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:

00385629v2

HAL Id: tel-00385629
https://theses.hal.science/tel-00385629v2
Submitted on 19 May 2009

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-00385629v2
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.

15



Table I- 1: Rainfall record for the study area (Badoplu data)

Station Start date End date /o of complete Station Start date End date /o of complete
data data
Ansongo 1950 1976 89 Hombori 1950 1990 100
Aribinda 1950 1990 100 Kandi 1950 1997 100
Ayorou 1950 1990 100 Kantchari 1950 1980 100
Bani 1950 1990 100 Kolo 1950 1978 97
Banikoara 1954 1997 100 Malanville 1950 1992 98
Bilanga 1968 1990 100 Markoye 1950 1990 100
Bogande 1950 1990 100 Niamey-aero 1950 1990 100
Bouroum 1965 1990 100 Niamey ville 1950 1980 100
Dakiri 1962 1990 100 Ouallam 1950 1990 100
Diapaga 1950 1990 100 Ouatagouna 1950 1988 100
Dolbel 1959 1980 100 Say 1950 1990 100
Dori 1950 1990 100 Sebba 1956 1979 100
Gaya 1950 1990 100 Tera 1950 1980 87
Gorgadiji 1950 1990 100 Tillabery 1950 1980 100
(;Ziiiﬁ 1950 1990 100 Torodi 1950 1990 100
Gotheye 1950 1990 100 - - - -

Table I- 2 : Rainfall record for the study area (EPSAT-Niger data)

Station Start date End date % of complete data
Kolo 1990 2006 100
Niamey-aero 1991 2006 100
Niamey ville 1990 2006 100
Torodi 1991 2006 100

16
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2.2.  Topography and runoff

Although the longitudinal profile of the Niger River becomes steeper as it leaves the inner

delta, (see Figure I- 6) the basin of the middle Niger basin has a relatively smooth

topography.
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Figure I- 6 : Longitudinal profile of the Niger River (after NEDECO, 1959)

Due to the small differences in topography, concentration of flow hardly occurs and overland

flow generally takes the form of sheet flow [§' M 1sser et al., 2005].

The Niger River is the only perennial watercourse in the study area as its tributaries are more

dependent on the very short local rainy season.

At Niamey, the maximum flows are usually two-fold: a first peak flow during the local rainy
season and a second peak that occurs in the dry season and that is due to the delayed flood from

the inland delta upstream [I Andersen et al., 2005].

Desconnets et al. [1997] studied the left bank of the middle Niger River, and found that most of
the runoff from precipitation ends up in pools which later infiltrate or evaporate with only about
1-2% of annual precipitation reaching the river Niger. They described the area of the middle
Niger’s left bank as being composed of hundreds of small hydrologic components that are rarely
connected to each other, a phenomenon known as “endorheism” as opposed to “exorheism” on

the middle Niger river’s right bank where there are several significant seasonal tributaries .

18



2.3.  Geology and soils

Rock lithology and soil type are important factors that affect soil erosion. Weaver [1991]
indicated the existence of a strong relationship between geology and soil characteristics and noted
their significance with respect to the spatial variation of soil erosion. The geological and soil

characteristics of the study area are described in the following sections.

2.3.1. Geological setting of the region

The West African craton, which is the interior portion of West Africa that has been stable for
about 2000Ma [R Black, 1985a], covers a large part of West Africa where the Niger River’s basin
is located. It is bounded to the east by a Neoproterozoic (1000 to 570Ma) trans-Saharan
orogenic segment which is part of an over 3,000 km long linear Pan-African mobile belt that is of
a sedimentary and volcanic nature [R Caby, 2003; H Porada, 1989]. This mobile belt includes the
Tuareg shield to the north and the Nigerian shield to the south [R Black, 1985a; N Ennib and J-P
Liégeois, 2008; C Morean et al., 1994]

2.3.1.1  Geological history of the Niger River basin

NEDECO [1959] attempted to show that before the early Pleistocene (1.6 Ma) the present day
Niger River was not one but two separate river systems until the “upper Niger” (upstream of the
Niger’s inner delta) was captured by the lower or Nigerian Niger at Tossaye in the late
Pleistocene (~10,000 years ago). This may explain the form of the longitudinal profile of the
Niger River in Figure I- 6. NEDECO (1959) supported this assertion by pointing out the
relatively high variation in elevation at higher altitudes of the upper Niger’s basin above

Koulikoro compared to the lower Niger basin and the reverse at lower altitudes.

One hypothesis of how this capture occurred proposed by Urvoy and cited in NEDECO (1959)
is that at the end of the tertiary period and because of the tilting of large areas caused by
subsidence and upheaval, the upper Niger drained towards the gulf of Senegal through the
Senegal River. During a second phase of upheaval, either because of the formation of a sand
dune barrier or because of crustal warping of the Ségou basin area, the connection between the
upper Niger and the Senegal was severed with the upper Niger becoming part of the Araouane
basin, a basin of internal drainage. The Tilemsi basin was divided into two separate basins, with
the northern basin draining off into the Tanezruft basin and the southern branches towards the
lower Niger. During a more humid period, probably ca. 75,000 years B.P, the upper Niger filled

the Ségou, Timbuktu, and Araouane lakes until it overflowed the Tossaye sill, by eroding a gap in

19



the underlying Cambrian rocks joining the Tilemsi (a now fossilized tributary of the lower Niger
that joins the Niger above Ansongo). This hypothesis is illustrated in Figure I- 7 where the
present day Niger basin is depicted as well as the active basin highlighted in darker blue. The
shapefile for Niger river’s active basin was obtained from HydroSciences Montpellier:

http:/ /www.hydrosciences.fr/sierem/produits/index.asprframe=datasig.
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Quensicre et al.[1994] questioned the possibility of the upper Niger’s capture by the Tilemsi at
the proposed geological timeline particularly because of the size of the gap in the Tossaye sill.
Citing Beaudet et al. [1977] they posited that the magnitude of erosion present at the Tossaye sill
would have required a much longer period than that between the late Pleistocene and the present

(10,000 years) to occur.

An in-depth geological chronology of the study area is outside the scope of the present study but
is well described by Bessoles [1977], Black [1985 a, b] and Bellion [1987].

The geological formations in the Niger River basin range from Archean to more recent alluvial

deposits.

At its source in Guinea, the Niger flows over mostly Precambrian eruptive granites. Ancient
schists overlain by Neogene-Palacogene alluvial deposits mark the basin’s deposition history as it
traverses Guinea. For the rest of its upper course, the Niger River flows across sediments and
low grade sediments of the carboniferous-Neoproterozoic period as well as dunes and laterites of

the Recent-Neogene period.

2.3.1.2  The geology of the middle Niger River basin

As it bends and flows in a southeasterly direction, the Niger River in its middle section traverses

the following geologic formations described below and presented in Figure I- 8:

1. Recent Neogene: As it exits the inland delta and up to Gao, the Niger traverses dunes

and laterites of the recent Neogene.

2. Carboniferous- Neoproterozoic: Between Ansongo and Labezanga, the Niger River
crosses a band of sediments and low-grade metasediments of the Neoproterozoic era

and Carboniferous period.

3. Paleo-proterozoic: Between Labezanga and Gotheye upstream of the Sirba’s confluence
with the Niger, the Niger River traverses granites, gneisses, schists, migmatites and

amphibolites of the Paleo-proterozoic era.

4. Neogene-Paleogene: Lacustrine and marine sediments of the Neogene to Palacogene
period are dominant as the Niger flows between Farié-Haoussa and Kirtachi. As the
Niger passes through the “double V”, sediments and low-grade sediments
(Carboniferous-Neoproterozoic) interrupt this formation. Between Boumba and
Malanville the Niger river is bounded by lacustrine and marine sediments of the
Neogene-Palacogene on its left bank and alluvial sediments of the recent Neogene

period on its right bank.
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Figure I- 8: Geology of the Middle Niger basin adapted from Schliiter (2006)
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Figure I- 8 shows the geological formations of the middle Niger River basin adapted from
Schliiter [20006]. A large part of the middle Niger basin is undifferentiated Archean basement. The
most recent formations are lacustrine sediments from the Neogene-Palacogene period found
near the Sirba’s confluence with the River Niger as well as clastic sediments in the Gorouol basin.
Alluvial sediments from the recent neogene are located near the Mékrou’s confluence with the

Niger River.

The Gorouol basin is composed mainly of the Archean basement and carboniferous sediments
and metasediments, metamorphic rock formations as well as more recent dune and laterite

formations.

A large proportion of the Sirba basin, especially its upper basin, is of undifferentiated Archean

basement; while more recent sedimentary formations are found in its lower basin.

The Mékrou’s basin is composed mainly of granites, gneisses, and schists in its upper basin and

sediments and metasediments in its lower basin.

2.3.2. Soil properties

Soil properties are dependent upon climate, vegetation cover, topography, as well as parent
material and weathering. The dominant soils of the study area are described using the FAO-
UNESCO soil classification system. An understanding of the characteristics of the soils in the

study area is necessary in order to evaluate their vulnerability to erosion.

2.3.2.1  Soils in the middle Niger River basin

Periods of drought exacerbated by wind and water erosion, as well as agricultural overuse
(overgrazing, deforestation etc.) in the semi-arid Sahel is of major concern in terms of agriculture
and land conservation. Knowledge of the properties and characteristics of soil is important in

gaining an understanding of the study area’s vulnerability to erosion.

According to the FAO [2003] soil map, the major soils of the middle Niger River basin include
the following as described by Driessen et al. [2001]

*  Arenosols, which are correlated to the French classification system as “classe des sols
minéraux bruts” and “classe des sols peu évolués™ are siliceous and calcareous sands
that occur in arid to humid climates and in sandy plains under mostly spatse and/or
grassy vegetation. In semi-arid areas like the Sahel, they are associated with areas of
shifting sand dunes. They tend to be weakly structured and their top soils are liable to

water and wind erosion.
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- Cambic Arenosols have a genetically young subsurface horizon showing
evidence of alteration relative to underlying horizons, such as modified
colour or removal of carbonates.

- Luvic Arenosols have a subsurface horizon having distinctly more clay than
the ovetlying hotizon because of illuvial transfer of clay and/or destruction
or selective erosion of clay in the surface soil.

Luvisols (sols lessivés) are characterized by clay mobilization in their top soils and are
susceptible to structural degradation. They are a source of particulate clay transfer to

surface waters.

- Ferric Luvisols have a subsurface horizon in which segregation of iron has
occurred to the extent that large mottles or concretions have formed in a
matrix that is largely depleted of iron.

- Gleyic Luvisols are those that show visible evidence of prolonged water
logging by shallow groundwater.

- Plinthic Luvisols possess a subsurface horizon consisting of an iron-rich,
humus-poor mixture of kaolinitic clay with quartz, which changes
irreversibly to a hardpan or to irregular aggregates on exposure to repeated
wetting and drying.

Regosols, known in the French classification as “Sols peu évolués régosoliques
d’érosion” or “Sols minéraux bruts d’apport éolien ou volcanique”, are common in
eroding lands and particularly in arid or semi-arid areas or mountain regions. Many
Regosols form a hard surface crust early in the dry season and hinder the emergence of

seedlings and infiltration of rain in the wet season.

- BEutric Regosols are Regosols with 50% or more base saturation.

- Dystric Regosols are low base soils.
Planosols, from the latin planus or flat, are soils with a degraded eluvial surface horizon
abruptly over dense subsoil that are subject to water saturation in wet periods because

of stagnation of rain or flood water.

- Solodic Planosols are soils formed in arid or semi-arid areas where more
soils are input at the soils surface than can be removed by leaching. They
have an acidic subsurface horizon over a hard compact underlying horizon.

Lithosols, also known as Leptosols, are genetically young soils with no clearly expressed
soil morphology and consisting of freshly and imperfectly weathered rock or rock

fragments. They are generally free-draining soils that may have groundwater at shallow

depth.
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*  Vertisols are heavy clay soils with a high proportion of swelling. The name Vertisols
from the Latin vertere, to turn, refers to the constant internal turnover of soil materials.
They occur in depressions and level to undulating areas with an alternation of distinct

dry and wet seasons.

- Chromic Vertisols are Vertisols with a reddish colout.
e Cambisols, also known as “sols bruns” in the French classification, that show a
beginning of horizon differentiation evident from changes in colour, and in semi-arid
regions are found in young deposition areas as well as in erosion areas after mature soils

have been eroded.

- Eutric Cambisols are soils with 50% or more base saturation.
- Vertic Cambisols are Cambisols with a subsurface horizon rich in

expanding clays.

A generalized soil map of the study area is presented in Figure I- 9.

Luvic Arenosols are the major soil group along the middle Niger River with a band of Eutric

Cambisols around the area of the Gorouol-Niger confluence.

Eutric Regosols described above, are the dominant soil in the Gorouol and Sirba basins. The
other major soils of the Gorouol basin are Luvic Arenosols and Cambic Arenosols. The southern
part of the Gorouol basin has areas of Solodic Planosols. Cambisols, Gleyic Luvisols and

Chromic Vertisols.

The other major soils of the Sirba basin include Luvisols, Arenosols, and some areas of

Planosols.

The soils in the Mékrou basin are mainly Ferric Luvisols, with some areas of Regosols and other

Luvisols.
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Figure I- 9: Generalized soil map of the study area
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2.3.2.2  Vulnerability of soils to erosion

Erosion is a natural process of soil loss that involves the detachment and removal of rock
particles by water and wind action. Geologic or normal erosion is the erosion of the earth’s
surface under natural or undisturbed conditions and is described by Roose [1990] as the slow
shaping of hillsides (0.1 to 1 t/ha/yr), while accelerated erosion due to human activity is 100 or

1000 times faster than normal erosion, usually between 10 to 700 t/ha/yr.

Diallo [2000] studied the erosion characteristics of soils on 100 m?> experimental plots in the
Djitiko basin, Mali (a sub-basin of the Upper Niger River). Diallo [2000] found the so/s ferrugineux
(Lixisols") and so/ brun (Cambisols) to be the most affected by changes in soil cover (from a fallow
state to a bare soil state) in terms of runoff as depicted in Figure I- 10. In terms of erosion, the

same two soils were the most susceptible to water erosion when changed from fallow to bare soil

as shown in Figure I- 11.
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Arenosols Cambisols Lixisols Regosols

Figure I- 10: Runoff coefficients of some soils(adapted from Diallo [2000]

! Lixisols are known to be particularly prone tosiom when exposed to the direct impact of raind(@yg&ssen
et al. 2001).
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Figure I- 11: Estimated rate of erosion of some soils(adapted from Diallo [2000]

Casenave and Valentin [1989] suggested that in addition to soil type and perhaps more
importantly, the infiltration and runoff characteristics of soils are dependent upon “soil surface
features”. They defined the soil surface features in terms of soil porosity, faunal activity (the
presence of termites and earthworms) and the percentage of large soil particles (>2 mm) in the

0 - 20 cm horizon.

Using rainfall simulation experiments Casenave and Valentin [1989] studied the behaviour of
different types of cultivated and non cultivated soils and reached the conclusion that surface
crusting was the major factor controlling infiltration and runoff on Sahelian soils. They found
uncultivated soils, with crusted surfaces with less than 20% earthworm activity to have the lowest
rates of infiltration and the highest runoff coefficients. Although their experiments did not test
soil types such as Arenosols and Vertisols, they estimated that these soils would have very low

infiltration rates and relatively high runoff coefficients.

2.4.  Vegetation

Vegetative cover influences soil erosion dynamics by protecting the soil surface from raindrop
impact, maintaining or enhancing soil infiltration capacity, holding soil particles in place and
reducing runoff velocity [B | Fu et al., 2005] .Vegetation clearance on the other hand has been
known to increase erosion or sediment production by an order of magnitude or more [D E

Walling, 1999].

The Sahelian landscape supports mainly wooded vegetation (typically between 1.5 and 4 metres

tall) and grassland.
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The chief woody species are acacias such as Acacia tortilis as well as A. laeta, Commiphora
Africana, Balanites aegypticiaca. The density of the larger woody plants is variable and largely
dependent upon water supply and the amount of human interference [ White, 1983] and form a
pattern of alternating vegetated stripes and bare areas also known as “tiger bush” [§" Galle et al.,

1999]

The grass is more or less continuous and is usually not more than 60 cm tall consisting of mostly
of annual species like Cenchrus biflorus, Schoenefeldia gracilis, Aristida stipoides and Tragus
racemosus,. Grasses are replaced by annual weed such as Boerhavia coccinea and Tribulus

terrestris in heavily grazed and trampled areas [F' White, 1983].

The northern limit of Cenchrus biflorus an annual grass is often regarded as the southern border
of the Sahara, while Faidherbia albida, Adansonia digitata (Baobab) and Vittelaria paradoxa (Shea
tree) are found in the Southern part of the Sahel and the Sudan savannah. The density of

vegetation cover is the major difference between the Sahel and the Sudan regions [M Loireau,

1998].

Sahelian flora are described and discussed in detail in White [1983] and Courel [1985]

2.5. The human influence on land cover in the

study area

Human activities such as urbanization, land use for agriculture, and livestock grazing increase the
potential for soil erosion because they alter the natural soil surface properties. According to
Wilkinson and McElroy [2007] human activity has outstripped geologic processes such as rock
uplift and denudation of orogenic belts as the most important continental surface changing

factor.

In the study area, population growth is the driving force behind land use change. The average
annual rate of population change for the four countries in which the middle basin of the Niger
River is located (i.e. Benin, Burkina-Faso, Mali and Niger), ranged from 2.98% to 3.52% for the
period between 2000 and 2005. The United Nations population division forecasts that between
2005 and 2010, Niger followed by Mali will have the highest rate of natural population increase
[United Nations, 2007].

A comparative plot of population growth for the four countries showing the rapid population
growth of the Niger Republic is presented in Figure I- 12 with data from United Nations

Population Division’s population database [Uwited Nations Population Division, 2000].
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Figure I- 12: Population estimates/projections for the middle Niger basin countries

(1950-2010)

Dolman et al. [1997] inferred that such local influences along with external forces like regional
climatic conditions may be responsible for the reduction in vegetation and rainfall leading to

sometimes permanent degradation of the land surface in the Sahel.

The demographic pressure on the region is accentuated by the fact that around 90 %’ of the
Sahelian population of the study area is dependent on agriculture for their livelithoods [F.AO,
2008a] and firewood is widely used for cooking. In the Sahelian areas of the study area, the
natural vegetation cover has steadily given way to millet fields. According to the Statistics division
of the Food and Agricultural Organization [F.40, 2008a] the area of land harvested for the total
of cereals, roots and tubers and vegetables in Niger, for instance, has more than ttipled3 since

1961 (see Figure I- 13a).

Figure I- 13a shows the evolution of cultivated land for the countries of the middle Niger basin,
while Figure I- 13b presents cultivated land as a percentage of each country’s total agricultural

area.

Figure I- 13a and Figure I- 13b show that there is only a slight increase in the evolution of the
area of cultivated land in the other three countries compared to Niger. A slight decrease in

cultivated area as a percentage of the total cultivable area was observed for Benin.

% See Table Al in appendix A for data
% See Table A2 in appendix A for data
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According to Foley et al. [1997] reports up to 1989 had estimated fuel wood consumption to be
between 0.6 and 0.8 kilogram/head/day with an estimated average potential woodland

productivity of about 315 kilograms/hectare/yeat.

The widespread used of firewood for cooking is another reason for the clearing of natural
vegetation. Foley et al. [1997] citing two studies carried out in 1984 and 1990 indicated that the
fuel wood consumption in Niamey was 110,000 and 133,000 tonnes per annum respectively,

highlighting the increasing wood consumption.
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3. Studying the transport of sediment in the
River Niger

Syvitski et al. [2005] estimated that global seasonal sediment fluxes have increased by

2.3 £ 0.6 billion tons/year through soil erosion under human influence.

Several studies have sought to understand or quantify the impact of land use or land cover
change on basin-scale fluvial sediment dynamics in various circumstances and using various
methods. It is widely accepted that vegetation cover affects river sediment transport because it
affects runoff as well as the rate of erosion with the amount of vegetation cover and runoff

production being inversely related.

3.1.  'The transport of sediment

Sediment and its transport in streams and rivers are studied in order to draw information not just
on sediment transfer but also on the erosion and deposition processes under given hydraulic

conditions as well as the possible effects of these processes on the environment.

Variations in stream and sediment transport characteristics such as the mode of transport,
sediment supply or availability, river discharge, and turbulence make the measurement of

sediment load extremely complex.

Sediment load in rivers can be subdivided by source as washload and bed material load or by
mode of transport as suspended sediment and bedload. By source, washload is sediment
transported from upland sources, while bed material load is sediment derived from denudation of
the riverbed. By mode of transport, the suspended sediment is that portion that is dispersed and
carried in suspension by flow turbulence and is usually comprised of the clay, silt, and fine sand
fractions of sediment. Most of the washload and the finer fractions of the bed material load are
transported in suspension. The bed load is that fraction of the total load that is almost continually
in contact with the riverbed and is transported by sliding, rolling, or saltation by the shear stress

of the water flow acting on the riverbed.

The variations that can exist from one point to another within a river system make it impractical
to expect to be able to continuously measure sediment load everywhere within the system.
According to Hicks and Gomez [2003], it is therefore the sampling of these variations in a river
system that provide an insight to the sediment load being transported within the system.

Techniques for the measurement of sediment transport are discussed further in parts I1I and V.
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3.2.  Previous regional sediment measurement
efforts

Grove[1972] citing Gallais reported that semi-monthly suspended sediment measurements on the
Upper Niger River were carried out at Koulikoro as far back as 1923 with concentration values
that ranged from 107 mg/1 in July, 50 mg/1 at peak discharge and less than 40 mg/1 in the dry
season. Picouet [1999] reported that a weekly measurement program on a stretch of the Upper
Niger River up to the Niger’s inland delta between 1991 and 1997 produced similar concentration
values that ranged from 0.1 to 82 mg/1 at Banankoro, from 0.8 to 88 mg/1 at Koulikoro and
from 1.5 to 213 mg/1 at Ké-Macina. Figure I- 14 indicates where these measurements were made

as well as measurement locations on the middle and lower parts of the Niger basin.

The earliest sediment concentration measurements for the middle Niger basin were probably
those conducted between 1976 and 1982 by “Office de la Recherche Scientifique et Technique
d'Outre-Mer” ORSTOM for the feasibility study of a proposed dam on the Niger River at
Kandadji. The study involved the measurement of suspended sediment concentration at
Kandadji and Niamey on the Niger River and at Dolbel on Gorouol River. Measurements were
made at three-day intervals. The observed values for suspended sediment concentration ranged
from 2 mg/1 to 1600 mg/1 at Kandadji on the Niger River and between 94 mg/1 and 5940 mg/1

at Dolbel on the Gorouol River.

In the lower Niger, at 14 stations between Jebba and Aboh in Nigeria, the NEDECO study
[NEDECO, 1959] obtained suspended sediment concentrations between 50 and 510 mg/l in a
data sample of 72 infrequent measurements between 1956 and 1958. It is worth noting that the
majority of observations were carried out in the dry season, while the observed maximum
concentration of 510 mg/1 at Kelebe occurring in August (rainy season) compared to 80 mg/1
observed at the same station in November, indicating that higher concentrations may have
occurred during the rainy season at the other stations. These results illustrate the importance of

sampling frequency in the quantification of sediment transport.

Although the sediment concentration values were measured at different periods, it can be noted
from the foregoing that the sediment concentration measured on the Niger River increases in a
downstream direction with the largest observed variation occurring at Kandadji in the Niger’s
middle basin. The observed sediment load carried by this stretch of the Niger River combined
with reducing river discharge makes it important to study the sediment transfer dynamics of the
middle Niger River basin. The sediment measurement and transfer dynamics are discussed in

more detail in part V of this work.
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4. Conclusion

The study area and its climatic and environmental context have been described in the

introductory part of this study.

* The soils in the study area are essentially a product of the region’s geological history. A

review of the soils in the area shows that:

- The soils of the study area are susceptible to wind and water erosion. In
addition, soils that represent young deposits are found along the middle
Niger River.

- The major soil type in the Gorouol and Sirba basins is one that is typical of
eroding lands, and in which surface crusting occurs, hindering infiltration
and possibly increasing runoff when the soils are bare. Other major soil
types are weakly structured and are liable to wind and water erosion.

- In the Mékrou basin, the major soil type is one that favours clay particle
transfer from the surface horizon to watercourses.

* The study area is under strong demographic pressure with a rapidly increasing population
that is dependent on agriculture as a means of livelihood, and firewood as an energy

source.

* Previous sediment measurement programs on the Niger River show a trend of increasing

sediment concentration as the Niger flows from its source towards the study area.
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Part 11 - River form and

bed evolution of the
Middle Niger River
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Most alluvial rivers are dynamic and are continually self-adjusting to naturally occurring climatic
or human-induced changes. These self-adjustment processes are primarily vertical or lateral in
nature [§ A Schumm]. Channel form changes include scour or deposition, as well as channel
migration, channel widening or contraction and according to Montgomery and Buffington [1997]
mainly reflect changes in river discharge and sediment input. Extreme river channel changes
frequently have negative consequences for navigation, the aquatic ecosystem and increase the risk

of flooding.

This part of the study aims to:

*  Examine the nature of medium-term (20 — 35 years) channel planform change for three

reaches of the middle Niger River using a series of multi-temporal satellite imagery.

*  Explore the relationship between observed channel changes to river discharge, human

influences, and other factors.
*  Measure possible sediment sources and erosion patterns in the middle Niger River basin

* Determine the long-term change in erosion and accretion patterns by comparing
riverbed level data from a previous survey to recently measured riverbed levels for some

portions of the study area.
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1. River plan form change

Alluvial channel patterns can be largely explained on the basis of in-channel flow resistance and
sediment transport dynamics combined with the external factors imposed on the reach by the
river’s physical environment such as valley slope and width as well as boundary conditions like

bank strength [H Q Huang and G C Nanson, 2007].

Alluvial river channel patterns are the result of continual processes of self-adjustment and include

straight, meandering, braiding and anabranching types.

1.1. Data

Landsat images from 1973 to 1999 of the three study reaches were acquired from Agrhymet and
the Global Land Cover Facility, GLCF. The images were chosen to cover four periods where
possible, the 1973-1979 period (the earliest available Landsat images), 1984, the 1989-1992
period, and 1999. The three reaches of the middle Niger River were chosen with particular
attention to the three tributaries under consideration for this study (The Gorouol, Sirba and

Mcékrou rivers) in order to contrast patterns of change that may be related to these tributaries

The three reaches considered in this analysis have distinct characteristics; they are described

below and represented in Figure II- 1.

* Reach 1is about 115 km long and comprises the Gorouol-Niger confluence. Landsat
images from 1979, 1984, 1992, and 1999 were analysed for this reach. The major
distinguishing feature of the Niger River in reach 1 is its complex anabranching form

particularly near the Gorouol-Niger confluence.

* Reach 2is a 150 km long stretch that includes the Sirba-Niger confluence, starting after
the Dargol-Niger confluence, and extends up to the town of Say. Landsat images from
1975, 1984, 1989, and 1999 were analysed. A Corona’ image mosaic covering a smaller
portion of reach 2 was also analysed and compared to the 1975 and 1999 images. Reach
2 can be described as a mainly braided stretch of the Niger with a lesser degree of

anabranching occurring around the Sirba-Niger confluence and near Niamey.

* Reach 3 is a 100 km stretch that includes the Mékrou-Niger confluence starting above
Kirtachi and ending a few kilometres beyond Boumba and the Dallol Bosso. This reach

also includes the Tapoa-Niger confluence. Landsat images from 1973, 1984, and 1999

* The image processing for the Corona imagery isudised in part 11
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were available for comparison. The area common to all three images is compared but in
addition, a comparison between the 1984 and 1999 images covering a larger river length

is presented.

Reach 3 includes the “double V” section of the Niger River, has a few anabranches, and

is relatively straight after Boumba.
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Figure II- 1: The middle Niger River and the study reaches
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A series of near anniversary Landsat images and a Corona image mosaic were used to compare
the changes in river planform between the 1965 and 1999 for 3 reaches of the middle Niger
River. A summary of the satellite images used in the analysis as well as discharge data at some

representative discharge measurement stations on the image dates are presented in Table II- 1.

Table II- 1: Satellite imagery and discharge data for the study reaches

N Image date Path/row Pixel Discharge (m3/s) at gauging station
size(m) Ansongo Kandadji Niamey Malanville
29/11/1979 208/050 57 1840 1840 1800 -

) 05/11/1984 194/050 28.5 1060 N/A 1030 -
18/10/1992 194/050 28.5 1270 1180 1000 -
22/10/1999 194/050 28.5 N/A 1430 1300 -
13/10/1965* N/A N/A - - 1460 1740
22/11/1975 207/051 57 - - 1650 1570

2 14/11/1984 193/051 28.5 - - 1050 N/A
20/11/1989 193/051 28.5 - - 1220 1140
31/10/1999 193/051 28.5 - - 1370 1490
29/09/1973 206/051 57 - - 1030 1230

3 07/11/1984 192/051 28.5 - - 1040 N/A
09/11/1999 192/051 28.5 - - 1460 1420

* CORONA satellite image DS 1025-2122DF (049 to 052)

Outlines of the three study reaches are presented in Figure II- 2 to Figure 1I- 4.
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1.2. Methods

» Data processing

For each study reach, the older images were co-registered to the most recent image (the 1999
image) using features common to both features such as road intersections and infrastructure such
as the Niamey airport. Between 6 and 10 points per image were used as tie points and the images
were warped using a first order polynomial and nearest neighbour resampling. An example is

found in part I1I of this work.

Image registration errors ranged from between 0.35 to 1.76 metres, which were acceptable

considering the 1999 image pixel size of 30 metres.

» Data analysis

In order to study the planform change of the three reaches, it was necessary to characterise such
channel form characteristics as the channel width, channel area as well as the vegetated island
area. To achieve a more consistent discrimination of the water/land/vegetation boundary, the
results of an unsupervised classification were used as the basis for deriving the riverbank lines. A
comparison of a simple false colour combination (742) and the results of the unsupervised
classification is presented in Figure II- 5 and Figure II- 6 to highlight the usefulness of this
procedure for the delineation of the water-vegetation boundary. In Figure II- 6, water is
represented in shades of blue; vegetation is represented in shades of green while bare soil is white
and brown. The procedures for the unsupervised classification will be discussed in part III of this

work.
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1.3. Channel variables

A geographic information system (GIS) was used to generate channel measurements necessary

for the multi-temporal comparison of channel planform.

Richard et al. [2005] defined the active channel as the non-vegetated portion of the channel
excluding middle channel bars and islands and the total channel as including middle channel bars
and islands. For the purposes of this study, flooded vegetation was not considered as part of the

active channel.

The total river channel area was derived by calculating the area of the polygon encompassing

the limits of both banks of the river including the islands.

The active river channel area was derived by subtracting the island area from the total channel

area.

River centre lines, which represent the river’s mean position for a given period, were derived
for each study reach as a line joining the channel mid-points calculated at a maximum of 500-

metre intervals.

The average channel width was estimated as the ratio of the channel area to the length of the

centreline.

A summary of the results of this analysis is presented in paragraph 1.4 . The results are presented

graphically in appendix B for the three reaches.

1.4. Results and discussion

Alluvial rivers sometimes meander and migrate as they erode and deposit sediment along their
banks. River migration rates are of interest to river managers because of the threat posed by

highly mobile rivers to engineering structures as well as to human settlements.

In temperate regions, river migration rates are reported to range from 0.1 m/yr to more than
7.2m/yt [A Alvarez, 2005]. An example of a more rapidly migrating river is the Brahmaputra-
Jamuna River in southern Asia with a migration rate of up to 50 m/yr between 1830 and 1992 [N
I Khan and A Islam, 2003]. In South America, Mertes et al [1996] reported a migration rate of
140 m/yr (or 3% of its channel width) for the Amazon River in Brazil, and citing Kalliola et al. ,
Mertes et al [1996] reported migration rates of up to 400 m/yr (or 37% of its channel width) for
the Amazon River in Peru. In tropical Africa, Gilvear et al. [2000] reported a migration rate of up

to 33 m/yr for the Luangwa River in Zambia.
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In terms of river migration, the middle Niger River does not exhibit an excessive migration and
its centreline has remained relatively stable between the 1970s and 1999 although the three study
reaches have widened or contracted in the same period. The derived polygons delineating the
riverbank lines, islands, as well as the derived river centrelines are presented in appendix B, and a

summary of the results are presented in the following section.

For all three reaches, the results show the river’s response to river discharge and sediment supply
by the adjustment of its plan form such as the excision of ridges from the floodplain, bank

erosion, and development of anabranches as well as the abandonment of anabranches.

1.4.1. River centreline evolution

The movement of the derived centrelines for a given period was determined with respect to
another period for the same reach. The mean channel migration was determined in ArcGIS and is
presented in appendix B (Figure B- 12 to Figure B- 20 for reach 1, Figure B- 44 to Figure B- 52
for reach 2, and Figure B- 78 to Figure B- 79 for reach 3) . The mean migration distances and rates
for each reach are summarized in Table II- 2. The migration rate as a function of the river’s mean

width is also presented in the migration column.

Table II- 2 : Migration rates for the three study reaches

Mean width Mean Migration
Reach Period [ t (years) over the centreline Rate per width
petiod (m) movement (m) | Rate (m/y1) (m/w/yr)
1979-1984 5 1530 197.2 41.7 0.027
1 1984-1992 8 1620 119.1 14.9 0.009
1992-1999 7 1570 84.4 12.1 0.007
1975-1984 9 710 103.2 11.5 0.016
2 1984-1989 5 735 51.5 10.3 0.014
1989-1999 10 740 48.7 4.9 0.007
3 1973-1984 11 420 71.1 6.5 0.015
1984-1999 15 420 27.9 1.9 0.005

For all three reaches, the period between the 1970s and 1984 witnessed the largest centreline

movement. The time-averaged migration rates for the three reaches are calculated and presented in

Table II- 3.
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Table II- 3 : Time-averaged migration rates for the three study reaches

Reach Migtation rate (m/yt) Migtation rate pet width(m/w/yt)
1 20.6 0.013
2 8.5 0.012
3 3.8 0.009

Opverall 10.9 0.011

The overall centreline migration rate of the three reaches is 10.9 m/year and

0.011 m/width/year.

When the Niger River’s width and the fluctuation in river discharge are taken into account, the
observed centreline migration rates are not elevated for the middle Niger River. The other
observed changes in channel form are presented in paragraph 1.4.2 and are discussed in

paragraph 1.4.3.

1.4.2. Change in channel form

1.4.2.1.Reach 1

An analysis of the images indicated that for reach 1 (see Figure II- 7), the following observations

were made for the period between 1979 and 1999.
e 1979-1984: A significant increase in channel area along with island area was observed
between 1979 and 1984.

e 1984-1992: Channel area decreased between 1984 and 1992, but island area increased

during the same period.

e 1992 — 1999: The total channel area remained near the 1992 level but island area

increased slightly, causing a reduction in the active channel area.
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Figure II- 7: Channel area change in reach 1

Between 1979 and 1999, the middle Niger’s channel in reach 1 expanded (1979-1984) and
contracted (1984 -1999) in response to a variety of changes (see Figure II- 8).

The most significant change in average channel width occurred around 1984, with a significant
expansion in channel width between 1979 and 1984 while a continuous reduction of average

channel width was observed from 1984 up to 1999.
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Figure II- 8: Channel width change in a portion of reach 1
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1.4.2.2.Reach 2

The change in channel area in reach 2 is summarized in Figure II- 9.

e 1975-1984: As in reach 1, between 1975 and 1984 total channel area increased
significantly. The measured islands area also increased between 1975 and 1984 but the

active channel area also increased.

e 1984-1989: Channel area reduced in reach 2 between 1984 and 1989. Island area

continued to increase causing a reduction in the active channel area.

*  1989-1999: Channel area had increased to 1984 levels by 1999. The channel area

increased with a slight decrease in total island area.
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Figure II- 9: Channel area change in reach 2

Between 1975 and 1999 the active channel width of reach 2, contracted then expanded. As in
reach 1, the most significant changes in average channel width occurred around 1984. Channel
width increased between 1975 and 1984, while channel contraction occurred between 1984 and

1989. The channel width of reach 2 widened and attained the 1984 level (see Figure II- 10).

*  1975-1984: The active channel width increased significantly between 1975 and 1984.
*  1984-1989 : The active channel width narrowed between 1984 and 1989

e 1989-1999: Between 1989 and 1999, the channel area and channel width increased with

a slight decrease in total island area.
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Figure II- 10 : Channel width change in reach 2

A comparison of the channel plan form between 1965 and 1999 was also made for a ~ 70 km
stretch of reach 2 using a Corona image mosaic for October 1965 (see Figure I1I- 11 and Figure

II- 12). The 1975 and 1999 states are compared with the 1965 imagery.

O Total channel area
60 m Active channel area

O Island area

2
Area (km”)
N w iy ul
o o o o
| | | |

=
o
!

o
|

1965 1975 1999
Figure II- 11: Channel area change in a portion of reach 2

The results infer that reach 2 was already in a narrowing phase by 1975 as it narrowed slightly

between 1965 and 1975 over a smaller area.
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Figure II- 12: Channel width change in a portion of reach 2

1.4.2.3.Reach 3

In comparison to reach 1 and reach 2, reach 3 was relatively unchanged between 1973 and 1999

(see Figure II- 13 and Figure 1I- 14).

* 1973 — 1984: Total island area increased slightly in reach 3 between 1973 and 1984,

causing a slight decrease in channel area in the same period.

1984 — 1999: Total island area increased more significantly than the period between

1973 and 1984, causing a decrease in the active channel area even though the total

channel area increased slightly.
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Figure II- 13: Channel area change in reach 3
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Contrary to the observations in reaches 1 and 2, between 1973 and 1984, reach 3 narrowed
slightly and this trend continued between 1984 and 1999 (see Figure II- 14). It is noteworthy that
a large stretch of this reach of the middle Niger River is confined by the nature of its banks and
therefore lateral channel movement is limited.

* 1973 — 1984: The reduction in total average width was because of an increase in total

island area increased slightly in reach 3 between 1973 and 1984.

e 1984 —1999: Due to the continuous increase in island area, the active channel width of

reach 3 decreased further between 1984 and 1999.
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Figure II- 14: Channel width change in reach 3
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1.4.2.4.Summary

The channel characteristics of the three study reaches are summarized in Table II- 4 (channel

area) and Table II- 5 (channel width).

Table II- 4: Channel area characteristics of three reaches of the middle Niger River.

Reach Year Total channel Total island | Active channel Island/channel

area (km?) area (km?) area (km?) ratio

1979 164.17 80.20 83.97 0.489

1984 193.10 93.90 99.20 0.486

1 1992 182.31 98.29 84.02 0.540
1999 182.73 99.92 82.81 0.547

1975 99.69 25.87 73.82 0.259

1984 115.41 29.82 85.60 0.258

? 1989 106.59 31.30 75.29 0.294
1999 116.30 30.49 85.81 0.262

1973 41.71 6.85 34.85 0.164

3 1984 41.47 6.87 34.59 0.166
1999 41.97 7.87 34.10 0.187

* In reach 1, total channel area increased sharply between 1979 and 1984, reduced
between 1984 and 1992, and remained relatively stable between 1992 and 1999. The
island area to channel area ratio has steadily increased since 1979 due mainly to

anabranching in reach 1.

* In reach 2, two phases of total channel area increase were observed. The first phase of
channel area increase occurred between 1975 and 1984, and a subsequent phase of
channel area increase occurred between 1989 and 1999. Island area increased in reach 2

from 1975 up to 1989, and then slightly decreased between 1989 and 1999.

* Relative to reaches 1 and 2, reach 3 has changed only slightly. A slight decrease in the
total channel area was observed between 1973 and 1984, while between 1984 and 1999
the total channel area slightly increased. The active channel area in reach 3 has steadily

decreased since 1973 due to the increase in island area.

The effects of the changing channel characteristics are reflected on the river’s average width,

which are compared in Table II- 5 for the three reaches.
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Table II- 5 : Change in the average width of the middle Niger River

Reach Year Average Total Average active
channel width (km) | channel width (km)
1979 1.39 0.71
1984 1.67 0.86
1 1992 1.57 0.72
1999 1.57 0.71
1975 0.66 0.49
5 1984 0.76 0.57
1989 0.71 0.50
1999 0.77 0.57
1973 0.42 0.35
3 1984 0.42 0.35
1999 0.42 0.34

* The width of the active channel in reach 1 increased between 1979 and 1984, and
decreased between 1984 and 1992. The average active channel width measured for 1999

was the same as that for 1979.

* As with the channel area changes, the channel width measurements for reach 2
fluctuated between 1975 and 1999, increasing between 1975 and 1984, decreasing

between 1984 and 1989 and increasing again between 1989 and 1999.

* The slight fluctuations in the total channel area of reach 3 did not affect the total
channel width to the nearest 100 metres; however, the active channel width decreased

slightly between 1984 and 1999.

1.4.3. Factors responsible for channel form change

River channels are known to adjust to a variety of factors and the identification of the principal
causes of river channel adjustment can be complex. One of the common causes of river channel
adjustment is climatic perturbations such as fluctuations in the volume of annual precipitation
and flood frequency about a steady long-term average. In this case, river channels may be
expected to widen flowing a period of relatively high flows and to contract during below average

flow periods.

Channel widening can occur due to bank erosion without incision of the riverbed, but it can also

occur due to the instability of steep banks following riverbed incision.

Channel narrowing has been reported to take place due to the encroachment of vegetation.
Channel narrowing in sinuous channels can occur when the rate of alternate point bar exceeds

the retreat rate of the opposite cut bank. In anabranching systems, narrowing occurs when
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marginal anabranches are abandoned either as a result of decreasing discharge or as a result of
sediment deposition [The ASCE Task Committee on Hydranlics Bank Mechanics and Modeling of River
Width Adjustment, 1998].

1.4.3.1.Middle Niger River channel response to river discharge

Montgomery and Buffington [1997] as well as Lane [2004] noted that many channels are
insensitive to all but catastrophic peak discharges. The ASCE Task Committee on Hydraulics
Bank Mechanics and Modeling of River Width Adjustment [1998], citing Wolman noted that
significant bank erosion occurred during relatively small but frequent flow events. On the other
hand, it has been reported that significant bank erosion was caused by large flood events with

recurrence intervals of decades or centuries [ A Gupta and H Fox, 1974].

For this study, the cumulative annual discharge was applied as a useful simplification for
qualitatively evaluating the effect of river discharge on channel size, as it integrates the effects of

a range of flows over the long-term.

The cumulative volume of water discharged by the Niger River at Niamey could be considered as
representative of the middle Niger’s discharge for the three reaches under consideration. It was
also necessary to use data from the Niamey station in the evaluation of channel response to river
discharge because it has the most complete data set for the middle Niger River. The cumulative
discharge volume series between 1960 and 2000 (covering the period of available satellite image

data) is presented in Figure II- 15 with a 5-year mobile average to demonstrate the series trend.
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Figure II- 15: Cumulative volume discharge of the Niger River at Niamey (1960-1999)
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The approximate annual cumulative discharge volume for the four periods to be compared for
the three reaches are 1973-1979 (~25 billion m’), 1984 (~16 billion m’), 1989-1992
(~18 billion m?) and 1999 (~27 billion m’).

In addition to the cumulative discharge volume series, the characteristics of flood discharges over
a threshold of 1700 m’/s (corresponding to a flood with a 2-year return period) are presented in

Table II- 6.

Table II- 6 : Magnitude of floods on the middle Niger River at Niamey (1960-2000)

Date of flow Duration above the Peak discharge Recutrrence interval of
threshold (days) peak discharge (years)

1960/61 75 1870 2-5
1961/62 40 1760 2-5
1962/63 86 2060 5-10
1963/64 63 1850 2-5
1964/65 100 2080 5-10
1965/66 91 1950 5-10
1966/67 81 1970 5-10
1967/68 121 2340 30-40
1968/69 71 1920 2-5
1969/70 116 2360 30-40
1970/71 43 1820 2-5
1971/72 55 1820 2-5
1974/75 66 1980 5-10
1975/76 79 2030 5-10
1976/77 60 1930 5-10
1978/79 34 1930 5-10
1980/81 84 1820 2-5
1981/82 23 1730 2-5
1988/89 17 1870 2-5
1994/95 32 1750 2-5
1995/96 1 1700 2-5
1998/99 11 1990 5-10

1999/2000 64 1830 2-5

Recurrence interval values were derived from discharge analyses (see Figure B- 93 and Table B- 4in the appendices)
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Reach 1

Reach 2

1979-1984: Although the river discharge in 1984 was much lower than in 1979, the
relatively high magnitude cumulative discharges expetrienced between 1974/75 and
1978/79 (see also Table II- 1 and Table II- 6) may have caused bank erosion and thus
channel widening in the period between the 1979 and 1984 images. The time lag
between bank erosion (~1979) and channel adjustment (after 1984) gives an indication

of the time required for the Niger River to adjust to such flood induced perturbations.

1984-1992: Channel width decreased between 1984 and 1992 even though river
discharge volume had increased slightly (see Figure II- 15). The period of below average
river discharge caused the persistence of channel narrowing that was not reversed by the

slight increase in river discharge between 1984 and 1992.

1992-1999: The total channel area increased mainly due to anabranching as the total
island area also increased resulting in a reduction in the active channel area and width in

spite of increasing discharge.

Other observations: Cumulative island area has increased since 1979 due to the
stabilization of mobile bars. The increase in the total island area between 1979 and 1999
is largely due to the enlargement of the anabranching portion of the middle Niger River
between Ayorou and Kandadji by the excision of the existing flood plain and to some

extent, to in-channel accretion

1975-1984: Reach 2 was wider in 1984 compared to 1975 despite the discharge at
Niamey for the 1984 image being only 1050 m’/s compared to 1650 m’/s in the 1975
image. The active channel width increased very significantly between 1975 and 1984 due
mainly to bank erosion that occurred between 1975 and 1984. The channel enlargement
observed in the 1984 image can be explained by the period of relatively high river
discharge between 1975 and 1984 (see Table II- 6). The influence of anabranching on

the increase in channel width of reach 2 between 1975 and 1984 was minimal.

1984-1989 : The reduction in channel area and width between 1984 and 1989 was as a
result of the long-term effects of the below average cumulative discharge on the Niger
river even though the mean daily discharge on the image dates was higher in 1989 than
in 1984. Compared to floods that occurred in the pre-1984 period the duration of the

floods that occurred between 1984 and 1989 were shorter. A secondary reason for the
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reduction in mean channel with for this period was the cut-off of some anabranches by

sediment coming from intermittent streams.

e 1989-1999: With increasing river discharge, (in 1998 there was a 5-10 year flood see
Table II- 6), the channel area and channel width increased with a slight decrease in total
island area highlighting again the time lag between external factors and channel

response.

*  Other observations: Anabranching in reach 2 was the major cause of the increase in area

of vegetated islands and ridges between 1975 and 1984.

Reach 3

*  The reduction in mean total width was because of the reduction in discharge between
1973 and 1984. Reach 3 unlike reach 1 and reach 2 may not have undergone the channel

widening that occurred before 1984 due to the strength of the Niger’s banks in reach 3.

* The mean total channel width increased between 1984 and 1999 to pre-1984 levels in
response to the significant floods of 1988, 1994 and 1998. Although the total channel
width increased between 1984 and 1999, the active channel width decreased slightly due

to an increase in island area.

*  Other observations: Reach 3 has contracted slightly since 1973 in terms of active
channel area at the same time as increasing discharge, river bed incision may therefore

be occurring.

Discussion

Changes in flow regime and sediment supply have also been reported to result in river channel
adjustment. The flow regime change of the middle Niger River is discussed in Part IV of this
work.

Reach 1, and to a lesser extent reach 2 are anabranching stretches that according to
Huang and Nanson [2007] possess individual channels that are clearly separated at bankfull
discharge by sub-aerial vegetated islands and ridges in contrast to braided rivers in which multiple
channels are separated by sub-aqueous bars as part of a mobile bed within a bankfull cross-

section.

Applying a bed load formula and basic river flow and geometry relationships,

Huang and Nanson [2007] related bed sediment discharge and to river width to depth ratio. They
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reached the conclusion that channel width reduction leads to increased sediment transporting

capacity up to an optimum width-depth ratio.

In summary, Huang and Nanson [2007] posited that anabranching occurs in order to reduce
channel width and thus increase the section’s sediment transporting capacity. Anabranching
systems have one or two dominant channels and thus the forming of multiple channels does not

reduce the improvement in sediment transporting capacity achieved by channel width reduction.

Some of the multiple channels formed by anabranching could serve as an efficient means for

sediment sequestration for a rapidly aggrading floodplain.

It can be inferred that the anabranching occurring mainly in reach 1 and to a lesser extent in

reach 2 are the channel’s response to increased sediment supply.

1.4.3.2.Other possible reasons for channel adjustment

According to Hagerty [1991a; b], bank erosion leading to channel widening can also be unrelated
to the magnitude and intensity of river discharge but to the rise in groundwater levels that
generate erosion through sapping or piping processes. Leblanc et al. [2008] reported the
incidence of rising groundwater levels in a 500 km? study area about 60 km from the Niger at
Niamey, from 1963 and more rapidly from ~1982 due mainly to land clearance. Sapping and
piping erosion processes have not been investigated for the study area but could be contributing
to bank erosion considering the reported rising groundwater levels. Descroix et al. [2005] linked
widening riverbeds to a reduction in vegetation cover and found that the length of response

times were related to vegetation cover and anthropogenic influences.
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2. Lateral sediment sources: Increasing
alluvial deposits from “koris”

One of the most apparent changes noted from the multi-temporal satellite imagery in the study
area was the enlargement of the alluvial deposits from small ephemeral streams that sustain
runoff for only very short periods during the rainy season. These ephemeral streams, locally
known as “koris” flow towards the Niger River. These “koris” are located on either side of the

Niger River as described in Figure 1I- 16.

2.1. Data

A summary of the data used in characterizing the evolution of the alluvial deposits of these
alluvial streams is presented in Table II- 7. The images compared are for the same period of the
year for same season comparison. The centre regional Agrhymet provided the 1984 imagery

while the other imagery was obtained from the GLCEF.

Table II- 7 : Satellite data used to monitor the change in alluvial deposit area

Image date Path/row Pixel size(m)
22/11/1975 207/051 57
14/11/1984 193/051 28.5
20/11/1989 193/051 28.5
31/10/1999 193/051 28.5

2.2. Methods

An unsupervised classification algorithm was applied to locate these alluvial deposits in the

satellite imagery and the areas were measured in ArcGIS.

2.3.  Results

The observed changes between 1975 and 1999 in one of these “kori” deposits located
approximately at the position of the dashed arrow in Figure II- 16 (near Kourtéré) are illustrated
in Figure II- 17 to Figure II- 20, where islands are represented in dark brown and the channel

extent in light blue .
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It can be seen that the area covered by the deposits increases from 0.16 km? in 1975 to about
1.24 km? in 1999. Similarly changes had been noted by Chinen [1999] for the same gullies and
deposits by analysing aerial photography between 1950 and 1975. Leblanc et al. [2008] analysed
aerial photographs between 1950 and 1992 for a 2 km? catchment in Wankama about 60 km
north-east of Niamey, reported that gullies continuously increased in number and length resulting

in a doubling of the drainage density.
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Figure II- 16: Lateral sediment sources of the middle Niger River

64



22/11/1975 O

e

W
?‘\' 0.16 km?

L

G 0.14 km?
Legend

—— 81975 1 Kilometers
"
[ ] s1975 pEPOTS

Figure II- 17: Alluvial deposits 1975

14/11/1984 O

N
~
N
AN S~
N LR
“
Legend
— $1984 0 0.5 1 Kilometers
P
Il 51984 DEPOTS

Figure II- 18: Alluvial deposits 1984

65



20/11/1989 w4¢>s

~
-
N
N
.
N
™~
S
~_ \‘\\
N
\
\
N
Legend
—— $1989 0 05 1 Kilometers
P
I s1980 DEPOTS

Figure II- 19: Alluvial deposits 1989

N 02/12/1999 W4¢>E

\\\
—
\L\ -y \\\ -
N
N
~
\\\
-
\\
~_
AN
N
~
N\
N
N
Legend
— $1999 0 05 1 Kilometers
Pt
B s1990 DEPOTS

Figure II- 20: Alluvial deposits 1999

66



2.4.  Summary

The trend of increasing alluvial deposits near the Niger River near Niamey is illustrated in Figure
II- 17 to Figure II- 20. These ephemeral streams appear to have continued to increase in size and
in length since the 1950s because of land clearance. The increasing amounts of sediment they
deposit make them an important source of sediment to the Niger River. Further work might be
necessary to quantify the discharges of these unmeasured ephemeral streams for a better
understanding of the impact they have on the Niger River in terms of river discharge during the
rainy season as well as in terms of sediment input. The study of these “koris” at the time of

writing this thesis is the thesi work of I. Mamadou at the University of Paris.
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3. Evolution of river bed level

River bed level change was evaluated for two portions of the middle Niger River using
longitudinal profiles established by the “ Institut Géographique National” IGN in 1978 IGN
[IGN, 1979] and data from field work carried out in August 2007. The availability of historic
maps and field resources contrained the investigation to reaches 2 and 3. The same survey
benchmarks as references in order to compare the two data. The mean change in bed level was

calculated.

3.1. Data

Information regarding the 1978 data is presented in Table II- 8.

Table II- 8 : Riverbed level for the middle Niger River 1978

Map Name Survey date Edition date Scale

modele mathématique du fleuve Niger (I.G.N. Paris)

Réalisation cartographique préliminaire a ’établissement du 1978 1979 1:50 000

3.2.  Methods

Riverbed levels were measured by lowering a 25 kg weight attached to a cable into the river from
a boat and reading off the depth from the counter (accurate to the nearest centimetre) attached to
the cable. The river depth measurements were made at between 5 and 10 verticals of cross-

sections about 1 km apart.

The position of each depth measurement was noted from a hand held Global Positioning System
(GPS). Approximately every 4 kilometres, the river water level was determined by surveying from
the “Nivellement Géographique de ’Afrique de I'Ouest” (NGAO) benchmarks used in the IGN
1978 survey to the point of water level measurement. The riverbed level was calculated as the

difference between the water level and the measured depth.

The lowest vertical of each cross-section for the 2007 survey as well as the 1978 survey were used

to evaluate the change in riverbed profile between the two dates.

3.3. Results

The riverbed levels compared for a portion of reach 2 are presented in Figure II- 21 for reach 2

and the bed level change between the 1978 and 2007 is plotted in Figure I1I- 22.
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The portion of reach 3 compared between 1978 and 2007 is shown in Figure II- 23 in relation to

reach 3 while the observed bed level change is plotted in Figure 11- 24.
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Figure II- 21: Bed level survey area of reach 2
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In Figure II- 22 and Figure II- 24, positive y-axis values represent accretion and negative values

represent incision.

Net accretion occurred in the reach 2 portion between 1978 and 2007 (see Figure II- 22).
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Figure II- 22: Bed level change in a section of reach 2 shown in Figure II- 21

Mean vertical accretion of about 0.74 m occurred in reach 2 of the middle Niger River bed just

downstream of Niamey
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A plot of riverbed level change between 1978 and 2007 for reach 3 is presented in Figure 1I- 24
showing the area around the River Mékrou confluence with the Niger This stretch of the Niger
river shows variable bed level change with considerable areas of bed incision. This could be due

to the limited upstream supply of sediment and relative confinement of the river’s bank in this
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Figure II- 24: Bed level change in a section of reach 3 shown in Figure II- 23

3.4.  Summary

While the analyses presented here is not by any means of high precision, it provides a synoptic
idea of the changes that have occurred to the Niger River’s plan form between 1965 and 1999
and the bed level changes between 1978 and 2007.

* In reach 2, downstream of Niamey, net accretion was observed.

* Inreach 3, downstream of the Mékrou-Niger confluence, incision was observed.
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4. General conclusions

*  The following comments about the analyses of river channel form can be made:

- Significant channel migration was not observed in the middle Niger River,
which is in near natural conditions in terms of river embankments.

- The usefulness of Geographic Information systems (GIS) for the accurate
assessment of historic river planform change using multi-source satellite

imagery has been demonstrated.

* The most important river form changes in the study area between 1973 and 1999 are

summarized below.

- Anabranching followed by bank erosion were the major forms of channel
response to floods in the middle Niger River. Wende and Nanson [1998]
posited that low relief, within-channel vegetation, and a semi-arid to arid
environment such as the Sahelian reaches 1 and 2, with declining flow
discharges and increasing sediment concentrations downstream necessitate
anabranches.

- For all three reaches studied, the period around 1984 corresponding to
decreasing discharge was the period of greatest river channel perturbation.
This was caused mainly by the significant floods that occurred before 1984.

- River channel change occurs slowly in the middle Niger River; sometimes
exhibiting time lags between the occurrence of forcing factors and channel
response.

- Floods above about 1900 m*/s or with a return period greater than 5 years
were observed to play an important role in the shaping of channel
planform in the middle Niger River.

* In addition to the Niger’s tributaries, the ephemeral streams that are characteristic of the
area around Niamey have been identified as an important source of sediment supply to

the Niger.

* Riverbed accretion and incision patterns have been demonstrated along the middle

Niger River for two stretches of the Niger River.

The effects of tributary contribution on the sediment and water discharge of the middle Niger

River is discussed in part IV and part V of this work.
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Part 111 — L.and cover
change in the Middle

Niger basin



Land cover changes can be local or widespread in scale and may be monitored by ground
observation or by remotely sensed data. The environmental consequences of land cover change

are numerous, and may have feedback effects on climate as proposed by Charney [1975].

In order to understand the land cover dynamics of the study area with respect to climatic
variability and human impacts, it was necessary to evaluate the land cover changes that occurred

as far back as the availability of remotely sensed data permits.

Remotely sensed imagery provides a means for observing and monitoring large areas from the
river reach scale to the basin scale, that would otherwise be difficult, time consuming and

expensive.

Remote sensing is used to investigate land surface change based on the premise that such
changes result in changes in radiance values [J F' Mas, 1999]. The quantity and quality of the
reflected radiation received by satellite sensors is dependent upon the abundance, composition

and condition of such land surface components as vegetation, soil, or water [] Rogan et al., 2002].

The aim of this part of the study was to characterize the vegetation and bare soil dynamics over a
~30 year period by remote sensing methods in order to evaluate the propensity for sediment

production and transport in the study area.

The objectives include:
*  Reviewing the literature on the effects of Sahelian land cover change
*  Quantifying the land cover changes that have occurred in the study area
*  Comparing the land cover changes of three sub-basins in the study area

*  Discussing the possible impacts on erosion and sediment transport.
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1. Monitoring land cover change

Remote sensing involves observing the earth’s surface, or measuring its characteristics without
being in direct contact with it. This is achieved by recording the reflected or emitted energy,
which is processed and analysed in a variety of ways. The satellites and sensors used vary in terms
of spectral resolution (the sensor’s ability to differentiate electromagnetic radiations of different
wavelength intervals), radiometric resolution (the sensor’s sensitivity to the magnitude of radiated
energy), spatial resolution (refers to the smallest possible feature that can be detected), temporal
resolution (the revisit period of a remote sensing system to image the exact same area at the same
viewing angle) as well as the scene size. In its most basic form, remote sensing requires a source

of energy and a radiance response from the surface being observed.

1.1. Methods and tools for land use and land

cover monitoring

The instruments or sensors for measuring or detecting the reflected or emitted energy from the
target surface require a platform that may be located within or outside the earth’s atmosphere.
These sensors could be placed on the ground, on aircraft or on satellites that revolve round the

earth.

Data collected by many different satellites and sensors have been applied for various earth
surface monitoring applications; such as high resolution data collected by satellites and programs
launched specifically to provide earth surface observation data such as LANDSAT managed by
the U.S. Geological Survey, the “Systeme Pour ’Observation de la Terre” (SPOT) designed and
launched by the Centre National d’études Spatiales (CNES) of France and the Indian Remote
Sensing (IRS) series. These satellites are equipped with different multi-spectral sensors and vary
in terms of the ground resolution, temporal resolution, and the scene size of the imagery they

capture.

There exist other satellite systems originally set up as photo reconnaissance satellites that have

now been declassified including the Corona, Argon and Lanyard programs.

Aerial photographs have been commonplace since the 1920s and 1930s and therefore remain a
powerful tool for land use/land cover change detection A D Cameron et al., 2000; | Nachtergaele
and | Poesen, 1999], gully erosion [] Nachtergaele and | Poesen, 1999] river channel morphology [
Vanacker et al., 2005]
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Winterbottom and Gilvear [1997] used airborne multi spectral imagery and aerial photography
for a three-dimensional river channel morphology by correlating reflectance levels with water

depth.

Low-resolution data have also been useful for monitoring land surface changes; the Advanced
Very High Resolution Radiometer (AVHRR) operated by the National Oceanic and Atmospheric
Administration is one of several such sensors. AVHRR data cover much larger areas at a coarse
resolution of 1.1 km. Such low-resolution data covering large areas is commonly used in drought
monitoring studies [A Anyamba and C | Tucker, 2005; A Bonfiglio et al., 2002; P Diello et al., 2005; A
Dionf and E F Lambin, 2001; S E Nicholson et al., 1990]

Remote sensing using multi-spectral imagery has been used to map erosion and accretion
patterns [M E/-Raey et al., 1999; O E Friby et al., 1998; K White and H M El Asmar, 1999] , stream
morphology [A Wright et al., 2000]. Suspended sediment concentration can also be estimated
from statistical relationships between field-measured suspended sediment concentration and
satellite measured spectral reflectance [$ M | Baban, 1995; D Doxoran et al., 2002; M D Nellis et al.,
1998; W Zhou et al., 20006].

Suspended sediment concentration can also be estimated from statistical relationships between
field-measured suspended sediment concentration and satellite measured spectral reflectance
using Landsat [ M | Baban, 1995; M D Nellis et al., 1998; W Zhou et al., 2006] and SPOT [D
Doxcoran et al., 2002] imagery.

Radar has also been used to estimate river stage and discharge in combination with topographic

data [L C Swith, 1997].

1.1.1. Tools

Landsat and Corona imagery, two major types of data that have been used to monitor land cover

change will be briefly presented.

1.1.1.1. LANDSAT imagery

The Landsat program, originally known as the Earth Resources Technology Satellite (ERTS)
program, began to provide multi spectral images of the earth in 1972 and has continued until the
present time. Landsat 1 was launched in July 1972 and Landsat 7 is the latest satellite in the series.
The capabilities of these satellites have been greatly improved over time. Several imaging
instruments have been flown on the Landsat satellites. The Return Beam Vidicon (RBV) sensor

was flown on the first three missions, together with a Multi- Spectral Scanner (MSS) sensor.
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Landsats -4 and -5 were equipped with an improved version of the MSS along with the Thematic

Mapper (TM); however, routine collection of MSS data was terminated in 1992.

Landsat -6 carried an “Enhanced Thematic Mapper” only, and Landsat -7 is equipped with an
“Enhanced Thematic Mapper-plus” (ETM+).

TM and ETM+ data include a thermal infrared ban; band 6. The ETM+ sensor includes an

additional panchromatic band (band 8).

The key characteristics of the Landsat program [USGS, 2005; 2006; USGS and NOAA, 1984] are
listed in Table C- 1 to Table C- 4 (See appendix C).

The long life span of the Landsat program as well as its high resolution and good spatial coverage
make it well suited for long term monitoring and research. Lauer et al. (1997) discuss the

evolution of the Landsat program.

Cooley and Turner [1982] evaluated the application of Landsat imagery for monitoring transient
environmental changes in the Sahel. They highlighted the use of Landsat imagery for the
mapping of accelerated erosion in the Sahel region with the lightest areas on the images

indicating severe erosion activity according to on-site inspection.

1.1.1.2.CORONA Imagery

In 1995, the United States government declassified CORONA satellite imagery collected between
1960 and 1972. The ground resolution of the imagery acquired during the CORONA program

improved from 8 meters to 2 meters [National Reconnaissance Office NRO].

The availability of Corona imagery extends our ability to assess land surface conditions using
high-resolution imagery to the 1960s (a decade before the availability of commercial satellite
imagery). Corona imagery have been used, in combination with more recent satellite imagery to
study land use and land cover change [J Lix et al., 2001; O Rigina, 2003; G G Tappan et al., 2000],
as an aid in archaeological prospection [M | F Fowler, 2004; R Goosens et al., 2000], for geological
[H Loreng, 2004] and peri-glacial geomorphology |G Grusse et al., 2005]. Corona images provide
enough detail to detect individual trees [G L _Andersen, 2000].

Early Corona systems carried a single panoramic camera, or a single frame camera, while later
systems carried two panoramic cameras looking 30 degrees apart (a forward-looking camera and
an afterward-looking camera). Occasionally one of the pair of cameras malfunctioned or was

programmed to halt, while the other continued to operate [USGS, 1996].

Goosens et al. [2006] pointed out the importance of stereoscopic viewing of the Corona imagery

for archaeological applications. The combination of stereoscopic images helps to give the effect
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of solidity or depth, and thus, can be used for relief mapping and three-dimensional

interpretation of landscape, where available.

Corona images have digital values that range from zero (black) to 255 (white), with coherent dark
pixels representing low reflection and high absorption of sunlight, the grey-scale values are
correlated to surface reflectance. The Corona images are thus well suited to visual interpretation
as water (high absorption) and barren land (high reflectance) as well variations in soil and

vegetation moisture can be discriminated.|G Grosse et al., 2005].

The major drawback of Corona images appears to be the fact that they contain geometric

distortions; this is especially true for images of mountainous regions.

In addition to enlarging the record of land surface monitoring, the spatial coverage and ground
resolution of Corona images make them an interesting option for studying historic land surface

change.

1.1.2. Processing

One of the most significant applications of remote sensing is to detect and measure change by
following the evolution of one or more environmental parameters over a period using multi-

temporal datasets.

Procedures that utilise remotely sensed imagery for change detection usually involve three major

steps, namely: pre-processing, image analysis, and an accuracy assessment of the results.

1.1.2.1.Pre-processing:

Raw satellite data may not always be “suitable” for use without some calibration or correction.
Pre-processing is that phase of data processing where preliminary steps are taken to prepare the
raw data for analysis by correcting them for distortions due to sensor noise, platform or
atmospheric conditions at the time of acquisition. These distortions are mainly geometric and

radiometric.

Geometric correction involves the transformation of data to match spatial relationships on the
Earths surface by locating several identifiable ground control points (GCPs) in the raw image and

matching them to their true ground coordinates.

Radiometric correction is often required to compare images collected at different times or by

different sensors.
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Noise in an image is usually caused by sensor response errors during data recording and

transmission. The techniques for correcting errors due to noise errors are sensor specific.

The brightness values of the pixels in a satellite image, recorded as digital numbers (DNs) in a
binary format depend on the number of bits used to record the data. They are also affected by
several factors that are dependent on the specific sensor and atmospheric conditions at the time
of data acquisition including the sun elevation angle, interference of atmospheric aerosols,

changes in the sensor response over time etc.

The atmospheric correction procedure helps to reduce the error in estimating the surface

reflectance or to set a multi-temporal data set to a common radiometric scale [C Song et al., 2001].

Through scattering, atmospheric aerosols increase the apparent reflectance of dark objects and
reduce it for bright objects in the image causing a loss of information that cannot be recovered
by atmospheric correction. This is because the number of surface reflectance values or corrected

DN's will not exceed the number of raw DN levels.

There exist two types of radiometric calibration, namely:

*  Absolute radiometric correction: Digital numbers are converted into surface reflectance

or radiance. This helps to extract subtle differences in reflectance.

*  Relative calibration: This is a process used to remove or normalize the variation within a
scene and normalize the intensities between images of the same study area collected on

different dates.

Atmospheric correction is unnecessary when:
*  Working with a single date image;
*  Post-classification is used as the method of change detection;

* Training data are to be derived from the image being classified.

This is because atmospheric correction for a single date image is often equivalent to subtracting a

constant from all pixels in a spectral band [C Song et al., 2001].

1.1.2.2.Image analyses

Change detection involves the application of data transformation procedures and analysis

techniques to highlight areas of significant change. There exist many change detection techniques
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from simple visual comparison or interpretation to more sophisticated techniques.

Lu et al. [2004] give a summary of change detection techniques that include :

* Algebraic methods: These methods utilize indices, ratios or simple subtraction
relationships between two or more spectral bands in order to identify image bands or

thresholds of change.

*  C(lassification methods: The results of supervised and unsupervised classification are the

basis of these methods.

*  Advanced models: These methods convert image reflectance values to physically based

parameters through linear or non-linear models.

*  Visual Analysis: Includes the visual interpretation of multi-temporal colour composite

images and on-screen digitizing of changed areas.

*  Other methods: combinations of one or more methods, GIS overlay etc.

1.1.2.3. Accuracy assessment:

The accuracy of change detection analysis is assessed by ancillary data such as ground truth as
well as the analyst’s familiarity with the study area. Quantitative methods for accuracy testing are

based on indices that compare results against known reference data.

The parameters used to assess the accuracy of classification results are:

*  Overall accuracy: This is the number of correctly classified pixels as a percentage of the

total number of pixels.

*  Producer’s accuracy (omission error): The producer’s accuracy indicates the probability

of a reference pixel being correctly classified.

*  User’s accuracy (commission error): The user’s accuracy measures the probability that a

pixel classified on the map/image actually represents that pixel on the ground.

*  The kappa statistic describes agreement achieved beyond chance, as a proportion of that

agreement which is possible beyond chance [Rogan et al. 2003].

1.2.  Data and methods applied in this study

A multi-temporal and multi sensor data set that included Landsat (MSS, TM, and ETM+) and
Corona satellite imagery was used for this study. The characteristics of the imagery used are

presented in Table III- 1. The Landsat images range from the mid-1970s to 1999, while the
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Corona imagery are used in an attempt to extend the remotely sensed information to the pre-

1970 period i.e. the period before the drought.
The Landsat images cover four periods around 1975, 1984, 1990, and 1999.

One major difficulty in assessing the land use changes for the three tributary basins between the
1970s and 1999 was the difficulty in acquiring images that covered the entire basin areas for the
four periods. The images for the period around 1999 are the only complete mosaics for the three
tributary basins. The multi-temporal comparison is therefore made between successively smaller
basin areas for the periods around 1984 and 1975 with the assumption that these smaller areas

largely represent the basin conditions for the periods considered.

A second drawback of the analyses may be the dates of imagery particularly for images acquired
in mid October when the effect of the rainy season may still be in effect particularly in the

southern part of the study area.

Table III- 1: Summary of satellite data used in the study

Sensor Scene ID or Path/Row Acquisition Date
CORONA DS 1025-2122DF (049 to 052) 13 OCTOBER 1965
206/052* 17 OCTOBER 1973
LANDSAT 1 MSS

207/052* 18 OCTOBER 1973
LANDSAT 2 MSS 207/051* 22 NOVEMBER 1975
LANDSAT 3 MSS 208/050* 29 NOVEMBER 1979

194/050* 18 OCTOBER 1992

LANDSAT 4 TM

193/051* 20 NOVEMBER 1989
194/050 05 NOVEMBER 1984
LANDSAT 5TM 193/051 14 NOVEMBER 1984
192/051 07 NOVEMBER 1984

195/049 29 OCTOBER 1999

195/050 29 OCTOBER 1999

195/051 13 OCTOBER 1999

194/050 22 OCTOBER 1999

194/051 11 OCTOBER 2001

LANDSAT 7 ETM+ 194/052 7 NOVEMBER 1999

193/053 20 OCTOBER 2000

193/051* 31 OCTOBER 1999

192/051* 9 NOVEMBER 1999

192/052 26 OCTOBER 2000

192/053 26 OCTOBER 2000

*Source for this data set was the Global Land Cover Facility,www.landcover.org.

All other data was provided by the Centre Regional Agrhymet

Data from GLCF was received as MSS 57 meter resolution, TM and ETM+ 28.5 meter

resolution.
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1.2.1. Corona imagery

Four parallel strips from the DS 1025-2122DF scene that covered parts of the middle Niger
River basin were acquired. The images were captured by the KH-4A system in October 1965 (see
Table III- 1). The images were provided as film positives by the “Centre regional Agrhymet,
Niamey” in a digital format 319MB (x 4 files) per scene, scanned at 3600dpi.. This set of Corona
images were the only ones available that could be compared with more recent imagery as they

were acquired in October.

Where necessary the four files were re-assembled by selecting 6 to 8 tie points on overlapping

sections of the files.

The image strips were radiometrically calibrated by a dark subtract algorithm with ENVI 4.2

software.

30 ground control points (GCPs) were identified on the Corona scene mosaic (see Figure III- 1:)
for co-registration with the Landsat ETM+ imagery (path 193 row 051). The image mosaics
were then rectified to the WGS 1984 datum, zone 31N, with a second-order polynomial warping
function and cubic convolution resampling to 6 m pixels (see Figure III- 2). The RMS error for

rectifying the CORONA mosaic was 27.98 m, less than 1 pixel.

The resulting image was then classified using a combination of unsupervised classification and
visual interpretation. A post-classification comparison was made of Corona and Landsat data
using a subset of the same area. Although the Corona imagery covers only a minor part of the
Sirba basin, it was analysed to gain pre-Landsat information about the study area and to test it’s
applicability to land cover change detection. The location of the image covered by the Corona
mosaic (2840 km?) is indicated in Figure C- 18(appendix C) with respect to the study area. The
results of the land cover analysis are presented in Figure C- 19 and Figure C- 20 of appendix C
and are in agreement with the results to be presented in the following sections for the Gorouol
and Sirba Sahelian basins. In particular, the Corona imagery classification confirms the negative

impact of the drought that occurred around 1970 on vegetation in the study area.
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Figure III- 1: Selection of ground control points on the Corona mosaic
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Figure III- 2: Warped Corona mosaic

1.2.2. Landsat imagery

Where possible cloud-free, near anniversary date images were obtained.

In order to obtain a consistent and reliable data set, the available Landsat images were co-
registered to the most recent Landsat ETM+ image available for the same area before further

enhancement or classification was performed.

Image classification: An unsupervised classification procedure was carried out using the
ISODATA method of the ENVI software that classifies pixels by evenly distributed class means
in the data space and iteratively clusters the remaining pixels using minimum distance techniques.

At each iteration step, the method recalculates means and reclassifies pixels with respect to the
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new means until the specified pixel change threshold or the specified maximum number of
iterations is reached. In other words, pixels are grouped together based on their spectral
similarity.

Post-classification involved checking the results of unsupervised classification against visual
interpretation from the appropriate false colour composite images or band ratio images as well as
field observations of various locations within the study area and combining classes where

necessary. The image classification process is schematized in Figure I1I- 3.

Classified
I dat o
L8 YN image Final image

ISODATA Algorithm Post-classification
User defined Combination and
parameters e.g. number identification of classes

Figure III- 3: Unsupervised classification procedure

For the TM and ETM+ Landsat images, a short-wave infrared (SWIR) composite of bands 7, 4
and 2 (see table C3 and table C4 in appendix for details) was mainly used in the classification and
interpretation of classes, because surface albedo in the SWIR portion of the spectrum is
determined primarily by moisture content. The SWIR composite is therefore suited for the

detection of vegetation stress, as well as soil type s and levels of soil disturbance.

For Landsat MSS images, with a more limited spectral resolution, a near infrared (NIR)
composite of bands 7, 5 and 4 (see table C2 in appendix for details) was used for in classification
procedure. The NIR composite is primarily suited for studying vegetation because of the high

reflectance of chlorophyll in the NIR portion of the spectrum.

The images used for the land cover analysis are near anniversary date images acquired between

the end of October and early in November. Considering that planting takes place around July and



that the millet crop reaches maturity after 60 to 70 days, the petiod of October/November is the

post-harvest period in the Sahel.

For the purposes of this study, eight land cover classes were considered appropriate for the
description of the study area and they are described below: The choices were made based on the
ease of identification of classes by visual interpretation after the unsupervised classification
algorithm was carried out on all the images. A further reason for the choice of the eight classes
was the nature of the study that was concerned with the water resources of the study area in

relationship with different states of bare soil and vegetation.

*  Bare soil: This corresponds to undifferentiated soil devoid of vegetation cover.

Figure III- 4: Bare soil
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*  Sandy bare soil: Corresponds to soil that has been recently disturbed such as recently

cultivated lands or sediment deposits.

Figure III- 5: Sandy bare soil
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*  Paved/rocky bare soil: These ate bate soils with high reflectivity and include paved

roads and infrastructure, but also include crusted/ highly parched bate soils.

Figure III- 6: Paved/rocky bare soil

* Tree: Relatively dense wooded vegetation characterised by a high reflectance of the

chlorophyll in the near infrared bands.

Figure III- 7: Trees with high moisture content

* Tree, poor state: This is vegetation with comparatively lower moisture content

signifying stressed vegetation or very sparse vegetation.
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Figure III- 8: Trees with low moisture content

Shrubs/Grass: this is land cover dominated by woody plants less than about 1.5 m and

grass.

Figure III- 9: Shrubs and grass
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Sediment-laden water: In general, the reflectance of water increases with increasing
suspended sediment concentration allowing sediment-laden water to be differentiated

from clear watet.

Figure III- 10: Shallow sediment-laden water

Water: Relatively clear and deep water bodies.

Figure III- 11: Clear water
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2. Study sub-basins

Land cover changes are presented for the Gorouol, the Sirba and the Mékrou basins in the
following sections. The areas of the three study sub-basins were delimited using contour maps of
the area from the 1960s. The relative location of the three basins was presented earlier in
presenting the study area (see Figure I- 3). Coverage of the entire watersheds for the Gorouol,
Sitba and Mékrou rivers was achieved for the most recent petiod (i.e. 1999/2000) but not for the
other periods. One shortcoming of this part of the study was that it was not possible to acquire
the images that would have covered the entire basin areas for the earlier periods. Land cover
comparison was therefore limited to the areas common to all images with the assumption that

these results are applicable to, and representative of the entirety of the three basins.

2.1. The Gorouol Basin

The Gorouol basin has a total basin area of about 45125 km? A classification image of the
Gorouol basin for October 1999 is presented in Figure III- 12; it was created from a mosaic of

three Landsat scenes (see Table III- 2).

Table III- 2: Landsat scenes used to derive the Gorouol Basin Mosaic for 1999.

Path Row Acquisition date
194 50 22 October 1999
195 49 29 October 1999
195 50 29 October 1999
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Figure III- 12 : The 1999 Gorouol basin mosaic
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The composition of the 1999 mosaic derived for the Gorouol basin is presented in Figure I1I- 13. The
scene acquired on the October 22, 1999 contained some clouds, which represented less than 1% of

the total basin area.

M vl mK GOROUOL MOSAIC 1999
B Water
0.7%

M Vegetation
40.6%

O Bare soil
57.9%

Figure III- 13: Percentage composition of the Gorouol 1999 mosaic

The land cover composition of the entire Gorouol basin in 1999 is presented below in Figure III-

14.
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Figure I1I- 14: Percentage land cover composition for the Gorouol basin in 1999.

2.2.  'The Sirba basin

The Sirba basin has a total basin area of about 38750 km?. The six Landsat scenes that formed

the mosaic for the Sirba basin are listed in
Table III- 3. A small portion of a 2001 scene was used to complete the 1999 mosaic.

The classification result of Sirba basin mosaic is presented in Figure III- 15

Table ITI- 3: Landsat scenes used to derive the Sirba Basin Mosaic for 1999.

Path Row Acquisition date
193 51 31 October 1999
194 50 22 October 1999
194 51 11 October 2001
194 52 7 November 1999
195 50 29 October 1999
195 51 13 October 1999
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Figure III- 15: The 1999 Sirba basin mosaic
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The land cover composition of 1999 mosaic derived for the Sirba basin is presented in Figure III-
16. The scene acquired on the October 22, 1999 contained some clouds, which represented 1.3 %

of the total basin area.

M Cloud k
o SIRBA MOSAIC 1999

B Water
0.6%

B Vegetation
19.2%

O Bare soil
78.9%

Figure III- 16: Percentage image composition for the Sirba 1999 mosaic

The land cover classes of the Sirba basin in 1999 are presented below in Figure III- 17. In
comparison to the Gorouol basin for the same period of 1999, the Sirba basin has more bare
surfaces and less vegetation. This is likely due to the more intense anthropogenic influence that
results in more cleared lands for agriculture (recall that the cultivated lands are classed as sandy
bare soils), the use of trees for fuel wood. The proximity of the Sirba basin to the city of Niamey
is also noteworthy. Additionally, the image dates for the Sirba mosaic (from 11 October to 7
November) were later than those used for the Gorouol mosaic (from 22 October to 29 October)

and can therefore be expected to be drier.
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Figure III- 17: Percentage land cover composition for the Sirba basin in 1999.

2.3. The Mékrou basin

The Mékrou basin has a total basin area of about 10690 km? A classification image of the
Mékrou basin for October 2000 is presented in Figure III- 18; it was created from a mosaic of

three Landsat scenes (see Table III- 4). A small portion of a 1999 scene was included in the

mosaic.

The classification result of Mékrou basin mosaic is presented in Figure III- 18.

Table III- 4: Landsat scenes used to derive the Mékrou Basin Mosaic for 1999.

Path Row Acquisition date
192 51 9 November 1999
192 52 26 October 2000
192 53 26 October 2000
193 53 20 October 2000
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Figure III- 18: The 2000 Mékrou basin mosaic
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The composition of 2000 mosaic derived for the Mékrou basin is presented in Figure III- 19. All

the scenes used in the mosaic were cloud-free.

MEKROU MOSAIC 2000
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Figure III- 19 : Percentage image composition for the Mékrou basin 2000 mosaic

In stark contrast with the two Sahelian basins (the Gorouol and the Sirba), the Mékrou basin has

a high percentage of vegetation cover.

The land cover classes of the Mékrou basin in 2000 are presented below in Figure III- 20 with six
classes and not eight like the Gorouol and Sirba basins. The “sandy bare soil” and “tree, poor

state” classes are not included because they were not found in the Mékrou basin.
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Figure I1I- 20: Percentage land cover composition for the Mékrou basin in 2000.
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3. Results and discussion

3.1.  Accuracy assessment

The accuracy of the classification results was evaluated with a confusion matrix comparing
historical topographical maps of the region and field surveys to the classification results. The
available topographical maps of the region from which land cover information could be used to
compare with the classification were maps produced by IGN in 1959 for most of the study
region and 1980 for the Niamey area. The field surveys consisted of noting and photographing
the different land cover types across the study area and their locations with a Geographic
Positioning System. In general, the ground truth information obtained from the maps did not

provide data for all the land cover classes pertinent to this study.

*  The accuracy of the Gorouol basin image of 1979 was assessed based on the 1959 IGN
topographical maps for the bare soil, water, tree and tree poor state classes. The
accuracy of the other Gorouol images of 1984, 1992 and 1999 were assessed on the

basis field observations made in 2006 and 2007 for all the classes.

*  The 1980 IGN topographical maps were used to assess the 1975 and 1984 Sirba basin
images for the bare soil, paved/rocky bare soil, water, shrubs/grass, tree, and tree poor
state classes. The accuracy of the Sirba basin images of 1989 and 1999 were assessed on

the basis field observations made in 2006 and 2007 for all the classes.

*  The accuracy of the two Mékrou basin mosaics was assessed based on 1959 IGN maps

for the area for the bare soil, water and tree classes only.

The overall accuracy and kappa coefficients obtained are presented in Table III- 5 and the

confusion matrices for the classification results are in appendix C. (Table C- 6 to Table C- 15)

The results show relatively good accuracy when compared with ground truth data obtained

around the time of the image acquisition date.
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Table III- 5: Accuracy assessment for the classification results

Basin Year Overall accuracy (%) Kappa coefficient
Gorouol 1979 84.43 0.77
1984 20.00 0.05
1992 55.65 0.40
1999 96.21 0.95
Sirba 1975 74.53 0.54
1984 94.5 0.89
1989 64.8 0.50
1999 97.27 0.96
Mékrou 1973 90.00 0.70
2000 89.98 0.18

Although the accuracy assessment of the classification results is not ideal particularly in a rapidly
changing environment, because of the time lag between some of the ground truth data and the
classification images, the results make it possible to obtain a reasonable evaluation of the land

cover dynamics of the study area.

3.2.  Land cover change for the three basins

3.2.1. Change in the Gorouol basin between 1979 and 1999
(Area: 4757 km?)

The area common to all the available images (1979, 1984, 1992, and 1999) was only 4757 km? due

to the reasons described above in paragraph 2.

The classification results of the Gorouol basin for the four dates are presented in Figure I1I- 21

to Figure I1I- 24.
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Figure III- 21: Gorouol basin land cover. 29/11/ 1979 (4757 km?)
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Figure III- 22: Gorouol basin land cover. 05/11/ 1984 (4757 km?)
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Figure III- 23: Gorouol basin land cover. 18/10/1992 (4757 km?)
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Figure III- 24: Gorouol basin land cover. 22/10/1999 (4757 km?)
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Comparisons of the percentage land cover of the area shown in Figure I1I- 21 to Figure III- 24 .
The results of the land cover classification are presented in Table III- 6 and as histograms in

appendix C (see Figure C- 2 and Figure C- 3).
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Figure III- 25: Bare and vegetated surface dynamics in the Gorouol Basin (1979 to 1999)

The percentage of bare soil in the Gorouol basin increased from 1979 to 1992: 61% in 1979, 78%
in 1984 and 86% in 1992. There was a reduction in bare soil surfaces between 1992 and 1999

from 86% to 65%.

Precipitation decreased between 1979 and 1984 (discussed in part IV) causing a reduction in
vegetation cover and increase in bare soil surfaces between the two dates. The relatively
significant (for the Sahel) difference in image dates between the 1979 image and the 1992/1999
images make it difficult to compare them directly. A comparison of the 1992 and 1999 images
that were acquired at almost the same day of the year indicate an increase in the Shrubs/Grass
class (see Table III- 6) from 7% in 1992 to more than 20% in 1999 and to a lesser extent to the
tree (poor state) class. Although the total percentage of all bare soil surfaces decreased between
1992 and 1999, the percentage of bare sandy soils, increased in the same period (see Table 11I- 6),
which could have an effect on sediment transfer to the water courses of the sub-basin and to the
middle Niger River. The bare sandy soils are a source of sediment that can easily be eroded by

wind or water action.
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Figure III- 26: Water surface area in the Gorouol basin (1979-1999)

The sharp increase in the water class from 1979 could be due to a number of factors. The 1979
image was acquired on November 29 (later into the dry season than the other images) while the
other images were acquired between October 18 and November 5, this time difference is
significant in the study region.

The land cover analysis is summarized in Table III- 6 for the 4757 km? portion of the Gorouol

basin considered.

Table III- 6: Estimated Land cover of the Gorouol basin 1979 -1999 Area (4757 km?)

Class 1979 1984 1992 1999

Water 0.07 0.18 0.12 0.31

Sediment-laden 0 0.33 0.25 0.30
water

Bare soil 44.75 62.67 72.24 35.65

Bare sandy soil 14.95 14.85 11.34 27.49

Bare paved/rocky 1.54 0.85 1.89 0.54

soil

Tree 0.61 2.44 2.70 2.65

Tree (poor state) 20.35 1.20 4.42 6.72

Shrubs/Grass 17.74 17.48 7.04 25.15

A comparison of a larger area (14888 km?) of the 45,125 km?* Gorouol basin for the 1984, 1992
and 1999 images (see Figure C- 4 to Figure C- 8 and Table C- 16 in appendix C) revealed the
same trend, therefore the summary presented can be assumed to be representative of the

Gorouol basin for the period.
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3.2.2.Change in the Sirba basin between 1975 and 1999
(Area: 1105 km?)

The area common to all the available images (1975, 1984, 1989, and 1999) was only 1105 km? due

to the reasons described in paragraph 2. .

The classification results of the Sirba basin for the four dates are presented in Figure III- 27 to

Figure III- 30.
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Figure III- 27: Sirba basin land cover.22/11/1975 (1105 km?)
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Figure III- 28: Sitba basin land cover.14/11/1984 (1105 km?)
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Figure III- 29: Sirba basin land cover.20/11/1989 (1105 km?)
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Figure III- 30: Sirba basin land cover.31/10/1999 (1105 km?)
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The land cover classifications for the Sirba basin between 1975 and 1999 are presented as

percentage bare soil, vegetation, and water surfaces in Figure I1I- 31 and Figure II1I- 32.
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Figure III- 31: Bare and vegetated surface dynamics in the Sirba Basin (1975 to 1999)

As observed in the Gorouol basin where the percentage of bare soil surfaces increased between
1979 and 1992, the percentage of bare soil surfaces in the Sirba basin increased rapidly between
1975 and 1989: 45% in 1975, 78% in 1984 and 89% in 1989. The percentage of bare soil surfaces
decreased between 1989 and 1999 from 89% to 71%.

For the Sirba basin, an increase in the percentage of vegetation in the “tree poor-state” class was
the cause of the reduction in the percentage of bare soil surfaces.

Between 1984 and 1989, bare soil surfaces increased although 1984 was a particularly dry year
compared to 1989. This observation could be due to more intensive vegetation removal between
1984 and 1989. Climatic factors or seasonal effects may not be responsible for this reduction in
vegetation cover considering higher precipitation in 1989 and that the images were acquired at
almost the same time of the season for both images.

In the Sirba basin, the shrubs/grass class consistently decreased between 1975 and 1999 (see
Table III- 7). This class of natural vegetation may have been removed by livestock grazing, or for
firewood, and may have given way to cultivated crops (essentially millet) which would have been
harvested by the time of acquisition of the images analysed in October or November.

The percentage of bare sandy soil, increased between 1975 and 1999. The bare sandy soil class
represents sandy deposits and highly disturbed soils that are easily transported by water or wind.
The percentage of the basin area covered by clear water reduced sharply between 1975 and 1984

(see Table III- 7) apparently due to the severe drought around 1984. Unlike the Gorouol basin
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where pool and pond formation took place following vegetation removal, the part of the Sirba
basin analysed did not follow this trend. Between 1984 and 1989, the area of water in the Sirba
basin increased insignificantly from 0.19 km? to 0.26 km? (approximately 0.02% in Table III- 7).
The water surface area increased further between 1989 and 1999.

Sediment-laden water mostly in the Sirba River and near its confluence with the Niger River has
increased since 1975. There were two periods of increase in sediment-laden water: 1975-1984 and
1989-1999 (see Table III- 7). Between 1984 and 1989 there was a decrease in the sediment-laden
water class which occurred at the same time as a reduction in the bare sandy-soil class, which may

indicate that a reduction in the supply of easily detachable sediment occurred in this period.
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Figure III- 32: Water surface area in the Sirba basin (1975-1999)

Table III- 7: Estimated Land cover of the Sitba basin 1975 -1999 Area (1105 km?)

Class 1975 1984 1989 1999
Water 0.03 0.02 0.02 0.03
Sediment-laden 0.07 0.28 0.18 0.41
water

Bare soil 34.75 32.55 60.56 21.93
Bare sandy soil 10.74 25.44 14.83 38.59

Bare paved/rocky 0.27 19.93 13.68 10.64

soil

Tree 7.75 2.77 0.89 0.34

Tree (poor state) 7.13 5.04 3.86 24.48
Shrubs/Grass 39.26 13.98 5.98 3.62
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The results of the land cover comparison of a larger area of the Sirba basin (5104 km?) between
1984 and 1999 are presented as histograms in Figure C- 11 to Figure C- 13 and summarized in
Table C- 17 in appendix C. The land cover results on this larger area confirm the results obtained

in the comparison of the 1975, 1984, 1989 and 1999 images for a smaller area of the basin.

A comparison of a larger area (5104 km?) of the 38,750-km? Sirba basin for the 1984, 1989 and
1999 images (see Figure C- 11 to Figure C- 15 and Table C- 17 in appendix C) revealed the same
trend; therefore the summary presented can be considered representative of the Sirba basin for

the period

3.2.3. Change in the Mékrou basin between 1973 and 2000
(Area: 7690 km?)

For the Mékrou basin, only two dates are compared: 1973 and 2000 with an area of 7690 km?
common to both images, because the images for 1973 did not cover the entire basin. The images
that were compared for the Mékrou basin are presented in Figure III- 33 (for 1973) and Figure
III- 34 (for 2000).
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Figure III- 33: Mékrou basin land cover.17&18/10/1973 (7690 km?)

118



2700E 3I00E
1 1

MEKROU 2000

12°0'0"N= =12°0'0"N

Me0'0"N= =11°0'0"M

Legend

D Bare zail
- Paved/rocky bare sail
- Water

Sediment-laden water

l:l Shrubsfgrass
0 20 Kilometers - Tree

H———+—

1 1
2T0'E JTO0E

Figure III- 34: Mékrou basin land cover.26/10/2000 (7690 km?)
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From the results of the land cover classifications for the Mékrou basin for 1973 and 2000 a

comparison of the bare soil, vegetation and water classes is presented in Figure III- 35 and Figure

I11- 36.
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Figure III- 35: Bare and vegetated surface dynamics in the Mékrou Basin (1973 to 2000)

Contrary to the trend of increasing bare soil surfaces in the two Sahelian basins (the Gorouol and
The Sirba), the percentage of bare soil surfaces in the Mékrou basin reduced between 1973 and
2000 from 35% to 19%. The increase in vegetation cover observed in the Mékrou basin was as in
the Gorouol basin a result of an increase in the Shrubs/Grass class. The Shrub/Grass class did
not only replace some of the bare soil surfaces but also replaced some of the pixels in the “tree”
class which reduced from 54% to 48% between 1973 and 2000 (see Table III- 8). The principal
reason for the increase in vegetation cover in the Mékrou basin between 1973 and 2000 is the
success of the Parc Regional —W (established in the 1960s) located in this area to proctect flora

and fauna.
The percentage of clear surface water increased in the Mékrou basin between 1973 and 2000.

A comparison of the percentage land cover of the area shown in Figure I11- 33 and Figure III- 34

is presented in Table III- 8 and as histograms in Figure C- 16 and Figure C- 17 (in appendix C).
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Figure III- 36: Water surface area in the Mékrou basin (1973-2000)

Table III- 8: Estimated Land cover of the Mékrou basin 1973 -2000 (7690 km?)

Class 1973 2000

Water 0.07 0.17
Sediment-laden water 0 0

Bare soil 33.55 17.56

Bate paved/rocky soil 1.16 1.03

Tree 54.27 48.21

Shrubs/Grass 10.94 33.02

121



3.2.4. Summary

In summary, the analysis of land cover change indicates that the study area has been undergoing
constant change since the 1970s. A trend of increasing bare soil surfaces was observed for the
two Sahelian basins: the Gorouol (1979 to 1992) and the Sirba (1975 to 1989). in the Gorouol
basin an increase of water surfaces was due to an increase in small dams and water reservoirs, a
similar situation of increasing water retention by dams in the region was reported by
Mahé et al. [2005] for the Nakambe basin in Burkina-Faso. In the Sirba basin, the increase in

water surface area occurred due to flowing water, essentially the Sirba River and its tributaries.

For the two Sahelian basins, a slight increase in vegetation cover was observed between 1992 and
1999 for the Gorouol basin, and between 1989 and 1999 for the Sirba basin. Again, the causes
were different in both basins. An increase in Shrubs/Grass occurred in the Gorouol while in the

Sirba there was a slight increase in wooded vegetation.

In the ~120,000 km? upper Niger River basin, Ruelland et al. [2008] observed a moderate
deforestation and land clearance tendency between 1975 and 2000. Similar trends of vegetation
reduction have been reported on smaller areas in Sahelian Niger. Leblanc et al. [2008] studied the
vegetation cover of a 137 km? basin 60 km north-east of Niamey between 1950 and 1992 and
reported percentage wooded vegetation cover of 65% in 1950, 47% in 1975 and 27% in 1992,
illustrating the consistent reduction in vegetation cover between 1950 and 1992. More recent
vegetation studies argue for a “greening” of the Sahel [ A Anyamba and C | Tucker, 2005; §
Nicholson, 2005] as above average NDVI conditions were observed between 1994 and 2003.
However, while the precipitation levels seem to approach pre-drought levels, opinion is divided
over the reported greening of the Sahel. Hountondji et al. [2004] observed increasing
precipitation in 98% of 109 rain gauge stations located in the Sahelian part of the republic of

Niger.

Considering the rain use efficiency (RUE) which is the ratio of annual net primary production
and annual rainfall, other authors have found a weakness in the use of NDVI as the sole means
of evaluating vegetation degradation. According to Hein and DeRidder [2006], a decline in RUE
over time indicates ecosystem degradation because it reflects a reduced capacity of the vegetation
to transform water and nutrients into biomass. Hein and Deridder posited that in the absence of
human-induced degradation the upward trend in rainfall should have caused an increase in RUE.
By measuring phytomass production over time, Hein and DeRidder [2006] showed that RUE had
remained stable despite the increasing rainfall in recent times while Hountondji et al. [2004]

observed a widespread reduction in RUE.
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In some Sahelian areas that have experienced some regeneration of vegetation cover evidence
showing that the species composition of the regenerating vegetation had changed since the
drought of the 1970s [K Rasmussen and B Fog, Madsen,].E., 2001].

The more densely vegetated Mékrou basin did not experience significant vegetation removal as
observed in the two Sahelian basins. Although there was a slight decrease in the percentage of
trees, bare soils surfaces did not increase. Shrubs and grass replaced the trees and bare soil
surfaces.

An understanding of the land cover changes in the study area will be useful in assessing the
possible impacts on sediment production and transport. Vanacker et al. [2005] noted the
significance of changes in spatial organisation and connectivity of land use systems on river

sediment transport even with relatively small land use and land cover changes.

123



4. Conclusions

One of the working hypotheses of this study was that the sharp decrease in vegetation cover due
to climatic and human impacts in the Sahel was causing an increase in the availability of sediment

in Sahelian rivers.

* The study has shown that there was an intense decline in the vegetation cover of the
Gorouol and Sirtba basins between 1970 and 1989/1992. Sediment availability
particularly in the Sahelian basins can be expected to be on the increase considering the
increase in sandy bare soils between 1992 and 1999 for the Gorouol basin and between

1975 and 1999 for the Sirba basin.

* A reduction of bare soil surfaces was observed in the two Sahelian basins between 1992
and 1999 for the Gorouol basin, and between 1989 and 1999 for the Sirba basin. An
increase in the Shrubs/Grass class was the main cause of an increase in total vegetation
cover in the Gorouol basin. The increase in the Tree poor state class was the main
reason for an increase in total vegetation of the Sirba basin between 1989 and 1999,

although the difference in image dates may have biased the observation.

* In contrast, the Sudanian Mékrou basin while also changing was affected to a lesser
extent by vegetation removal between 1973 and 2000, due to the effects of the Parc W

conservation that extends into the Mékrou basin.

* In addition to the use of Landsat imagery of varying spatial and spectral resolutions, the
study has shown that when available Corona images can be applied to improve the
amount of remotely sensed information for land cover analyses in the Sahel. While the
application of Corona imagery may require a high amount of computer processing space
and may require a lot of processing time, they can provide invaluable information in
Sahelian areas without an excessive amount of deformation considering that the terrain

is relatively smooth.
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Part IV-Elements of
hydrology and discharge

measurements
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1. Is the Niger River under threat?

River basins are an important part of natural ecosystems that provide a means of livelihood for
its human inhabitants particularly in developing countries. The need to harness river resources
for various human uses often endangers the population that depend on it for their livelihoods as

well as the balance of the flora and fauna that are found in it.

In the Niger River basin, with increasing population growth, human activities such as water
extraction, navigation, damming, discharge of industrial and domestic effluent, and over fishing

will pose a threat to the well-being of the basin if not properly managed.

Climate change or variability, with its effects on precipitation, evaporation, and river discharge in
the Niger River basin and in particular, the semi-arid middle Niger basin further complicates the

sustainable management of the river basin.

A combination of climate change and the growing human impacts on the river’s resources have
seen the Niger River dry up at Niamey on a couple of occasions in the last few decades. This
pressure may make the routine task of sediment regulation more difficult even for a large river
like the Niger. It is not the purpose of this part of the study to make a complete hydrological
analysis of the study area, but to review and analyse some of the elements that are linked to
sediment production and transfer in the study area that will be discussed in part V of this work.
Specific attention to the hydrology of the region can be found in Brunet-Moret et al. [1986] and

more recently in Amani and Nguetora [2002] and in Mahé et al. [2003, 2005] amongst others.

This part of the study aims to explore the Niger River basin in the larger context of large African
rivers and to attempt to describe the effects of environmental change on the middle Niger River’s

discharge.

In order to achieve the stated objective, it would be necessary to:

*  Characterise the discharge regime of the middle Niger River in relation to:
- the Niger’s regime upstream of the study area;
- the effect of climatic variability and a reduction in precipitation.

*  Characterise the discharge of the Niger River at Niamey during the study period with

respect to the long-term average.

It was also necessary to simulate discharge values where no direct measurements were made in

order to provide data for the sediment studies in part V of this study.
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1.1. Flood regimes:

A river’s regime is its expected pattern of flow during a hydrological year [E M Shaw, 1994], and
is usually derived from flow records of 20 to 30 years. River regimes are controlled by climatic
factors, such as precipitation and evaporation as well as the river basin’s characteristics such as

soil type, vegetation cover, slope, basin size etc.

1.1.1. Major African rivers
The marked wet and dry seasons in tropical Africa result in a close linkage between the climatic
conditions of these river basins and their river regimes.

The meteorological and corresponding hydrological classifications in Africa according to

Rodier [1964] are presented in Table IV- 1.

Table IV-1: Meteorological classification of Tropical Africa and corresponding
hydrological regimes

Precipitation (mm) Meteorological Classification Hydrological Classification
<150 Saharian Desert
150 — 300 Northern Sahel Sub- desert
300 — 750 Southern Sahel Sahelian
750 — 1200 Sudan 1 Pure Tropical
> 1200 Sudan 1T and II1 Tropical transition
Below 8°& 9° Libero-Dahomean Equatorial transition

River basins covering relatively large areas are therefore bound to be influenced by factors such
as the varying precipitation of the basin area to seasonal differences within the basin. The regimes
of such rivers may vary markedly along their lengths in terms of timing and magnitude of
discharge. A graphical representation of the above climatic classification for West and Central

Atfrica is presented in Figure IV- 1.

127



20°

16°

10°

5°

0°

-5e

, |
| DESERTIQU
 —Toibouct
SEMI-ARIDE " %J">uctl -
I-ARIDE mm
lOPIC OFIC
By . T ARIDE.
L;aqad i 700mm
E)die ne ROP ?1
MEQUATORIA \
N A .
v TN
. T EQUATARIAL
o 12 itamd o118 )
. QEQUATSRI
D
TRANSITION
V. N ot O SIS SRR S
-15° -10° -5° 0° 5° 10° 15° 20° 25°

Figure IV- 1: West and central African climates after L'Hoéte et al. [1996]

In order to appreciate the peculiarities of the middle Niger River’s regime, a brief description of

the regimes of two other large African rivers near their mouths is presented.

The Nile: The Nile river basin covers an area of about 308x10° km? [UNEP, 2002]
and the river flows for about 6700 km before reaching the Mediterranean sea. The Nile
River has three major tributaries, namely, the White Nile, the Blue Nile, and the Atbara,
with two distinct regimes, the White Nile on one hand and the Blue Nile and Atbara on
the other hand. The White Nile maintains a relatively constant flow all year through due
to storage in lakes and evaporation losses as it traverses the Sudd, a vast, flat expanse of
swamps. The Blue Nile and Atbara are seasonal rivers that are largely influenced by the
wet and dry season of the tropical regime, flooding in the wet season due to heavy

rainfall on the Ethiopian plateau and receding in the dry season. A characteristic

hydrograph of the Nile at Aswan ( 306x10° km?) is presented in Figure IV- 2 showing
the near constant flow due to the White Nile and the peak flow due to the Blue Nile and
the Atbara. The Nile has a relatively low specific discharge (0.9 1/s/km?) due to a large

part of its basin being located in arid areas.
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Figure IV- 2: Characteristic hydrograph of the Nile River at Aswan after
Mohamed et al [2005]

The Congo: The Congo river is 4700 km long [] C Olivry et al., 1988] and has a basin

area of about 3.7%10°km? which is located on north and south of the equator. The
volume of water discharged annually by the Congo is one of the world’s highest, with a
high specific discharge of 11.7 1/s/km? The main controlling factor of the Congo
River’s regime is its location on either side of the equator causing an alternation in the
rainy season on either side of the equator. The Congo River basin has two periods of
peak flow (see Figure IV- 3) for the station at Brazzaville (~ 35%10° km?): the more
significant flood period occurs between October and January and is due to the
contribution from the northern part of the basin. The lesser flood period occurs
between April and May and is due to contribution from the southern part of the basin.

Laraque et al.[2001] discuss the variations in hydrological regime of the Congo River.
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Figure IV- 3: Characteristic hydrograph of the Congo River at Brazzaville after
Bricquet [1993]

There are also two periods of low flow with the more severe low flow period occurring between
June and September due to low flows of the equatorial regime and the falling limb of the
southern tropical regime; and a second low flow period between February and March due to the

low flows of basin areas located in the northern hemisphere.

A comparison of these two major African river basins with the Niger basin at Niamey and at
Onitsha is presented in Table IV- 2, with Nile river data from [Y A Mobamed et al., 2005] and
Congo river data from [] P Bricquet, 1993; ] C Olivry et al., 1988].

Table IV- 2: Flow characteristics of the major African rivers

River (station) Area Modal discharge Specific discharge ~ Mean annual discharge volume
(106 km?) (10> m3/s) (1/s/km?) 10° m3)
Nile (Aswan) 3.06 2.7 0.9 84.1
Congo(Brazzaville) 3.50 40.9 11.7 1290.0
Niger(Onitsha) 1.47 5.9 4.0 200.0
Niger(Niamey) 0.70* 1.0 14 31.0

* considering an active basin area of (15%10° km?)
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1.1.2. The Niger River from its source to Malanville

The varying climatic regions traversed by the Niger River as well as it large catchment basin give

it a variable regime along its length from its source to its mouth.

The climatic regions that affect the Niger River’s hydrological regime from North to South

according to Rodier [1964] are the following (see Table IV- 1):

1) The northern Sahel: The sub-desert flow regime occurs in regions between the 100mm
and 300mm isohyets or the northern Sahel. The sub-desert hydrologic regime is marked

by infrequent runoff during the short rainy season and a high degree of evaporation.

2) The southern Sahel: The Sahelian regime prevails between the 300mm and 750mm
isohyets. The rainy season in the southern Sahel lasts for about three months, starting in
May/June and ending in September/October. Sahelian watercourses attain their peak
flow around August and are dry or maintain a very low base flow between November and

the next rainy season.

3) Sudan I: The pure tropical regime has a season of high flows between July and October,
and a low flow season between December and June. The northern limit is the 750mm

isohyet and the southern limit is the 1200mm isohyet.

4) Sudan II and III: Rivers in the Sudan II and III climatic region, with a longer rainy
season than the Sudan I region, have a tropical transition regime marked by a longer
period of high river discharge and less severe low flows than the Sahelian and Sudan I

regimes.

The Niger’s discharge increases steadily from its source through its upper course until the inner
delta where it losses about 24 to 48% of its volume to evaporation and infiltration (G Maké et al.,
2002], depending on the prevailing climatic conditions. Rodier [1964] estimated that between 22.5
and 43 billion m® of water are lost per annum due to evaporation and infiltration as the Niger
river traverses the flat semi-arid region known as the Niger’s interior delta , that attains a

maximum surface of about 35000 km? according to Mariko et al.[2002].

The characteristics of the Niger River from Kouroussa to Malanville up to 1979 are summarized
in Table IV- 3, and the relative locations of the stations are presented in Figure IV- 4. The data

are compared only up to 1979 because of issues of data availability for some of the stations.
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Table IV- 3: The Niger River from Kouroussa to Malanville

Upper Niger River Inner Delta Middle Niger River
Tropical transition regime Sabelian Sabelian Sabelian Pure Tropical
Kouroussa! Koulikoro! Koulikoro + Diré! Niamey? Malanville?
(1945-78) (1907-79) Bani! (1924-79) (1929-79) (1952-79)
(1951-79)
Basin area (km?) 16560 120000 236000 340000 700000 1000000
Precipitation(mm) 1650 1600 1405
Annual Mean 1545 2050 1110 996 1175
discharge(m?/s)
Annual Modal 238 1505 2070 1090 970 1255
discharge(m?/s)
Low flow(m?/s) 6 46 66 50 41 60
Mean peak 1127 6139 8320 2350 1840 2204
discharge(m?/s)
Median cumulative NA 5 5 5
annual discharge(m?) 49x10 70x10° 35x10° 309x10 40x10
Cumulative annual NA 5
discharge (90t 635x10° 90x10° 47x10° 385x10° 50x10
percentile) wet
year(m?)
Cumulative annual NA R
discharge(10t 335x10° 50x10° 275x10 21x10° 29x10°
percentile) dry
year(m?)
10 yeat Flood(m?/s) NA 7900 11080 2660 2135 2197
100 year Flood(m?3/s) NA 9600 13350 2800 2540 3020

" data from Rodier and Roche[1984] and Brunet-Moret et al.[1986];* data from NBA archives

In Table IV- 3, the first estimation of discharge in the inner delta is derived from the addition of

river discharge values of the Niger River at Koulikoro and the Bani River at Douna (K+D) in

Figure IV- 4 although the inner delta begins at Ké-Macina.
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Figure IV- 4: The Niger River from its source to Malanville
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Hydrographs for the representative stations along the Niger from Kouroussa to Malanville are
presented in Figure IV- 5 using data from the Niger Basin Authority, to illustrate the variability

in river discharge along the river for a given hydrological year.

The continuous increase in discharge of the Niger River can be observed from Kouroussa to
Koulikoro after which on traversing the inner delta, large evaporation and infiltration losses

occur. Further losses occur between Diré and Niamey.

The Niger in 2006/07 at Kouroussa near its source reached its peak discharge around October at
less then 800 m’/s, while at Koulikoro the maximum discharge was about 4000 m’/s. The
discharge at Kouroussa has more than one peak reflecting the contribution of the tributaries near

the Niget’s source.

The maximum discharges at Kouroussa and Koulikoro on the upper Niger have sharp peaks that
are not sustained in comparison to the Niger’s hydrograph at Diré at the outlet of the inner delta.
The sustained peak observed at Diré is due to the storage that occurs in the Niger’s inner delta.

The maximum discharge at Diré of about 2000 m’/s occurred around November.

The middle Niger at Niamey has two distinct peaks, the first one is due to the local rainy season
and occurs around August and the second peak is due to the emptying of the inland delta and
occurs around December or January. Historically, the second peak discharge that occurs in
December or January was much larger than the first peak discharge, but the trend has changed in
recent times as will be discussed in the following sections. In 2006/07, the first peak was about

1840 m’/s while the second peak and more sustained maximum discharge was about 1770 m3/s.
The hydrograph in

Figure IV- 5(e) for the Niger at Malanville 1989/90 is presented only to illustrate the hydrograph

at Malanville with a similar shape to the Niger’s hydrograph at Niamey.

An overview of the land use and climatic changes in the Sahel and Sudan areas of West Africa is

presented in Descroix et al. [2009]
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Figure IV- 5: Characteristic hydrographs of the Niger River from Kouroussa to Malanville
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1.2.  Physical characteristics of the middle Niger

River basin

1.2.1. Definition and main characteristics of the middle Niger

basin

The middle Niger River is the term used to describe the section of the River Niger between the
“interior delta” at Diré and an arbitrary limit at the Niger-Nigeria frontier [Y Brunet-Moret et al.,
19806], other authors like Rodier [1964] have defined its downstream limits to be the confluence

of the Niger and Benue rivers at Lokoja in Nigeria.

The middle course of the Niger River is characterized by relatively low precipitation and limited

tributary contribution to the Niger’s flow discharge.

Like most tropical rivers, precipitation is the major controlling factor of middle Niger River’s

flow, with evaporation and infiltration effects being of secondary importance.

The middle Niget’s tributaries are seasonal, with runoff from May/June to October/November
depending on the prevailing climatic factors for each tributary’s basin, although base flow may
continue up to January. In contrast to its tributaries, the Niger is a perennial river and has only
been intermittent for a few days in periods of severe drought in 1974 and 1985 at Niamey for the

entire period on record (1929 - 2008).

1.2.2. The importance of the tributaries of the Middle Niger
River

The middle section of the Niger River is of particular interest, in terms of water and sediment
input, because it is the stretch where the Niger River receives its first tributaries after the losses
that occur in its interior delta. One particularity of the middle Niger River is the fact that between
its exit from the interior delta and Gaya near the Niger-Nigeria frontier, it only receives
tributaries from its right bank as most of the former tributaries on its left bank are now inactive,
like the Dallol Bosso and Dallol Maouri, and hardly sustain runoff to the Niger River. The name
“Dallol” is used to designate dry valleys usually characterized by their large width and gentle

slopes [P Chaperon, 1971].

The middle Niger River receives three tributaries along its course up to Niamey; the Gorouol, the

Dargol and the Sirba. Downstream of Niamey, the Niger River receives five more tributaries
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before the Niger-Nigeria border, the Goroubi, the Diamangou, the Tapoa, the Mékrou, the
Alibori and the Sota.

The basin characteristics of the main tributaries of the middle Niger River are summarised in

Table IV- 4

Table IV- 4: Tributary Characteristics (Middle Niger River)

River Basin Area (km?) Altitude(m)
Gorouol 45125 240 - 320
Dargol 7200 200 - 320
Sirba 38750 200 - 320
Goroubi 15500 200 - 320
Diamangou 4400 200 - 280
Tapoa 5500 200 - 280
Mékrou 10690 180 - 650
Alibori 13650 180 - 360
Sota 12100 240 - 320

The present study focuses on the Gorouol, the Sirba and the Mékrou Rivers, and their geological,
soil and vegetation characteristics are described in part I. Brunet-Moret et al. (19806) describes the

other tributaries.
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* The Gorouol River with a basin size of about 45000 km?* and altitude ranging from 240
m to 320 m is the first of the middle Niger’s tributaries. The Gorouol basin is located in
three countries: Mali, Niger and Burkina-Faso. Mean annual precipitation between 1950
and 1990 over the Gorouol basin ranged from 300 mm to 500 mm. As observed in part
III of this work, barrages and water retention basins are located on the Gorouol basin

and this could have an effect on the hydrology and transfer of sediment from this basin

to the middle Niger River. The Gorouol basin is presented in Figure IV- 6.
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Figure IV- 6: The Gorouol Basin
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* The Sirba River has a basin area of 38750 km? and altitude ranges from 200 m to 320
m with gentle slopes. The Sirba basin is located in Burkina-Faso and Niger, with a large
part of its upper basin in Burkina-Faso. The Sirba River has a dense network of
tributaries and receives a mean annual precipitation greater than 500 mm (1950 - 1990
data) making it a significant tributary of the middle Niger River. Barrages and water
retention basins exist particularly in the upstream part of the Sirba River and may affect
the river discharge and sediment transfer dynamics closer to the Sirba’s confluence with

the Niger River. The Sirba basin is presented in Figure IV- 7.
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Figure IV- 7: The Sitba basin
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The Mékrou River has a basin size of about 10769 km? and has a simple network
without any major tributaries. The Mékrou basin is located mainly in the republic of
Benin and in Niger. Steep slopes and such features as waterfalls, gorges, and rapids
characterize the Mékrou basin. Annual precipitation is between 1350 mm upstream, and
750 mm near its confluence with the Niger River. A single peak that usually occurs
between August and September characterizes the Mékrou River’s discharge. The

Mékrou basin is presented in Figure IV- 8.
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Figure IV- 8: The Mékrou basin
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1.3. Variability of river discharge in the middle
Niger River basin

1.3.1. River discharge dependence on precipitation

Rodier and Roche[1978] defined semi-arid regions, with respect to the Sahel, as regions with a

rainfall limit of 500-600 mm and mean annual temperature above 18°C.

The middle Niger River and its tributaries are located in the southern Sahel and Sudan I regions
and are mainly influenced by the Sahelian and pure tropical regimes. The influence of the two
different regimes is observable on the Niger River at Niamey, where there are two peaks, the first
one being due to the tributaries of the Sahelian regime and the second peak due to the upper

Niger River of the tropical transition regime.

Rainfall in the middle Niger basin demonstrates a high variability in time and space and appears
to follow a cyclical trend of wet and dry periods. The Niger River’s regime being climate
dependent is influenced by changes in climatic factors such as precipitation as well as associated

physiographic changes such as land cover and basin runoff coefficient.

Mahé et al. [2003] highlighted what they described as a post-1973 phenomenon of increased
runoff in spite of a reduction in rainfall in “sudano-sahel” areas with less than 700 mm of annual
precipitation. In areas of the sudano-sahel with more than 700 mm of annual rainfall, they found
runoff to vary directly with rainfall. In the non-sahelian part of West Africa, Paturel et al.[1997]
observed a cyclical trend in variations around mean precipitation values between 1925 and 1990,
with the most severe deficit period occurring around 1970. Lubes-Niel et al.[2001] observed a
change in the form and intensity of hyetographs for rainfall data at Niamey before and after 1969
for data between 1956 and 1998.

River discharge in the middle Niger basin is strongly dependent upon precipitation. A
comparison of percentage departure from the mean for precipitation and cumulative annual
volume discharge for the middle Niger basin is shown in Figure IV- 9(a) and Figure IV- 9(b) for
the period between 1929 and 2006. The precipitation data is for the Niger River basin upstream
of Niamey and was calculated by combining standardized precipitation indices derived by
Olivry et al. [1993] and by Ali and Lebel [2008] The river discharge data is for the Niger River at
the Niamey station. The strong rainfall dependence of river discharge is apparent but

furthermore is amplified by a factor of two particularly in periods of low precipitation.
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Figure IV- 9: Percentage departure from mean values of (a) precipitation over the Upper and Middle Niger basins, (b) cumulative annual

discharge of the Niger River at Niamey.1929-2006
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The direct relationship between precipitation (for the Niger basin upstream of Niamey) and river

discharge for the Niger River basin at Niamey is illustrated in Figure IV- 10.
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Figure IV- 10: Relationship between precipitation and river discharge indices

1.3.2. Inter-annual variability in river discharge of the middle

Niger River

The maximum record discharge of Niger River at Niamey for the period of record (1929-2007)

was 2360 m’/s and a minimum discharge of zero m’/s occurred in years of extreme drought.

The values for annual maximum and minimum record discharge between 1929 and 2007 for the
Niger River at Niamey are presented in Figure IV- 11. The cyclical trend of wet years and dry
years is repeated for both the maximum and minimum flows. Figure IV- 11 shows that between
1972 and 1991, the low flows at Niamey were near zero, but have maintained a non-negligible
level thereafter. The Sélingue dam constructed in 1981 on the Sankarani River (a tributary of the
Niger River) upstream of Koulikoro, has been used to regulate low flows on the Niger River [M
Kuper et al., 2002]. The regulatory role of this dam on low flows can be observed after 1991 in
Figure IV- 11.
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the Niger River at Niamey (1929/30 — 2007 /08)

An analysis of the Niger River’s flow duration characteristics at the Niamey station between 1929
and 2006 was carried out using daily discharge data. In addition to the total record period, the
analysis was extended to other periods of interest such as the wet and dry spells, as well as the
years of recorded extreme values in terms of daily discharge and cumulative annual discharge

volume (See appendix D for Figure D- 1 to Figure D- 7).

A summary of the flow duration characteristics of the River Niger at Niamey is presented in
Table IV- 5 indicating for each period, the prevailing discharge for 5%, 50%, and 95% of the
time. Low flows occur at discharge values below the median value (the discharge equalled or
exceeded 50% of the time) while high flows occur at values greater than the median value. The

significance of each period chosen is summarized in the remarks column of Table IV- 5.

The Qq/Qs, ratio is commonly used as a base flow index to indicate the proportion of stream
flow due to ground water storage [R | Nathan and T A McMahon, 1990]. The base flow
component of river discharge which is dependent upon such basin characteristics as climate,
vegetation cover, land use, soil type and geology, is significant when the slope of the low flow
portion of the flow duration curve is low (high values of the Q,5/Qs, index). High values of the

Q,5/Q5yindex reflect continuous dischatge to the river from natural storage.
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Table IV- 5: Flow duration characteristics of the Niger at Niamey

% of time that indicated discharge(#//s)was

Year/Period equalled or exceeded Qos/Qs0 Remarks
5% 50% 95%
1929/30-2006/07 1600 800 10 0.0125 Entire record*(72yrs)
1950/51-1969/70 1800 900 40 0.0444 Wet spell
1956/57 1400 910 80 0.0889 Year of maximum annual
discharge volume
1969/70 2100 1100 18 0.0164 Year of maximum daily flow
1970/71-1989/90 1500 450 0.0089 Dry spell
1984/85 980 155 0.0258 Year of minimum annual
discharge volume
1985/86 1200 280 0.04 0.0001 Year of minimum daily flow

*(data for 1932/ 33 and 1936/ 37 to 1940/ 41 were unavailable)

It can be observed from Table IV- 5 that base flow contribution to the Niger’s discharge was
highest in 1956/57 when the Niger discharged its record maximum volume at Niamey. By
1985/86, base flow contribution was greatly diminished. The Niger River’s annual discharge
volume in 1984/85 was the lowest on record, while the minimum daily discharge of zero m3/s
was recorded in 1985/86. The fall in the Q95/Q50 index for the consecutive years suggests a

depletion of the natural storage during these years.

The above analysis highlights the variability of the Niger’s discharge at Niamey between 1929 and
2008, in periods of high discharge and periods of low discharge or droughts.

1.3.3. Definition of drought and high flow periods for the
middle Niger River

The definitions of drought are as different as the professions that study the phenomenon. The
basic concept of droughts is associated with a period of low or below normal water supply with

respect to water or moisture requirements, making droughts climate dependent.

The appropriate definition depends on the field of study and component(s) of interest such as
stream flow, reservoir storage, precipitation, and soil moisture. For the present study, a
characterization of stream flow is important in order to study the effects, if any, of periods of

below average water supply on sediment production and transport.
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A threshold value is necessary to define drought periods and to distinguish them from other
events. Dracup [1980] suggests three fundamental descriptors of drought events; severity,

magnitude and duration and they are related by the expression S=M*D.

Where: S, severity = cumulative deviation from X,
M, magnitude = average deviation from X,

D, duration = time between successive crosses of X,

The drought periods are described as a function of the mean annual runoff volume X, for the
discharge series. X, is known as the truncation level and divides the series into “above normal”
and “below normal” sections. A plot of the departures from the mean annual volume discharged
by the Niger River at Niamey between 1929 and 2008 (with a few years of missing data) is
presented in Figure IV- 12, highlighting the magnitude and severity of high and low flow periods.
The values for drought magnitude are presented in Figure IV- 12 as a ratio of the mean annual
volume discharged, and thus range from -1 to 1., with negative values representing droughts and

positive values representing periods of high river discharge.
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Figure IV- 12: Drought characterisation of river discharge of the Niger at Niamey

(1929/30 to 2007/08) based on annual volume discharged

The discharge record of the Niger River at Niamey can therefore be divided into twenty distinct
periods across the drought threshold value. The periods and the severity of either high flow

(positive values) or low flows or droughts (negative values) are indicated in Table IV- 6.
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Table IV- 6: Relative severity of drought periods between 1929 and 2007

Period Severity Ranking of above  Ranking of below
normal periods normal periods
1 1929-1931 1.092 2 -
2 1934-1935 0.178 6 -
3 1941-1944 -0.696 - 2
4 1945 0.020 10 -
5 1947-1949 -0.351 - 6
6 1950-1969 5.748 1 -
7 1970-1974 -0.661 - 3
8 1975-1976 0.139 8 -
9 1977-1978 -0.391 - 5
10 1979 0.049 9 -
11 1980-1993 -4.939 - 1
12 1994 0.162 7 -
13 1995-1997 -0.528 - 4
14 1998-1999 0.187 5 -
15 2000 -0.023 - 9
16 2001 0.015 11 -
17 2002 -0.208 - 7
18 2003 0.280 3 -
19 2004 -0.174 - 8
20 2005-2007 0.195 4 -

The values are plotted in Figure IV- 13 highlighting the major periods of high discharge (1950-
1969) and low discharge or drought (1980 -1993) according to Table IV- 6.
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Figure IV- 13: Relative severity of high and low flow periods for the Niger River at
Niamey (1929-2007)
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In order to compare the average hydrographs of relatively smaller sample size of representative
periods of “above normal” and “below normal” river discharge, four periods can be identified

from Figure IV- 12 and Table IV- 6:
* Two periods (1929 to 1935 and 1950 to 1969) with annual discharge volumes greater
than the long-term average;

*  Two periods (1941 to 1949, and 1970 to 2007) with annual discharge volumes less than

the long-term average.

The mean hydrographs for the four periods are presented in Figure IV- 14 below.
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Figure IV- 14: Average hydrographs of the Niger River at Niamey

The average hydrographs for the two “above normal” periods, 1929-1935 and 1950-1969 are
nearly identical, except for the fact that the low water discharge is more severe and the peak
discharge is higher for the 1950-1969 period which could be an eatly effect of land use and land
cover change. However, the quality of data may be questioned for earlier dates particularly
because data does not exist for the some years between 1932 and 1941 (see Figure IV- 12). In
addition, an evaluation of the runoff coefficients of these two periods would need to be made for
this assertion to be valid, especially because environmental data for the earliest period may be

inexistent.

A comparison of the two “below normal” periods 1941-1949 and 1970-2007 reveals that the
Niger at Niamey now peaks about 32 days earlier (1970-2007) compared to 1941-1949.
Furthermore, the Niger’s mean annual discharge peak is now (1970-2007) about 100m’/s lower
than the last “below normal” discharge period (1941-1949). The most severe period of drought in
terms of river discharge occurred for the Niger at Niamey between 1980 and 1993, as can be

observed in Figure IV- 13. A comparison of the average hydrograph for this period with the
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average hydrograph of the long-term low flow period of 1970-2007 in Figure IV- 15 illustrates
the severity of the drought that occurred between 1980 and 1993. The average maximum
discharge between 1980 and 1993 was almost 200m’/s less than for the period between 1970 and
2007.
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Figure IV- 15: Average hydrographs of the Niger River at Niamey

1.3.4. Change in Middle Niger River input: the Sirba example

An analysis of discharge data of the Sirba River between 1956 and 2008 indicate a trend of
increasing annual cumulative discharge that in turn has an impact on the Sirba’s percentage

contribution to discharge of the Niger at Niamey as shown in Figure IV- 16 and Figure IV- 17.
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Figure IV- 16: Percentage departure from mean annual cumulative discharge for the

Sirba River
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Figure IV- 17: Percentage contribution of the Sirba River to the middle Niger

The discharge record for the Sirba River at Garbé Kourou consists of only 42 complete years of
record and in 18 of those years, the annual volume discharged by the Sirba where above the
threshold of about 886 million m’. The positive departures from the mean value between 1956
and 1967 (in Figure IV- 16) occurred at the same time as the positive departures from the mean
values for precipitation and river discharge for the Niger River at Niamey (see Figure IV- 9).
Since 1988, larger departures (up to 3 times the long term mean) of the volume discharged by the
Sirba River at Garbé Kourou have occurred. This is in contrast to the Niger River’s relative
discharge that decreased during the same period. The effect of the slight recovery in precipitation
in terms of the long-term average is manifest in the rise in annual volume discharged by the Sirba
River. The cumulative annual discharge for the Sirba River shows a high variability ranging from
just over 100 million m’in dry years to over 2500 million m’in years with high discharge. The
cumulative annual discharge of the Sirba River at Garbé-Kourou was over 2 billion m’ in the

1988/89, 1994/95, 1998/99 and 2003/04 water yeats.

Albergel [1987] studied the rainfall-runoff relationship on two experimental plots in Burkina Faso
for a wet period (1950 — 1968) and for a dry period (1969 — 1984), and found that runoff was
more favourable in the dry period, making up for the rainfall deficit experienced during the dry

period.

Amani and Nguetora [2002] observed a modification in the Niger River’s discharge regime at
Niamey based on the discharge data between 1929 and 2000. They found that between 1970 and
2000 the Niger River at Niamey reached its peak discharge in December, in contrast to the period
between 1928 and 1969 when the peak discharge was attained in February. They suggested that a

reduction in water discharge from upstream areas of the Niger River coupled with increasing
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runoff coefficients in the middle Niger’s sub-basins due to vegetation cover and soil degradation,

were the causes of this change in discharge regime.

1.3.5. Water balance for a region of the middle Niger River

basin: Inter-annual evolution of the water balance:

In order to evaluate the impact of the trend of increasing tributary flow and decreasing discharge
of the input from the Upper Niger River, a water balance, in terms of annual cumulative river

discharge, was carried out between two points on the middle Niger River; Kandadji and Niamey.

A comparison was made of the cumulative annual volume input of the Niger at Kandadji and its
tributaries between Kandadji and Niamey (the Dargol River and the Sirba River) and the

cumulative annual volume output (of the Niger River at Niamey) as illustrated in Figure IV- 18.
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Figure IV- 18: River Niger’s discharge between Kandadji and Niamey

The data available for such a comparison between the two stations on the middle Niger River

was for a total of twenty years between 1975 and 2007 as shown in Table IV- 7.
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Table IV- 7: Water Balance between Kandadji and Niamey 1975/76 — 2007 /08

Water Year Sum of measured Measured output(10°m?) Balance(10°m?)
input(10°m3)
1975/76 31733.0 29476.0 -2257.0
1976/77 31399.5 29169.8 -2229.7
1977/78 19381.3 17853.6 -1527.7
1978/79 27179.7 26264.6 -915.1
1979/80 28585.2 28747.6 162.4
1980/81 20680.2 20792.1 119.9
1981/82 24436.3 23595.2 -841.1
1982/83 20292.5 19349.4 -943.1
1983/84 16163.2 16100.0 -63.2
1985/86 20517.6 19146.3 -1371.3
1986/87 16986.6 15578.4 -1408.2
1987/88 15934.8 14442.4 -1492.4
1988/89 22419.7 21676.1 -743.6
1990/91 17941.6 16242.1 -1699.5
1991/92 21200.8 18096.4 -3104.4
1995/96 26722.8 24778.3 -1944.5
1998//99 28411.6 29263.7 852.1
2001/02 27124.0 27835.9 711.9
2006/07 28134.8 29166.7 1031.9
2007/08 26919.5 29969.8 3050.3

A plot of the difference between input and output in terms of annual cumulative water discharge

between Kandadji and Niamey on the Niger River is presented in Figure IV- 19.
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Figure IV-19: Water balance between Kandadji and Niamey 1975 to 2008
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Negative values in Figure IV- 19 occur when the annual cumulative discharge measured at
Niamey is less than the sum of annual cumulative discharge of the Niger at Kandadji and the
annual discharge volumes of the Dargol Sirba Rivers, while positive values indicate higher
cumulative discharge at Niamey compared to all the upstream inputs as schematized in Figure

IV-20.
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Figure IV- 20: Water balance for River Niger between Kandadji and Niamey

The input is the annual volume discharged at Kandadji plus the volumes discharged by the
Dargol and Sirba rivers while the output is the annual cumulative water discharged by the Niger
at Niamey plus losses. These losses are due to evaporation, infiltration, as well as water

abstraction.

It was observed that in general, between 1975 and 1996 the input volume was greater than the
output volume. Since 1998, for the years with complete discharge data, the reverse has been the
case. The two periods are compared in Figure IV-21 showing that the peak discharge at Kandadji
is reproduced at Niamey in December or January. This implies that the “surplus” volume

discharged at Niamey is due to the more prominent first peak discharge period during the local

rainy season (August to September) and not to measurement errors.

The evaporation and infiltration losses in a semi-arid region like the study area can be expected to
be considerable. However, the observed “surplus” volume discharged by the Niger at Niamey is
significant considering that the evaporation losses for the ~186 km reach between Kandadji and

Niamey was estimated using data from the Food and Agriculture Organization’s web LocClim
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estimator [FAO, 2008b] to be of the order of 764x10° m’ per year (see Table D- 1 in

appendix D).
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Figure IV-21: Comparison of the average hydrographs for the Niger at Kandadji and
Niamey

The average hydrographs of the Niger at Kandadji and Niamey for the period between 1975 and
1996 have similar shapes in contrast with the hydrographs for the period between 1998 and 2007

where the tributary contribution to the Niamey hydrograph is apparent.

Several studies of the Sahelian hydrology have reported changes in response to climatic and
human impacts. Amani and Nguetora [2002] suggested that the runoff coefficient of the middle
Niger’s tributaries could be increasing due to a reduction in vegetation cover. Mahé et al [2003]
highlighted a “post 1973 phenomenon” of increased runoff in spite of a reduction in rainfall in
mostly Sahelian areas with less than 700 mm of annual precipitation including most of the
present study area. In areas of the Sudano-Sahel with more than 700mm of annual rainfall,
Mahé et al. [2003] found runoff to vary directly with rainfall. A similar trend was noted by
Séguis et al [2004] in Wankama on the mainly endorheic left bank of the Niger river with the
runoff coefficient estimated to have increased by up to 1.7 times the value in 1950 in spite of the
reduction in precipitation. Yero [2008] citing Esteves and Lapetite observed that runoff
coefficient values at Tondikiboro, a Sahelian basin, had increased from 36% to 46% between

1991 and 2008 .
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2. Focus on the study period: River
discharge (measurement, estimation and

hydrological context)

2.1. Measurement and

discharge

estimation

of

river

In order to estimate the sediment flux of the middle Niger River and its tributaries it was

necessary to derive mean daily discharge data for the selected sediment measuring stations.

These discharge values will be used in the sediment transport analysis in part V of this work to

calculate sediment flux and to derive the parameters to evaluate the sediment transport capacity

of the middle Niger River. Depending on whether the station was equipped with a means for

measuring river discharge, discharge values were measured or estimated. The locations of the ten

stations along the Niger River and its tributaries for which discharge data were derived are shown

in Figure IV- 22.

2.1.1. At-station measurements

Measurement of discharge at stations equipped with staff gauges

At stations equipped with staff gauges, the daily mean river discharge was estimated by measuring

the water levels twice a day and transforming these values to mean daily discharge in m’/s. The

River Niger Basin Authority provided the transformed
discharge data for the stations at Kandadji, Niamey,
W.Niger on the Niger River and Alcongui on the
Gorouol River as well as Garbé Kourou on the Sirba

River.
Estimation of discharge at other stations

The river discharge at Ayorou was estimated as the

difference between the Niger’s discharge measured at

Alcongui ® Ayorou

Mali

. Kandadji

Garbe Kourou®

&
Tiambi

Burkina Faso

Farie Haoussa
w, Latakabiey
Q Niamey

Niger

Brigambou

Bénin

Diabou Kiria

100 km

Nigeria

Kandadji and the discharge of the Gorouol at its

confluence with the Niger River. The river discharge at Brigambou was assumed equal to that

measured at the W.Niger gauging station close to Brigambou.

The discharge at Tiambi on the Sirba was estimated by multiplying the basin size ratio by the

measured discharge at Garbe Kourou.
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Figure IV- 22: Discharge measurements in the study area
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2.1.2.  1-D modelling for the estimation of river discharge

The program

CARIMA (CAlcul de Rlvieres MAillees) is a numeric code developed by SOGREAH consultants
for open channel flow calculations in rivers and floodplains as well as for irrigation networks [] .4

Cunge et al., 1980; F M Holly and | B Parrish, 1993].

It was designed to calculate two types of flow conditions, namely; 1-D flow in the principal
channel by resolving the complete Saint-Venant equations, and flood plain flow (quasi 2-D flow)

with simplified flow equations without the momentum term.

It is valid where flow conditions can be assumed to meet Saint-Venant’s hypotheses:

* one dimensional flow, with uniform cross-sectional velocity;
*  very small streamline curvature and hydrostatic pressure distribution;

* flow resistance and turbulence losses assumed to be the same as for steady uniform

flow;
*  small bed slope;
*  constant water density.

The Niger River model: from Selingue to Malanville

A model of the Niger River from Selingue in Mali to Malanville in Bénin was designed by
SOGREAH for the Niger River basin Authority. The model was developed from topographic
measurements of the river’s geometry in 1983, with the aim of simulating flood propagation

along the measured stretch of the Niger River.
Initial and boundary conditions

Approximate initial conditions were set by the program and refined until a steady state was

obtained. The boundary conditions were the Niger’s hydrograph at Kandadji.
Obijectives
The model is used for the following tasks

» Estimating the discharge at measurement stations that were not equipped with a flow
gauge station (Farié-Haoussa and Latakabiey), by simulating flood propagation from an

upstream station of known discharge.

» Estimating flow characteristics such as the energy gradient, sutrface velocity, bed shear

velocity.
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Assumptions and limitations

The major drawback of the use of the model described above is the fact that it has not been
updated since 1983 and thus may not give reliable results that are within its original

computational accuracy.

For the purposes of this study, it will be assumed that the model is able to furnish reliable
information on flow conditions at the kilometre scale, despite local changes in channel geometry.
Other information that can be provided by this model includes the flood propagation time,
energy slope, flow depth, and mean surface velocity. The assumption made here will be tested in

the following section.

2.1.3. Evaluation of the hydraulic modelling of river discharge

The results of the flood propagation simulation between Kandadji and Niamey are evaluated by a
comparison of measured and simulated discharge at Niamey. The measured discharge at Niamey
and in particular the rainy season peak discharges are well reproduced by the model. The largest
observed deviations of the simulated values from measured values occur at intermediate
discharge values. A plot of measured and simulated river discharge is presented in Figure IV- 23

and a plot of measured discharge against simulated discharge is presented in Figure IV- 24.
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Figure IV- 23: Measured and simulated river discharge Niger at Niamey (June 2007 to
May 2008)
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Figure IV- 24: Measured vs. simulated river discharge Niger at Niamey (June 2007 to
May 2008)

In addition to providing river discharge values for ungauged stations along the Niger River, the
model also provided the hydraulic data (energy gradient, depth of flow,) necessary for calculating

the sediment transport capacity of the Niger River in part V of this work.

2.2.  Hydrological context of the study period

The sediment sampling for the present study was carried out between 2005 and 2008. Previous
sampling on the Niger at Kandadji (1976 to 1982) had been undertaken between by ORSTOM [R
Gallaire, 1980].

The principal discharge characteristics for the middle Niger River are presented in Table IV- 8
for two representative gauging stations (Kandadji and Niamey) covering the periods that river
suspended sediment concentration were measured. These characteristics include the annual mean
discharge, maximum daily discharge, minimum daily discharge and the percentage of water

volume discharged during the local rainy season (June to October).

160



Table I'V- 8: River discharge characteristics of the Niger at Kandadji and Niamey

%V Dxs
Station Year Q mean Q Max Date(Q Max) Q Min Date(Q Min)
Annual value Averag§ on
the period

1976/1977 975 2050 26/01/1977 9.3 05/07/1976 23.3
1977/1978 590 1580 11/12/1977 8.5 31/05/1978 30.8
1978/1979 843 1830 28/12/1978 5.5 07/06/1978 31.0

1979/1980 875 1930 28/12/1979 8.3 09/07/1979 30.7 313
1980/1981 620 1500 10/12/1980 6.3 29/06/1980 31.6
Kandadji 1981/1982 743 1760 23/12/1981 4.7 22/06/1981 33.2
1982/1983 602 1470 09/12/1982 10.1 28/05/1983 38.3
2005/2006 818 1690 11/12/2005 42.0 13/05/2006 41.2

2006/2007 854 1730 26/12/2006 43.0 21/06/2006 33.9 35.0
2007/2008 787 1790 31/12/2007 30.6 25/06/2007 30.0
1975-2008 721 2100 13/01/1976 1.1 07/07/1985 N/A
1976/1977 925 1930 24/01/1977 14.0 28/06/1976 24.4
1977/1978 566 1400 13/12/1977 7.0 28/05/1978 33.5
1978/1979 833 1800 08/01/1979 6.0 05/06/1978 315

1979/1980 909 1950 01/01/1980 8.41 29/05/1980 31.8 33.0
1980/1981 659 1500 09/12/1980 3.89 28/06/1980 35.3
) 1981/1982 748 1730 22/12/1981 2.62 28/06/1981 33.6
Niamey 1982/1983 614 1390 11/12/1982 3.91 15/06/1982 40.9
2005/2006 902 1730 03/09/2005 47.8 28/05/2006 452

2006/2007 925 1840 30/08/2006 33.2 03/07/2006 38.2 40.5
2007/2008 945 1830 01/01/2008 34.0 25/05/2008 38.1
1929-2008 879 2360 30/01/1970 0.0 05/07/1574 N/A

and 15/06/1985
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%V'D,, _ volume of water discharged between June and October as a percentage of annual volume discharged

With respect to the long-term mean discharge, the measurement campaign carried out between
1976 and 1982 occurred during a relatively variable period of high river discharge and low river
discharge. The measurements for the present study 2005-2008 were carried out during a period
with higher mean daily discharge than the long-term average. In the period between 1976 and
1982 peak discharges at Kandadji and Niamey were close to the long term maximum discharge
for the station and minimum discharge values were relatively low. Between 2005 and 2008, peak
discharge was considerably lower than the long-term value and minimum discharge was much

higher than the 1976 to 1982 period.

The major difference between the two representative stations is that while at Kandadji the peak

discharge occurred at about the same time for all the years under consideration, at Niamey it



occurred much earlier in 2005 and 2006. In order to estimate the influence of the local rainy
season on river discharge, the volume of water discharged during the rainy season (June to

October) as a percentage of the total annual volume discharged is represented as % 17D,

In general, at the Niamey station, the discharge volume that occurred in the rainy season as a
percentage of total annual discharge volume is markedly higher for the 2005 to 2008 period in

comparison to the 1976 to 1982 period.
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3. Conclusions

The following conclusions can be drawn at the end of this part of the study:
» The hydrological analysis of the middle Niger River shows that:

*  River discharge is largely dependent on precipitation and the effect of reduced
precipitation on river discharge. The role of base flow in sustaining low flows of the

middle Niger River has been demonstrated.

*  The average hydrograph of the middle Niger River has two crests: a first peak with a
steep rising limb that occurs during the local rainy season, and a second peak that occurs
because of the discharge from of the inner delta’s storage. The first peak discharge is
more prominent around Niamey and is less prominent further upstream or downstream

of Niamey.

*  The tributaries of the middle Niger River have not responded in the same way as the
Niger River. The cumulative volume discharged at Niamey is increasing relative to
Kandadji, a trend that cannot be explained as being solely due to the increase in
discharge of gauged tributaries, the discharge of ungauged intermittent streams is also
increasing. A study of these ungauged intermittent streams may provide a better
understanding of this phenomenon assuming that losses from evaporation, infiltration,

and abstraction did not reduce between 1998 and 2008.

*  The present study was carried out during a relatively homogenous period of increasing

local runoff contribution to the Niger River’s peak flows.

» Simulation of river discharge using the CARIMA model of the Niger River gives results in
good agreement with measured values but may need to be verified against a station of

known discharge to be accepted as reliable.
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Part V - Sediment
transport in the middle
Niger River basin



An understanding of the sediment transport dynamics of the middle Niger River is vital because
apart from having an adverse effect on water quality and the aquatic habitat, sediment deposits
can also fill up hydraulic works along the river. A better understanding of the sediment transport
of the middle Niger River is particularly important for basin management in view of the reducing

river discharge.

In comparison to hydraulic or hydrological studies, sediment transport studies in general require
more data but usually give less precise results. The main information that this part of the study

aims to derive is essentially that on erosion and deposition trends along the middle Niger River.

In order to achieve this aim it was necessary to:

* Set up an appropriate sediment-sampling program to measure the concentration of
suspended sediment along the middle Niger River and some of its tributaries in order to

quantify the sediment transported in the study area;

*  Analyse the size characteristics of the riverbed material found in the middle Niger River

and some of its tributaries;

* Analyse the size characteristics of sediment transported in suspension by the middle

Niger River and some of its tributaries;

* Calculate the sediment transport capacity at different points along the middle Niger

River from measured and simulated hydrodynamic data.

165



1. Methodology

The measurement of sediment discharge can be complex because it is made up of two
components, one component is transported either in suspension by flowing water while the other
component is transported along the streambed. In suspension, sediment transport is measured as
suspended sediment concentration (SSC) being the quantity of sediment transported per unit
volume of water, while bed load transport is the quantity of sediment transported per unit time

along the riverbed.

The suspended sediment component of the total sediment discharge is of particular interest when
basin erosion is to be estimated, as is the case in this study. This is because transport by
suspension is the likely mode of transport of eroded sediment from the river basin and thus can

be considered as a surrogate measure of basin erosion.

1.1.  Suspended sediment measurement methods

The numerous methods that exist for the estimation of suspended sediment concentration can

generally be divided into direct and indirect measurement methods.

* Direct methods: Direct measurements of SSC consist of trapping a given quantity of
the water-sediment mixture. The simplest form of direct sampling involves dipping a
bottle or bucket into the watercourse and extracting the required sample. Vacuum
action can also be used to extract a sample directly as used in pump samplers but due to
the pumping action pump samplers rarely sample iso-kinetically.

Depth integrating samplers and point integrating samplers can be described as
sophisticated bottle samplers, in that they are designed to automatically take composite

samples over a given vertical or at different points on a cross-section.

* Indirect methods: Indirect measurements aim to simplify the sampling task through a

surrogate parameter that can be related to measured concentration values.

Baban [1995], Gomez et al. [1995] and Nellis et al. [1998] applied a remote sensing
method where reflectance values of water are related to ground referenced values of
suspended sediment concentration. Acoustic methods have also been used to estimate
SSC; SSC is estimated as the acoustic intensity of backscattering signals due to
particles suspended in the stream flow [R L Dinebart and | R Buran, 2005; P D Thorne et
al, 1993]. Optical methods that estimate SSC by relating stream turbidity
measurements to measured SSC are also common [I D L Foster et al., 1992]. The use

of indirect measurement methods is advantageous because they can be time- and
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labour-saving but their major drawback may be the fact that the results obtained using
these methods are only as good as the directly measured data used for the calibration
of the measurement equipment.

Wren et al.[2000] noted that although there are various methods for the estimation of
SSC, bottle samplers remain the standard by which other sampling methods are
calibrated.

The purpose and objectives of a study are the most pertinent factors in choosing an
appropriate method for the measurement of SSC.

Other factors that influence the choice of sampling methods for SSC determination
include but are not limited to the size of the sampling area, the appropriate sampling
interval, the sediment size fraction(s) of interest, operational ease, as well as cost.
Wren et al. [2000] describe methods for the measurement of suspended sediment

concentration as well as their advantages and disadvantages.

1.2. Method applied in this study

Burkham [1985] posited that increasing sampling frequency increases data accuracy up to a
maximum level at which point deviations from true values can be said to represent random errors
due to turbulent fluctuations in the water-sediment mixture and random systematic errors due to

instrumentation, sampling technique and computation.

Data quality is only limited by the cost of equipment for field and laboratory measurements for
near continuous sampling. Daily sampling was adopted in order to increase the accuracy of
suspended sediment discharge data, with respect to eatlier sampling (see paragraph 2.1) on the

Niger River that employed a three-day sampling interval.

The daily grab samples were taken from each of the sampling stations by lowering a one-litre
bottle to at least 50 cm below the water surface and allowing it to fill up.
Rooseboom and Annandale [1981] compared a large databank of sediment samples obtained in
this way to average concentrations obtained from more sophisticated optical methods. They
found that results obtained by the “bottle method” were generally about 25% lower than those

obtained using methods that are more sophisticated.
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2. Measuring stations and data

The stations at which measurements were made are presented in the following paragraphs with

an overview of existing river sediment data for the study area.

2.1. Previous work in the middle Niger basin

Direct monitoring of the SSC for the middle Niger River and its tributaries is rare and has hardly
been carried out at more than one station in a downstream sequence for the same period of

observation.

Between 1976 and 1983, SSC was measured on the Niger River at Kandadji and on the Gorouol
River at Dolbel by ORSTOM [R Gallaire, 1986; R Gallaire and R Gathelier, 1982; R Gallaire et al.,
1981; R Gallaire et al., 1982; P Harang and R Gathelier, 1979; M Hoepffner, 1978].

SSC measurements were also carried out on the Niger River at Niamey from 1984 to 1986 [R
Gallaire, 1995]. The data for Niamey was only available as monthly sediment flux. The duration
and frequency of these earlier sediment-monitoring programs are presented in Table V-1 and the

sampling locations are shown in Figure V- 1.

Table V- 1: Summary of available historic sediment data for the middle Niger basin

River Station Period Sampling frequency

Niger Kandadji July 1976 - May 1983 ~ 3 day interval

Niger Niamey February 1984 —September 1986 ~ 3 day interval
Gorouol Dolbel June 1976 - October 1982 ~ 3 day interval

168



400" 200" ooo” 200'E 400"E
1 N 1 [ ] ]
I
’ \
16500 N~ Wt 0
\‘ 4 W, River Niger SUEHUTH
N
0
GORCUOL
(RAEIHAES -14°00"N
12°0'0" M= 12900
Legend
+  Sites of previous measurements
fvere 0 25 80 100 kil
ometers
10°0'0" N~ [ | Sub-basins [E— -10°00"N
1 1 1 1 1
400" 2700 ooo” 200'E 400'E

Figure V- 1: Locations of previous suspended sediment measurements

2.2.  Choice of measuring stations for the present

study

Because one of the main objectives of the present study was to measure the sediment flux along
the middle Niger River and its tributaries, the measuring stations for this study were sited to

locate them:

* near a zone of degradation (of vegetation and/or soil) ot deposition of alluvium (as

identified from satellite imagery);

* at or near river flow gauging station in order to measure the corresponding water

discharge for measured sediment concentration values;

* in relatively accessible areas.

Two sub-basins were chosen in the semi-arid Sahelian zone (the Gorouol and the Sirba), while
the Mékrou in the Sudan zone was chosen in order to compare the sediment flux along the Niger
crossing the two zones and to provide a representative set of sampling points with respect to the

middle Niger River.
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At the confluence of all three tributaries with the Niger, two measurement stations were chosen,
one upstream and one downstream, in order to study sediment transfer from the tributaries to

the Niger.

Measurements were also carried out on the tributaries of the Niger River in order to quantify the
sediment transport of the tributaries and transfer to the River Niger. On the Gorouol,
measurements were made at Alcongui, while the sediment transport from the Sirba was measured

at two stations on the Sirba (at Tiambi and at Garbé- Kourou).

The Gorouol and Sirba are representative Sahelian basins and were chosen because of vegetation
and soil degradation of their basins evaluated in part III as well as for their relatively large
catchment areas in comparison to the other tributaries of the middle Niger River. Although no
sampling was carried out on the Mékrou River itself due to reasons of accessibility, stations
upstream and downstream of its confluence with the Niger River were selected in order to
contrast the sediment input of Sahelian rivers with the input of a river basin with more rainfall

and vegetation cover.

Overall, the measuring stations were located in stable cross-sections and in straight reaches free
from backwater effects. The sampling stations for this study are located in the study area as

shown in Figure V- 2.
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Figure V- 2: Sampling stations for suspended sediment
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3. Suspended sediment analysis

The fate of river sediment depends on the sediment size composition in addition to sediment
supply. The size of sediment particles is an important sediment property that along with flow
conditions determines the sediment transport processes like entrainment, transport, and

deposition.

Sediment grain size analysis can therefore provide information about the sediment source,

transport history as well as deposition conditions [ | Blo#t and K Pye, 2001].

3.1. Laboratory determination of the suspended

sediment concentration of a river water sample

Two laboratory methods were applied for the determination of suspended sediment
concentration in conformity with the ASTM International’s “Standard Test Methods for

Determining Sediment Concentration in Water Samples” L ASTM Standard D 3977-1997, 2007]:

*  Evaporation (Test method A): The evaporation method described in sections 8 to 13 of
ASTM standard D 3977-97 was employed for the determination of the suspended

sediment concentration of the river water samples.

* Filtration (Test method B): The filtration method described in sections 14 to 19 of
ASTM standard D 3977-97 was also used to determine the suspended sediment
concentration of the river water samples. This was particularly necessary considering the
fact that with the evaporation method samples required a storage time of about 10 to 14
days to settle before the analysis by evaporation. The samples were filtered through
Whatman 934-AH, glass micro-fibre filters with 1.5um particle retention. The filtration
method allowed a same-day analysis on the samples.

Over 90% of the samples were analysed by the evaporation method while the filtration method
was mostly applied to get a first estimation of SSC values for control samples and to check control

the quality of the results obtained by the evaporation method that was carried out on a large scale.

The precision and bias data given by ASTM [2007] indicate that the evaporation method is more
accurate than the filtration method for low suspended sediment concentrations of about 10 mg/1.

The results obtainable by the two methods are very similar at concentrations around 1000 mg/1.
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3.2.  Deriving suspended sediment concentration

values for a cross-section

A large part of sampling error for direct sampling methods probably occurs in obtaining the
water-sediment sample from the stream. The errors are largely due to the variability in the
concentration of sand-sized sediment particles. Representative sampling becomes particularly

difficult in streams with a large concentration of sand-sized sediment.

Picouet [1999] observed a strong linear relationship between single grab samples and multi-
vertical samples in the “Upper Niger River”, which is upstream of the present study area. This
indicates that the suspended sediment concentration can be expected to vary only slightly in the
vertical direction. However, in large rivers like the Niger, suspended sediment concentration may
vary across the river section. In order to account for cross-sectional suspended sediment
concentration variability, it was necessary to estimate a mean cross-sectional value’ of suspended
sediment concentration “SSC.”. The single grab samples were calibrated to a few measured

cross-sectional values along the Niger River from Ayorou to Diabou-Kiria (see Figure V- 2).

Suspended sediment concentration was sampled at a minimum of three verticals at three depths
at the time of obtaining the usual single grab sample several times during the measurement
period. The relationship obtained between the suspended sediment concentrations of the single

grab samples and the measured cross-sectional values is presented in Figure V- 3.
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Figure V- 3: Relationship between sampled cross-sectional SSC (n=16) and single sample

SSC for the middle Niger River 2007

® The mean suspended sediment concentration ofienmim of three verticals per cross-section
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At the Niamey station, up to ten verticals were sampled from the Kennedy Bridge.

The relationship obtained was then used to estimate the mean cross-sectional suspended

sediment concentration values SSCx given in equation V-1.

SC, =0.9581SC) +59.569 Equation V-1

r’ =0.8493n=16

Where SSC = estimated cross-sectional suspended sediment concentration; SSC= suspended

sediment concentration of a single grab sample; #»= sample size.

At values above about 1000 mg/1, Equation V- 1 (the solid line in Figure V- 3) is convergent with
the 1:1 line, suggesting that at values above 1000 mg/1, the suspended sediment concentrations
obtained from single grab samples are representative of the mean cross-sectional values and do
not vary considerably. At low suspended sediment concentrations, the single grab sample
underestimates the mean cross-sectional suspended sediment concentration by up to 60 mg/1 (i.c.

up to 45% at the lowest measured concentrations).

3.3. Determination of sediment grain size

Due to the wide range of sediment particle characteristics, the appropriate method for the
determination of sediment grain size is usually dependent upon the size characteristics of the
sediment particles. For example, due to their large sizes, material such as boulders and cobbles
are measured directly by circumference or diameter. Intermediate sizes, ranging from gravels to
sands, are measured semi-directly by sieves while small sizes ranging from sands to clay are
measured by sedimentation (i.e. their settling characteristics in water) or by laser diffraction (i.e.

their diffraction of light).

In addition to suspended sediment sampling, bed material was also collected at each of the
suspended sediment sampling stations. The difference in the mode of collection, the quantity
collected as well as the particle sizes of the two types of samples made it necessary to apply

different methods for the determination of the sediment particle size of the samples.

The grain size distribution for bed material samples was determined by the sieve analysis of bulk
samples (usually gravel size or smaller) or pebble count (coarse gravels and cobbles), while the

size distribution for suspended sediment was determined by laser diffraction.

Table V- 2 shows a Wentworth classification of sediment particle size [modified from

Kondolf et al.[2003]].
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Table V- 2: Sediment size classification

Designation Sub-designation Size limits(mm)
Boulder Boulder > 256
Cobbles Large Cobbles 128 — 256

Small Cobbles 64 —128
Gravel Very coarse Gravel 32-04
Coarse Gravel 16— 32
Medium Gravel 8-16
Fine Gravel 4-8
Very fine Gravel 2-4
Sand Very coarse Sand 1-2
Coarse Sand 05-1
Medium Sand 0.25-0.5
Fine Sand 0.125-0.25
Very fine Sand 0.0625 - 0.125
Silt Coarse Silt 0.0312 — 0.0625
Medium Silt 0.0156 — 0.0312
Fine Silt 0.0078 — 0.0156
Very fine Silt 0.0039 — 0.0078
Clay Coarse Clay 0.002 — 0.0039
Medium Clay 0.001 — 0.002
Fine Clay < 0.001

3.3.1. Pebble count

Due to the variable nature of the Sirba river bed at Garbe Kourou two methods had to be used :
the Wolman pebble count method [M G Wolman, 1954] was employed in the characterization of

the sediment particle size in the coarse gravel sector and bulk sampling in the sand sector. One

hundred particles were randomly sampled from the riverbed surface.

3.3.2. Sieve Analysis

Sediment samples from the river bottom were oven-dried at 105°C, weighed on a balance with an
accuracy of 0.1g and sieved through a column of sieves with openings of 10, 5, 2.5, 1.6, 0.63,
0.315, 0.2, 0.125, 0.1, 0.08, 0.063, and 0.05 mm respectively. The sieving action was facilitated by

a mechanical sieve shaker for about 15 minutes. Each sediment sample weighed a minimum of

100 g.
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3.3.3. Particle sizing by laser diffraction

The particle size of sediment in suspension was determined by the laser diffraction method. The
residues obtained from the evaporation method in 3.2.1 were used to determine the suspended
sediment particle size. The laser diffraction technique is based on the principle that particles
passing through a laser beam scatter light at an angle directly related to their size. The Malvern

Mastersizer 2000, with a measurement size range of 0.02- 2000 um was used for this test.
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4. An overview of previous studies

The results obtained in the present study are detailed after a brief discussion of the results
obtained in previous suspended sediment measurement campaigns, and in particular the data

obtained by ORSTOM for the middle Niger River basin [Gallaire, 1980].

The results of the measurements carried out by ORSTOM [R Gallaire, 1986] between 1976 and
1985 are discussed because they represent the only measured sediment data for the middle Niger
River basin (the Gorouol at Dolbel and the Niger River at Kandadji and Niamey) and can thus

serve as a baseline to which the present study can be compared.

Data from the Upper Niger River and interior delta [C Prconet, 1999] is also briefly discussed in

comparison with data from the middle Niger River.

4.1. 'The Gorouol River

SSC measurements on the Gorouol River were carried out from 1976/77 to 1982/83 not at

Alcongui but at Dolbel upstream of Alcongui (see Figure V- 4).

The SSC values measured at Dolbel can be expected to be close to values at Alcongui, given that
the hydrographs at the two stations are of similar form and magnitude for the period and the

Dolbel is located on the major branch of the Gorouol River.
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Figure V- 4: The Gorouol basin

The suspended sediment concentration (SSC) ranged from 166.5 mg/1 to 3820 mg/1 at Dolbel on

the Gorouol River (see Figure V- 5) over the seven-year period between 1976 and 1982.
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Figure V- 5: Discharge and SSC for the River Gorouol at Dolbel 1976 — 1982 [Source:
Gallaire (1986)]
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The calculated sediment flux of the Gorouol River at Dolbel for the period is presented in Table

V- 3 using data from Gallaire [1986].

Table V- 3: Sediment flux of the Gorouol River at Dolbel

Period River Discharge(10°m?/year) Sediment flux
(106 Tonnes/year)
1976/77 230.04 0.164
1977/78 334.16 0.173
1978/79 361.88 0.147
1979/80 249.42 0.155
1980/81 347.61 0.213
1981/82 204.05 0.147
1982/83 355.17 0.159

4.2.  The Niger River

According to Picouet [1999], SSC data from the upper Niger River and its interior delta for the
period between 1991 and 1998 indicated relatively low SSC values. SSC ranged from 0.1 mg/1 to
45 mg/1 between Banankoro and Ké-Macina (for the Upper Niger River) and from 4 mg/1 to
250 mg/1 between Akka and Diré for the Niger’s interior delta. (See Figure V- 6 for the relative

locations of the measuring stations).

A classic example of the SSC peaks preceding the river discharge peaks can be seen in Figure V-5

and Figure V-7.
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Figure V- 6: Measuring stations along the Niger River

Mean annual sediment flux ranged from 567,000 tonnes to 1.297 million tonnes along the upper
Niger River between Banankoro and Ké-Macina and in the interior delta between Akka and Diré

from 833,000 to 1.012 million tonnes.

When compared with the suspended sediment data from the upper Niger River the data acquired
during the ORSTOM suspended sediment sampling program for Kandadji between 1976 and
1983 [R Gallaire, 1986] are much higher in terms of sediment concentration and sediment
discharge. The SSC values at Kandadji ranged from 2 mg/1 to 1600 mg/1 between 1976 and 1982
(see Figure V- 7). The higher sediment concentration values observed in the middle Niger when
compared to the Upper Niger may be due to the reduction in vegetation cover as the river flows
from the Guinea Savanna to the drier Sahelian region. A second explanation for this increase in
sediment concentration between the upper Niger and the middle Niger may be the Niger’s
“interior delta” from where stored sediment may be re-mobilized towards the middle Niger

River.

The sediment flux calculated for the period using data from Gallaire [19806] is presented in Table
V- 4 for the Niger River Kandadji and Niamey.
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Figure V- 7: Discharge and SSC for the River Niger at Kandadji (1976-1982) [source:
Gallaire (1986)]

Table V- 4: Sediment flux of the middle Niger River at Kandadji and Niamey

Station Period River Sediment flux (109
Discharge(10°m?/year) Tonnes/yeat)
Kandadji 1976/77 30.073 2.007
1977/78 18.090 1.287
1978/79 26.580 1.831
1979/80 27.669 1.469
1980/81 18.990 1.485
1981/82 23.424 1.528
1982/83 19.004 1.680
Niamey 1984/85 13.015 3.162
1985/86 19.146 3.919

4.3.  Discussion of the methods and results of
the previous study
The primary sources of discrepancy between any two distinct sediment-sampling programmes are
sampling method and frequency. The ORSTOM sampling program for the middle Niger River
employed a similar water-sediment sample extraction method as the present study. The major

differences in the two measurement programmes were:
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*  Sampling frequency: While daily measurement was adopted in the present study, SSC

data for the previous study were obtained at 3-day intervals.

* Laboratory equipment: The composition of sediment samples is critical in choosing the

method for determining the concentration of a water-sediment sample.

The ORSTOM sampling program on the middle Niger River employed the filtration method to
determine SSC values using 10 um size filters. Gallaire [1995], citing work by Esteves and Taupin
between November 1992 and April 1993, estimated that the sediment particles smaller than
10 wm, which may have been excluded by the filter size, were of the order of 10 to 15 % of the

total suspended sediment volume.

An analysis of about 360 sediment samples obtained throughout the hydrological year at
Kandadji and Niamey between 2006 and 2008 indicated that on average, the percentage of
sediment particles less than 10 um was about 25%. This discrepancy in the percentage of particles
less than 10 pm, could indicate a change in sediment source at Kandadji between the 1980s and
the period of the present study or may be due to the paucity of data in the ORSTOM study used
to determine grain size distribution of suspended sediment. A change in sediment source in this

case would indicate higher basin erosion leading to higher SSC values.

The unmeasured sediment particles (<10 um) alone, do not account for the large difference in
calculated sediment fluxes. Burkham [1985] and Phillips et al.[1999] found that sampling interval
exerts a significant influence on sediment flux estimates, with precision declining as sampling
frequency was reduced. Phillips et al.[1999] working on the River Ouse in England found that the
reference sediment load (measured at 15-minute intervals) was underestimated by between 108
and 22% by weekly sampling, by between 108 and 20% by fortnightly sampling and by between
110 and 13% by monthly sampling. Sampling frequency is particularly pertinent in the middle
Niger River where SSC values show a high variability in the rainy season as will be shown in the
following sections. A daily sampling interval was applied in the present study compared to the 3-
day sampling employed in the previous study.in order to improve the measurement accuracy

within the limits of this study.

Therefore, any attempts at a comparison between the previous measurements and the present

study should consider the following points:

* With respect to the present study, the sediment concentration values previously
obtained for the middle Niger basin may be up to 25% less than the values measurable

by the present study.

* In terms of the calculation of sediment flux, the 3-day interval applied in the previous
study would have introduced a greater degree of error in comparison to the daily

sampling programme used for the present study.
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5. Results from the present study

The results obtained for the present study are

100 km
. . . Mali -
presented in the following sections for the Gorouol
River at Alcongui, for the Sirba River at Tiambi and
Ayorou
Garbé-Kourou and for the middle Niger River at | o0 G Niger
Farie Haoussa
Ayorou, Kandadji, Farié-Haoussa, Latakabiey, S
Niamey
Niamey, Brigambou, and Diabou-Kiria. /
Brigambou
. .. Diabou Kiria
The measured sediment characteristics of the study
. . . Burkina Faso Nigeria
area are described in the following paragraphs. The
SSC values are presented in relation to discharge at

each of the stations. The SSC characteristics are further investigated in terms of sediment particle
size classes for a majority of the suspended sediment samples. The suspended sediment
transported at the sampling stations of the study area have been divided into five classes for the
purposes of this study: 0-40 um (clay to medium silt), 41-70 um (coarse silt), 71-125 pm (very fine
sand), 126-630 um (fine to medium sand), 631-1600 um (coarse to very coarse sand).

5.1.  Results for the Gorouol River

5.1.1. Riverbed sediments

An analysis of the bed sediment at Alcongui in 2006 and 2007 showed that the riverbed is made

up of fine to medium sand, with a median particle size of about 230 um.

5.1.2. Suspended sediment concentrations and grain size

Suspended sediment concentration (SSC) ranged from 137 mg/1 to 3060 mg/1 in 2006/07 and
from 124 mg/1 to 3751 mg/1 in 2007/08 at Alcongui station on the River Gorouol. These values

are similar to the eatrlier measurements carried out on the Gorouol River at Dolbel.

SSC values of the Gorouol River at Alcongui are plotted alongside river discharge in Figure V- 8
for the 2006/07 and 2007/08 seasons. It can be noted that the magnitude of SSC values at
Alcongui do not show a particularly strong dependence on river discharge but rather are related
to the magnitude of rainfall at Alcongui. This is particularly true in July and August where SSC

peaks occur around the same time as rainfall peaks (see Figure V- 9).
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Figure V- 8: River discharge and SSC relationship for the River Gorouol at Alcongui (2006 and 2007)
River Gorouol at Alcongui 2006/07 River Gorouol at Alcongui 2007/08
60 - 3500 60 4000
@ Rainfall IS @ Rainfall
50 | . ¢ SSC 1 3000 5| . . ¢ SSC + 3500
+ 3000
. + 2500 .
40 - 40 -
= € . T20 <
+ 2000 . [S)
e é ¢ * Jd IS
30 4 XS e = 30 1 . -+ 2000 Z)’
1 1500 3 = . ° ¢ N 7
. ® o - 0 3 ¢ R T 1500 0
20 4 . x 20 s . -
. MIRG 1 .o [® IS
o o% o R * . . s 1000 * . .o . 1 1000
R WK ’0' . %ol R . LA N R o o (% . ®o o
10 1 % Lot *Is o * 08, ‘o 03 10 1 * . N AGFS . . % D
L alee ofeg % PR e + 500 . *[® 000 wes™ 200% 1 500
* » * * * L AN . ° . ¢ o
1m|l Ll M ‘ I etk 10+ -
O 1 T I T T T 0 0 T T T T O
juin-06 juillet-06 ao(t-06 septembre-06  octobre-06 juin-07 juil.-07 aolt-07 sept.-07 oct.-07

River Gorouol at Alcongui 2007/08

Figure V- 9: At-station rainfall and SSC relationship for the River Gorouol at Alcongui (2006 and 2007)
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The concentration values of the sediment size classes present in suspension are presented with
corresponding river discharge for the Gorouol River at Alcongui in Figure V- 10. It can be
observed that the Gorouol River at Alcongui mainly transports sediment in the 0-40 um size
class. It can also be noted that the highest concentrations (up to about 200 mg/l) of coatse

sediment particles (up to the 126-630 um size class) are transported at the start of runoff.

The mean distribution of suspended sediment transported by the Gorouol River at Alcongui for
the 2006/07 and 2007/08 seasons is presented in Figure V- 11. On average, during the study

period, 74.5% of the suspended sediment transported by the Gorouol was clay and medium silt.
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Figure V- 10: River discharge and SSC relationship for the River Gorouol (according to size class) at Alcongui (2006 and 2007)
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5.1.3. Changes in sediment particle size distribution

Figure V- 12 shows the variation of the percentage of sediment size particles (by class) in

suspension with sediment concentration.

On average, the 0-40 um particles represent over 70% of the volume of sediment transported in
suspension by the Gorouol River at Alcongui. As sediment concentration increases the amount
of very fine sediment, (0-40 um) also increases. The figure also shows that the larger sediment
particles (41-1600 um) that are transported in suspension make up less than 35% at most of the
total sediment transported in suspension. The coarser sediment groups make up a high
percentage of total sediment only at low sediment concentration values. The Gorouol River at

Alcongui rarely transports particle sizes greater than 630 pm.
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Figure V- 12: SSC and particle size data for the River Gorouol at Alcongui

The SSC and grain size observations for the Gorouol River at Alcongui can be summarized as
schematized in Figure V- 14. At low SSC values, the suspended sediment consists of a mix of all
sediment sizes. As SSC values increase, the 0-40 pm particles make up a much higher percentage
of the sediment in suspension. This indicates that SSC peak values are largely due to basin
erosion, occurring at the start of the rainy season and after the long dry season, transporting

easily detachable sediment and aeolian sediment deposits.
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Figure V- 13: SSC and particle size relationship for the River Gorouol at Alcongui

The relationship of four of the suspended sediment size classes of with river discharge is
described in Figure V- 14. In general, as rainfall linked river discharge increases, the 0-40 um size
in suspension increases up to a point where further increases in river discharge have no further
effect on this size class. The percentage of coarser sediment in suspension shows a tendency to
decrease with increasing discharge. This availability of very fine sediment, which may be
entrained by raindrop impact and overland flow, appears to control the ability of the river flow to
transport coarser particles. For this station, coarser sediment particles are mainly transported at
the start of the rainy season, indicating that in addition to the fine sediment (0-40um)

transported, the Gorouol may also be transporting bed material in suspension.
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Figure V- 14: River discharge and particle size relationship for the River Gorouol at Alcongui
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5.2. Results for the Sirba River

The sediment characteristics of samples collected at
Tiambi and at Garbé-Kourou on the River Sirba (see
Figure V- 15) in 2006 and 2007 are presented in the
following paragraphs. The relationships between SSC,
river discharge, and size of sediment in suspension

obtained for Tiambi are applicable for Garbé-Kourou.

5.2.1. Riverbed sediments

Analysis of the bed material size of the Sirba River

100 km

,‘%\

|/ Alcongui

‘Ayorou

Kandadji Ni iger

Farie Haoussa
Latakabiey

Niamey
Brigambou /

showed an increase in the median particle size between Tiambi and Garbé-Kourou. The median

particle size was 385 um at Tiambi, and 450 pm at Garbé-Kourou. The bed material of the Sirba

River is coarser than the bed material of the Gorouol at Alcongui (median particle size was about

220 pm).

5.2.2. Suspended sediment concentrations

At Tiambi, SSC values ranged from 54 mg/1 to 2841 mg/1 and from 94mg/1 to 2282 mg/l. in

2006/07 and 2007/08 respectively. Near the Sirba’s confluence with the Niger at Garbé-Kourou,
SSC ranged from 130 mg/1 to 2917 mg/l and from 196 mg/l to 2696 mg/1 in 2006/07 and

2007/08; respectively .The maximum concentration values are almost 1000 mg/1 lower than the

values measured at the Gorouol at Alcongui.
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Figure V- 15: The Sirba basin

SSC values at Tiambi and Garbé-Kourou on the Sirba River are plotted alongside river discharge
in Figure V- 16 for the 2006/07 and 2007/08 seasons. Unlike the Gorouol at Alcongui, the SSC
values for the Sirba River appear to be partly related to river discharge particularly at the start of
the runoff season. SSC values do not appear to be as dependent on rainfall events (see Figure V-

17) as observed for the Gorouol at Alcongui.
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Figure V- 16: River discharge and SSC relationship for the River Sirba at Tiambi and Garbe Kourou (2006 and 2007)

193

SSC (mg/l)

SSC(mgll)



Rainfall (mm)

Rainfall (mm)

River Sirba at Tiambi 2006/07

100 3000
3 @ Rainfall
04, *SSC
+ 2500
80 -
M + 2000
+ 1500
° .
—+ 1000
3 .
R . ° —+ 500
*
* -
T 0
juillet-06 ao(it-06 septembre-06 octobre-06
River Sirba at G.Kourou 2006/07
100 . 3000
@ Rainfall
901 *SSC
+ 2500
80 -
. *
—+ 2000
—+ 1500
—+ 1000
—+ 500
0

juillet-06

ao(it-06 septembre-06 octobre-06

SSC (mg/l)

SSC (mg/l)

Rainfall (mm)

Rainfall (mm)

River Sirba at Tiambi 2007/08

80 3000
@ Rainfall
70 4 ¢ SSC
+ 2500
60 + *
*
- 2000
50 .
* =
* * (=2
40 1 . . + 1500 £
. ?
o] 7 0
LR o -+ 1000
20 4 o* . e * o %
* 0 . o® 0 *
% . AR
o . 0e * PP * —+ 500
10 A *o > L adiR o o oo o o .
® o * L R A RS ® e L,
* * * * * e
. 1 o ° . . ¥
0 1 T T T 0
juin-07 juillet-07 ao(t-07 septembre-07 octobre-07 novembre-07
River Sirba at G.Kourou 2007/08
100 3000
@ Rainfall
901 . ¢ +SSC
+ 2500
80 . *
* *
70 4
-+ 2000
60 - ~
>
50 + 1500 £
o
]
40 - 0
-+ 1000
30 *
&
207 * oo + 500
10 1 . \“
*
0 - T T 0
juin-07 juillet-07 ao(t-07 septembre-07 octobre-07 novembre-07

Figure V- 17: At-station rainfall and SSC relationship for the River Sirba at Tiambi and Garbé-Kourou (2006 and 2007)
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The concentration values of the sediment size classes present in suspension are presented with
corresponding river discharge for the Sirba River at Tiambi and at Garbé-Kourou in Figure V-

18.

High concentrations of fine sediment of the clay to medium silt class (0-40 um) are transported
by the Sirba River between the start of the runoff season and the middle of July. During this
period, SSC peaks for this class occur at the same time as the discharge peaks that occur on the
rising limb of the Sirba’s hydrograph. As river discharge continues to increase in mid-July and
August, the relative proportions of the 0-40 um sediment in suspension decreases and the stream
flow entrains a greater proportion of larger particles. In particular, at Garbé-Kourou, in August
and September, the Sirba transports up to 500 mg/1 of sediment particles in the 126-630 um as

well as the 631-1600 um classes.

The observations for the Sirba River maybe explained by the occurrence of erosion due to the
raindrop impact early in the rainy season, transporting the available fine particles at the start of
the season until supply is depleted. The Sirba River thereafter begins to transport much larger

particles that are likely from the riverbed.

The mean distribution of suspended sediment transported by the Sirba River at Tiambi and at
Garbé-Kourou for the 2006/07 and 2007/08 seasons is presented in Figure V- 19. In
comparison to the Gorouol River, the Sirba transported a slightly lower percentage of particles in

the 0-40 um class but a higher percentage of the largest sediment class (630-1600 um).
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Figure V- 19 : Mean suspended sediment size distribution by percent transported by the River Sirba at Tiambi (n=123 samples) and G-Kourou
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5.2.3. Changes in sediment particle size distribution

The SSC relationship to sediment grain size transported in the Sirba is similar to the observed
Orelationship in the Gorouol. The percentage size composition of the suspended sediment for
the Sirba at Tiambi is presented in Figure V- 20. The relationship between the sediment sizes in
suspension and SSC is similar to that described for the Gorouol River in Figure V- 13. Figure V-
20, which is also representative of the Sirba at Garbé-Kourou shows that samples with high SSC
values are composed of a high percentage of particles in the 0-40 um class. On the other hand,
low concentration sediment samples have a high percentage of coarser particles, and in particular,
the 126-630 um class. The Sirba River transports a higher percentage of particles larger than

40 wm in comparison to the Gorouol River.
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Figure V- 20: SSC and particle size data for the River Sirba at Tiambi

The relationship of four of the suspended sediment size classes with river discharge is described
in Figure V- 21 for the Sirba River at Tiambi. Contrary to the relationship observed for the
Gorouol at Alcongui, in the Sirba, as river discharge increases, the percentage of 0-40 um
particles in suspension reduces. The percentage of other classes (from 41 pm to 630 um)
transported in suspension increases with increasing river discharge. This appears to indicate that
as river discharge increases bed material is eroded and thus the percentage of very fine particles in

suspension begins to decrease while large particles begin to increase.
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Figure V- 21: River discharge and particle size relationship for the River Sirba at Tiambi
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5.3.  Discussion of the sediment characteristics in
the Sahelian basins

The two Sahelian basins that were studied showed different sediment characteristics. The
Gorouol River basin transports finer sediment in comparison to the Sirba basin. The Gorouol
carries very fine particles less than 40 um while the 40-70 um size class dominates the suspended
sediment of the Sirba River. The riverbed material in the Sirba was found to be coarser than the
material in the Gorouol. The finest sediment class (0-40 um) increased with river discharge in the

Gorouol River while the reverse was the case in the Sirba River.

As has been noted previously, the variability of SSC in these two river basins is not only due to
river discharge but also to precipitation and sediment availability. In addition to the amount of
precipitation, the rainfall intensity may provide a better relationship between rainfall and SSC
values. The relationship between the median particle size of suspended sediment and river
discharge for the Gorouol and Sirba rivers is presented in three subsets each: all data, data for the

rising phase of the river’s discharge and data for the falling stage of the river’s discharge.

The regression coefficients of the fitted curves for the stations on the tributaries are presented in
Table V- 5 showing the degree to which river discharge is responsible for the variation in the
median size of suspended sediment. The relationship between river discharge and D, is stronger
for the rising limb of the tributaries’ hydrographs. The median grain size (D5,) was related to river
discharge by a second-order polynomial equation (Equation V- 2), or by an exponential equation

( Equation V- 3).
—_ 2
Dy =aQ"+RQ+y Equation V- 2

— pk AR
Dgo =a*e™ +y Equation V- 3

Table V- 5: River discharge and suspended sediment size relationship for the Gorouol

and Sirba rivers

Location Data « B y R> Equation N
Alcongui All 22.78 -0.0992 2.633%10* 0.1135 2° Polynomial 122
(Gorouol) | Rise 21.55 -0.142 3.768*10* 0.4028 2° Polynomial 67
Fall 19.01 -0.809 0.0003 0.294 2° Polynomial 25

Tiambi All 17.19 0.1539 -0.0004734 0.0756 2° Polynomial 97
(Sirba) Rise 17.64 0.0038 0 0.33 Exponential 55
Fall 38.89 -0.001394 0 0.12 Exponential 23
Garbé- All 11.16 0.2117 -0.0005827 0.0935 2° Polynomial 163
Kourou Rise 14.85 0.004253 0 0.24 Exponential 81
(Birba) Fall 39.49 -0.001697 0 0.06 Exponential 39
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5.4.  Results for the middle Niger River

The characteristics of the sediment samples collected at
seven locations along the middle Niger River between 2005

and 2008 are presented in the following paragraphs.

5.4.1. Riverbed sediments

An analysis of the bed sediment along the middle Niger
River indicated that the median particle size ranged from
120 um to 450 um. The median particle size decrease very
slightly between Ayorou and Farié-Haoussa, but at

Latakabiey, there is a sharp increase in the size of the
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Diabou Kiria
Burkina Faso Nigeria

riverbed material. At Niamey, the median particle size decrease and thereafter continues to

increase up to Diabou-Kiria (see Figure V- 22). At the stations along the middle Niger River,

sand sized particles (>63 microns) make up between 90 to 100% of the riverbed material except

at Farié-Haoussa where 10% of the riverbed material are less than 55 pm.
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Figure V- 22: Mean bed material size along the middle Niger River

The size of riverbed material typically decreases with increasing distance downstream and is

attributed to a combination of abrasion, weathering and selective entrainment of finer particles. It

has been recognized that tributaries can disrupt these fining patterns [J £ Pizzuto, 1995].

The slight decrease in the median particle size of riverbed material between Kandadji and Farié-

Haoussa may indicate that the Dargol River (the tributary between the two stations) does not

create a discontinuity in riverbed material size as observed for the Sirba-Niger confluence. On the

other hand, the other tributaries between Niamey and Brigambou (the Goroubi, the Diamangou
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and the Tapoa) may have a significant effect on the riverbed material size of the middle Niger
River. According to Hooke [2003], insufficient transporting capacity to transport coarse sediment
may produce an “ unconnected system” or discontinuity in the size of riverbed material as occurs
at Latakabiey along the middle Niger River. The sizes of bed material of the Sirba River at Tiambi
and garbe-Kourou may affect the increase in bed material size observed between Farié-Haoussa

and Latakabiey.

5.4.2. Suspended sediment concentrations

Suspended sediment sampling started at Niamey in

100 km

December 2005, while sampling at the other stations vl

Z
%
began in June 2006. In the first sampling season "

Alcongui Avorou

(2006/07), sampling at all stations except at Niamey | corouol i Niger
Farie Haoussa
was from June to October only. This was in order to ———

Garbe Kourou, Niamey

Brigambou /

Diabou Kiria

evaluate the effect of the local rainy season and

Tiambi
6,“\3@

tributary sediment flux on the River Niger. For the

second season, an attempt was made to continue | BUHnaraso Nigeria

sampling throughout the hydrological year, by

sampling daily between June and October and at 3-

day intervals between November and May, because it was assumed that sediment transport in the
latter period shows less variation with time. Sampling at Ayorou stopped in October 2007 due to
operational problems while at Niamey sampling was interrupted between January 2008 and
March 2008. Figure V- 23 displays the relationship between mean cross-sectional SSC and river

discharge along the middle Niger River, for the period of measurement.

SSC values in the middle Niger River for the study period ranged from about 7 mg/l to over
4000 mg/1. The clearest distinction between SSC values in the rainy season and dry season is
observed for the southern part of the middle Niger River (Brigambou and Diabou-Kiria), where
concentrations reach 1500 mg/1 between June and October and are rarely above about 500 mg/1

in the dry season.

Data from the present study shows that in general the highest sediment concentrations in the
middle Niger River occur between June and August (see Figure V- 23). Figure V- 23 shows that
in addition to high sediment concentration values between June and August, high SSC values
were observed at the Niger at Kandadji and Farié-Haoussa between January and April. At the
Niamey station, in addition to the peak SSC values that occur between June and August SSC
values remain relatively stable throughout the year dropping well below 500 mg/1 only between

April and May.
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Figure V- 23: River discharge and SSC relationship for the middle Niger River.
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The particle size distribution of some of the suspended sediment samples was determined and is
presented in relationship to river discharge and SSC in Figure V- 24. For each station, the particle
size distribution of between 130 and 200 samples was analysed in order to gain a better
understanding of the relative amounts of each sediment size class transported during the different

sediment transport phases observed in Figure V- 23.

The first SSC peak that is common to all the stations is due to the local rainy season and tributary
sediment discharge to the Niger River. Figure V- 24 supports this assertion because it shows that
the observed high SSC values between June and August are mainly composed of sediment in the

0-40 um size class.

The second period of high SSC values observed at Kandadji and Farié-Haoussa between January
and April (see Figure V- 23) are composed mainly of larger sized sediment particles. It is apparent
that this increase in sediment concentration occurring in the dry season is not due to tributary
contribution or rainfall effects because they consist mainly of coarse particles and is possibly due
to sediment transfer from upstream of the study area (the Niger’s interior delta). Figure V- 24
shows that these high SSC values are composed mainly of relatively large sediment particles in

the fine to medium sand range (71 to 630 pm).
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Figure V- 24: River discharge and SSC relationship (according to size class) for the middle Niger River
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In general, at most of the stations along the middle Niger River, it was observed that the first
hydrograph peak that occurs during the rainy season between June and September transports a
high percentage of the finest sediment class. The exception is the Niamey station, where high
concentrations of sediment particles in the 126 um to 630-um class are transported between

August and September (see Figure V- 24).

Considering that this behaviour was not observed at 100 Kkm

. . Mali
other stations along the Niger, and that there are no

conventional tributaries between Latakabiey and

‘Ayorou

. . . . . Kandadji
Niamey, this incidents may be due to such point |corouol e Niger

Farie Haoussa

i Latakabi
sources as the “koris” that have been observed i

Niamey

Brigambou /

Diabou Kinia

around Niamey. In addition, significant transport of

the 126-630 um sediment class was not observed

downstream of Niamey at Brigambou indicating that | /%72 Nigeria

deposition of this size of sediment may be expected

between Niamey and Brigambou. Further investigation on the characteristics of the sediment

transported by these “koris” is required to confirm this supposition.

The mean distribution of suspended sediment transported by the middle Niger River during the
study period is presented as histograms in Figure V- 25 (Ayorou AY, Kandadji KD, Farié-
Haoussa FFH, Latakabiey LT, Niamey NY, Brigambou BR, Diabou-Kiria DK).

The plot showing the size composition of the sediment transported in suspension indicates that
the 0-40 um size class increases along the Niger River from Ayorou up to Latakabiey. Between
Latakabiey and Niamey, the percentage of the 0-40 um transported reduces abruptly, and then
increases again from Niamey to Diabou-Kiria. This could indicate that there is a zone of
sediment transfer discontinuity between Latakabiey and Niamey or that there exists a sediment

source zone supplying coarse sediment to the Niger River between these two stations.

The opposite behaviour is observed for all the other size classes:, the percentage in suspension of
the 41-70 um, the 71-125 um and the 630-1600 um size classes decrease steadily downstream
from Ayorou to Latakabiey, increase at Niamey and then continue decreasing downstream to
Diabou-Kiria. The abrupt decrease in the 630-1600 um size class between Ayorou and Kandadji
is due to a decrease in bed shear velocity between the two stations as well as the effect of the

Gorouol River’s fine sediment input that is preferentially transported.

The exception is the 126-630 um (fine to medium sand) class, which decreases in the downstream
direction from Ayorou to Farié-Haoussa. At Latakabiey, there is a slight increase in the

percentage of this size class, and a further increase at Niamey.
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Figure V- 25 : Mean suspended sediment size distribution by percent transported by the middle Niger River
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5.4.3. Changes in mean SSC along the middle Niger River by size
class

The mean value SSC transported by size class between 2006 and 2008 at stations along the middle Niger
River are presented in Figure V- 26 and Figure V- 27 . SSC values for the 0-40 um class are represented
along the principal y-axis, while the SSC values for the coarser size classes(41-125 um) are represented on
the secondary y-axis in Figure V- 26. The entry points of the middle Niger’s tributaries are shown between
the stations in Figure V- 26 and Figure V- 27. Mean SSC values of the 631-1600 um size class are
presented in Figure V- 27
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Figure V- 26 : Mean SSC values transported along the middle Niger River (0-630 pm)

The plot of mean sediment concentration over the study period measured at seven stations along the
Niger River indicates the following behaviour for the five sediment classes:

* C(Clay to medium silt (0-40 pm): The mean concentration of this class increases exponentially
between Ayorou (180 mg/l) and Latakabiey (470 mg/l). After Latakabiey, the mean sediment
concentration of the 0-40 um sediment diminishes at Niamey before increasing slightly at
Brigambou. A further increase in the mean concentration of this sediment class at Diabou-Kiria

is observed and is possibly due to fine sediment supply from the Mékrou River
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Coarse silt (41-70 um): The concentration of this grain size class increases along the middle Niger
River in a downstream direction but unlike the 0-40 pm class, it reaches a peak at Farié-Haoussa.
Between Farié-Haoussa and Brigambou, the concentration of this sediment class continues to
decrease. At Diabou-Kiria, like for the 0-40 um class, an increase in the sediment concentration

of the 41-70 um class was observed.

Very fine sand (71-125 um): The mean concentration of very fine sand increases between Ayorou
and Farié-Haoussa. At Latakabiey, the concentration of this sediment class decreases, increasing
again slightly at Niamey. After Niamey, the concentration of very fine sand in suspension

decreases progressively up until Diabou-Kiria.

Fine to medium sand (126-630 um): The trend observed for the very fine sand class is repeated
for this class of sediment in suspension. The only difference is that the increase in concentration

of the fine to medium sand class between Latakabiey and Niamey is more abrupt.
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Figure V- 27 : Mean SSC values transported along the middle Niger River (631-1600 pm)

Coarse to very coarse sand (631-1600 um): The concentration of coarse sand transported in
suspension along the middle Niger is relatively high between Ayorou and Farié-Haoussa and low

thereafter. Between Ayorou and Farié-Haoussa, the concentration of this size class in suspension
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increases at Kandadji and then decreases at Farié-Haoussa. A sharp fall in the concentration of
coarse sand is observed between Farié-Haoussa and Latakabiey. A slight increase in the
concentration of coarse sand occurs between Latakabiey and Niamey, after which its

concentration decreases until Diabou-Kiria.

A summary of the observations for stretches between the measuring statio