA), the Institut de
Recherche pour le Développement (IRD), and the Laboratoire de Transfert en Hydrologie et

Environnement (LTHE) where most of the work was carried out.

This study involved fieldwork, laboratory analyses, as well as data analyses, which was made

possible by the collaboration of various institutions.

In addition to providing the river discharge data used in this study, the NBA also complemented
the logistics provided by IRD for the fieldwork. The centre regional Agrhymet provided
assistance to this study in the form of satellite imagery and computing facilities. Working space
for the laboratory analysis of the water/sediment samples was provided by the departments of
Geography and Geology of the Abdou Moumouni University, Niamey as well as the genetics

laboratory of IRD Niamey.

The Laboratoire de Géographie Physique (LGP), Paris, provided Geographic Information
Systems support. The laboratory analysis of suspended sediment size characteristics, data
analyses, and bibliographic research were carried out at LTHE Grenoble where a suitable

environment for scientific collaboration was provided.



Part I — Study area and
environmental context



In order to place the results obtained in the subsequent parts of this work into proper context, it
is necessary to describe the environmental factors that affect the study area. The study area is
viewed in the larger context of the Niger River basin, one of the world’s major rivers. The
environmental setting of the study area is described by a discussion of factors such as

precipitation, river discharge, geology, soil, vegetation cover, and population.

Recent and continuing climatic perturbations in addition to demographic pressure make it
necessary to explore some of the direct and indirect factors that affect sediment production,

transport, and deposition in the study area.

This introductory part of the study aims to:

*  Describe the study stretch of the Niger River;
*  Describe the general climatic context of the study area as well as its present state;

*  Make a synthesis of how the interplay of environmental factors like geology, soil type
and variable factors like vegetation cover and demographics may affect sediment

production and transport;

*  Review previous sediment monitoring programmes carried out on the Niger River.



1. The Niger River

The River Niger is Africa’s third largest river after the Nile and the Congo and is West Africa’s
principal river. Rising at an altitude of about 800 metres in the Fouta Djallon Mountains in
Guinea, its active basin lies within nine West and central Aftican countries- Benin, Burkina Faso,

Cameroon, Chad, Cote d’Ivoire, Guinea, Mali, Niger and Nigeria.

Figure I- 1 locates the Niger River basin within the African continent with respect to the basins
of the Nile and Congo rivers.
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Figure I- 1: The Niger River Basin in comparison to Africa’a major rivers



1.1.  'The Niger River basin

The Niger has always fascinated historians and scientists, from ancient times when it was thought
to be a tributary of the River Nile, to the nineteenth century, when it was thought to empty into
the River Congo. From a European point of view, Mungo Park first proved conclusively that the
river flowed eastwards and Richard and John Lander were the first to map the Niget’s course and

to prove that it runs into the Atlantic at the Bight of Benin.

The history of the exploration and mapping of the River Niger’s course is detailed in Park [1815]
and NEDECO [1959] .

The full extent of the Niger’s basin has been a subject of debate, because there is no input to the
Niger River system from its left bank as it runs through the Republic of Niger [I Andersen et al.,
2005]. Its total basin area (active and inactive) is about 2.2 million km? [A §" Goudze, 2005] while
its hydrological or active basin area is estimated to be about 1.5 million km? [I Awdersen et al.,

2005].

The Niger River basin, presented in Figure I- 2, is usually divided into four major units with

different characteristics:

*  The Upper Niger from its source to Ségou;
*  The Inner Delta from Ségou to Tossaye;
*  The Middle Niger between Tossaye and Malanville;

*  The lower Niger from Malanville to the river’s mouth in the gulf of Guinea.

This study focuses on the Middle Niger presented in more detail in the following section.
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1.2, The middle Niger River basin

The middle Niger River is the stretch of the river just after the Niger’s inner delta and up to the
Niger/Benin border with Nigeria. The Niger’s inner delta located in Mali is a vast area of lakes
and braided streams in which large evaporation and infiltration losses occur. Between Tossaye in
Mali and the Republic of Niger, the Niger River does not receive any tributaries and its discharge
continues to decrease up to its confluence with its right bank tributaries beginning with the

Gorouol (see Figure I- 3).

The middle Niger River receives six tributaries that originate in Burkina—Faso (Gorouol, Dargol,
Sirba, Goroubi, Diamangou, and Tapoa) and three that originate in Benin (Mékrou, Alibori, and
Sota). A peculiarity of the middle Niger River is that all its present day tributaries are on its right
bank, its left bank having no significant tributaries. The middle section of the Niger flows in a
southeasterly direction through the semi-arid Sahel region towards the more humid savannah,

with a basin area located in a semi-arid to tropical climate (200-1000 mm annual rainfall).

The middle Niger is described in detail by ORSTOM [1970], Brunet-Moret et al. [19806], and
Andersen et al.[2005].

1.3.  Location of the study area

Within the vast middle Niger River basin, three sub-basins were selected as case studies to meet
the objectives of this study. Even though the middle Niger River has eight tributaries, three of

them were the focus of this study and were chosen to represent the two major climatic regions of

the basin, the Sahel and the Sudan.

Two Sahelian basins for which river discharge data was largely available were therefore selected
(the Gorouol and the Sirba rivers) in order to evaluate the sediment contribution of Sahelian
tributaries to the middle Niger River. The Gorouol basin was of particular interest because
sediment sampling had been carried out on the Gorouol at Dolbel by ORSTOM [R Gallaire,
1986] and because it’s confluence with the Niger River is located just upstream of Kandadji, the

site of a proposed dam on the Niger River.

The Mékrou basin was chosen in order to compare the Sahelian basin with the major Sudanian

basin of the middle Niger River.

The magnitude of the sediment contributions of the intermediate tributaries shown in Figure I- 3
should be observable from the sediment flux measured along the middle Niger River in part V of

this work.
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1.4. 'The Sahel

The Sahel is the climatic zone between the Sahara desert and the savannah lands to the south. It
is characterized by the strong climatic seasonality with a short rainy season and a long intensely

dry season. Its exact limits have been a point of debate [Y L'Hdte et al., 2003; P Ozer et al., 2003].

1.4.1. Characteristics of the Sahel

The Sahel can be defined based on precipitation, as receiving 100 to 200 mm of annual rainfall at
its northern limit and 500 to 600 mm of annual rainfall at its southern limit. [ A Anyamba and C |

Tucker, 2005; A T Grove, 1978; H N Le Houeron, 1980; S EE Nicholson, 1995].

It includes much of the countries of Mauritania, Senegal, Mali, Niger, Chad, the Sudan and the
northern fringes of Nigeria and Burkina Faso. Extending from approximately 12°N to 18°N, the
Sahel is an ecological zone of climate and vegetation which represents a transition between the
desert in the north and the more humid Savannah to the south [H N Le Houerou, 1980; § E
Nicholson, 1995]. The Sahel is essentially a zone of grassland and scrubland and is sometimes
defined by the length of the rainy season which ranges from about 2 months in the north to

about 3 months in the south [§' E Nicholson, 1995].
A generalized vegetation map of the Niger River basin is presented in

Figure I- 4.

1.4.2. The present state of the Sahel

Precipitation in the Sahel is characterized by a large multi-decadal variability; these large
variations in rainfall have had a profound impact on vegetation dynamics in the region. The
prevailing situation in the Sahel has been described by researchers and policy makers as drought
(C T Agnew and A Chappell, 1999; P A Jacobberger, 1988; Y L.'Hite et al., 2003; Y L'Hdte et al., 2002;
E Roose, 19906];desiccation [M Hulme et al., 2001; A Tarbule, 2005] or even desertification [C |
Tucker et al., 1991].

Agnew and Warren [1996] make an important distinction in defining droughts as short periods
(1-2 years) of below average moisture supply; desiccation as a process of aridisation lasting
decades; and land degradation as a persistent decrease in the productivity of vegetation and soils ,
while desertification is a land degradation process of plant and soil resources under human

impact [H E Dregne, 1980].

12



This variability in rainfall has led to a recent period of desiccation that began in the late 1960s and
from which the region not yet fully recovered. While most scientists agree that the region is
experiencing ongoing desiccation [Y L'Hdre et al., 2002], others suggest that the rains might have
recovered [A Anyamba and C | Tucker, 2005; P Ogzer et al., 2003], and yet others posit that

abnormality for a region with such variability as the Sahel is a misnomer [M Hulme, 2001].

Below average water supply according to Dracup et al.[1980] can be described in terms of stream
flow and reservoir storage for hydrologists, in terms of precipitation for meteorologists, in terms
of soil moisture for agriculturists, or even in terms of a society’s productivity and consumption

for economists.

Available data for the Sahel (from 1905) shows a marked departure from average rainfall
conditions from around 1968 to present, some parts of the region can be said to be experiencing
a period of desiccation caused mainly by a reduction in precipitation as input and reduced stream

flow and soil moisture as the effects or outputs.

13
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2. Climate and environment of the study
area

2.1.  Precipitation

Average rainfall within the study area varies from 300 mm in the north to about 1000 mm in the
south as the Niger River flows from the semi-arid Sahelian zone towards the wetter savannah.
Data from the Badoplu (Base de données pluviométriques) and EPSAT-Niger (Estimation of
precipitation by satellite-Niger) networks were used to calculate average rainfall values over the

study area. A map showing the average precipitation over the study is presented in Figure I- 5.

Rainfall data for the period (1950 to 2006) from 32 rain gauge stations in the study area were
obtained and used to determine the average rainfall isohyets. Where possible, only stations with
continuous records were used to determine the average precipitation over the study area. The

period of operation for each of the stations is detailed in Table I- 1 for the Badoplu data and

Table I- 2 for the EPSAT-Niger data.
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Table I- 1: Rainfall record for the study area (Badoplu d