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Abstract

Extreme hydroclimatic events often have negative impacts on human activities and ecosystems. As in
other regions of the world, the Senegal River Basin remains particularly vulnerable to these
phenomena, with notable consequences. Understanding climatic psisegserefore a priority for

many researchers, who focus on extreme events. The main objective of this thesis is to analyze
extreme hydroclimatic events in the Senegal River Basin and assess the impact of afforestation on
these phenomena. To achieve thie proceeded in several stages. First, we evaluated extreme events
during the period 1982021 in the Senegal River Basin. Eight hydroclimatic indices were examined:
Maximum River discharge (QMAX), standardized discharge index, average daily preaipitatio
intensity (SDII), maximum precipitation over five consecutive days (RX5DAY), as well as annual
precipitation exceeding the 95th (R95P) and 99th (R99P) percentiles, in addition to annual discharge
exceeding the 95th (Q95P) and 99th (Q99P) percentilesmdtdied MannKendall (MMK) test and
Innovative Trend Analysis (ITA) were used, along with homogeneity tests and the Pettit test to detect
potential breakpoints.

Next, we assessed the performance of the WR#To model against extreme events, particularly
those in 2018 (A reference year provided by the Directorate for Water Resources Management and
Planning (DGPRE) of Senegal). This evaluation included calibration and validation of the coupled
version with the WRF atmospheric model, as well as the unabwgleion. Various performance
indicators, such as Nasutcliffe Efficiency (NSE), BIAS, and Klingsupta Efficiency (KGE), were

used to evaluate the calibration and validation. Two planetary boundary layer (PBL5 and PBL7)
schemes were also applied to gmalthe associated uncertainty. Finally, we studied the impact of
converting savannah into wooded savannah on extreme events in the Senegal River Basin.

The results reveal an irregular precipitation regime, with extreme indices (R95P, R99P, SDII, and
RX5DAY) being higher in the south (25 mm, 50 mm, 20 mm/day, and 70 mm), while the north
exhibits significantly lower values (around 5 mm, 10 mm, 5 mm/day, and 10 mm). The interannual
analysis showed a significant increase in intense precipitation events (%) <bétween 1982 and
2021, as indicated by a positive slope. A notable breakpoint was identified aroun@Q®J06
suggesting a shift to a wetter period starting in 2008.

Extreme discharges also saw significant increases during this period, with Sencl@9e&3 for

Q95P, 37.49 for Q99P, and 38.55 for QMAX. Modeling with WiRfelro showed good calibration

and validation under both model versions for the 2BQ20 period, as well as good seasonal
representation and peak accuracy for the 2018 flood ye#neircoupled version with the WRF
atmospheric model. Additionally, we observed that the conversion of savannah into wooded savannah
could be associated with an increase in moderate flooding @50 m3/s) and changes in the
frequency of extreme floods (860 m3s) in the Senegal River Basin, which can be explained by an
increase in precipitation in the upper basin. Theselts willcontribute to guiding public policies by
providing key insights into extreme events and water resources.

Keywords: modified Mann-Kendall test, Senegal River Basin, extreme events, land cover change,
WRFHydro.
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Synthése de la these

1. Résumeé

Les événements hydroclimatiqgues extrémes ont fréquemment des impacts négatifs sur les activités
humaines et les écosystémes. Comme dans ebaétjons du monde, le bassin du fleuve Sénégal

reste particulierement vulnérable & ces phénoménes, avec des conséquences notables. Comprendre les
processus climatiques constitue donc une priorité pour de nombreux chercheurs, qui se concentrent sur
les éérements extrémes. L'objectif principal de cette thése est d'analyser les événements
hydroclimatiques extrémes dans le bassin du fleuve Sénégal et d'évaluer limpact de I'afforestation sur
ces phénomenes. Pour atteindre cet objectif, nous avons procgldéiarrs étapes. Dans un premier

temps, nous avons évalué les événements extrémes sur la pério@9298ans le bassin du fleuve

Sénégal. Huit indices hydroclimatiqgues ont été examinés : le débit maximal du fleuve (QMAX),
I'indice de débit standardisdiintensité moyenne des précipitations quotidiennes (SDII), les
précipitations maximales sur cing jours consécutifs (RX5DAY), ainsi que les précipitations annuelles
dépassant les percentiles 95 (R95P) et 99 (R99P), en plus des débits annuels déppssantiles

95 (Q95P) et 99 (Q99P). Le test de Mdtendall modifié (MMK) et I'analyse de tendance innovante

(ITA) ont été utilisés, accompagnés de tests d'homogénéité et du test de Pettitt pour détecter les
éventuels points de rupture. Dans un seconghdenous avons évalué les performances du modéle
WRFHydro face aux événements extrémes, notamment ceux de 2018 (Une année de référence fournie
par la Direction de la Gestion et de la Planification des Ressources en Eau (DGPRE) du Sénégal).
Cette évaluatio a inclus une calibration et une validation de la version couplée avec le modéle
atmosphérique WRF, ainsi que de la version non couplée. Divers indicateurs de performance, tels que
I'efficacité de NastButcliffe (NSE), le BIAS et l'efficacité de KlinGupa (KGE), ont été utilisés pour

évaluer la calibration et la validation. Deux schémas de couche limite planétaire (PBL5 et PBL7) ont
également été appliqués afin d'analyser l'incertitude associée. Enfin, nous avons étudié I'impact de la
conversion de la sane e savane arborée sur les événements extrémes dans le bassin du fleuve
Sénégal.Les résultats révelent un régime irrégulier des précipitations, avec des indices extrémes
(R95P, R99P, SDII et RX5DAY) plus élevés dans le sud (25 mm, 50 mm, 20 mm/jéuman),

tandis que le nord présente des valeurs nettement inférieures (environ 5 mm, 10 mm, 5 mm/jour et 10
mm). L'analyse interannuelle a montré une augmentation significative des événements de
précipitations intenses (p < 0,05) entre 1982 et 2021, cd@rméaued une pente positive. Un point de

rupture notable a été identifié autour de 22067, suggérant une transition vers une période plus
humide a partir de 2008es débits extrémes ont également connu des augmentations significatives au
cours de cée période, avec des pentes de Sen de 29,33 pour Q95P, 37,49 pour Q99P et 38,55 pour
QMAX. La modélisation avec WRHRydro montre un bon calage et une bonne validation sous les

deux versions du modéle pour la période 2010 2 0 , ai nsi g u OtiomssEsonnmidaeat e r e p |
du pic pour | 6ann®e dodédinondation 2018 dans |l a v
De plus, nous avons observé gue la conversion des savanes en savanes arborées pourrait étre associée
a une augmentation des inondations méeke (35004000 m3/s) et a des changements dans la
fr®quence des crues extr°mes (>5000 mj/s) dans |
augmentation des précipitations dans le haut bassirmékakatsde ces travaux pourraient contribuer
aorienter les politiques publiques en fournissant des éléments clés sur les événements extrémes et les
ressources en eau.

Mots clé: test de ManfKendall modifié, bassin du fleuve Sénégal, événements extrémes,
changement de couverture terrestre, \AHR/ro.
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2. Introduction

Le changement climatique et ses répercussions sur I'environnement et la société constituent
des enjeux majeurs pour les décideurs et chercipaeetter et al., 2010Ce phénomene est
souvent percu comme l'une des menaces les plus pressantes pour le développement durable,
avec des conséguences potentiellement graves sur la sadbéri alimentaire, I'économie,

ainsi que sur les ressources en eau et d'autres ressources naturelles. Les effets de la variabilité
climatique different d'une région a l'autre, et les pays en développement en subissent des
impacts sociegéconomiques padilierement aigus(Sultan et al., 2015)En Afrique de

I'Ouest, les inondatiorde 200 ont touché pres de 600 000 personnes et entrainé 159 déces,
principalement en Sierra Leof®CHA, 20®). En novembre 2010, le Bénin a connu de
fortes pluies qui ont provoqué 46 morts et des dégats impo(MRBEPRCAG, 2011) Au

Mali, les inondations de 2018 ont causé environ 14 déces et détruit pres de 5 000 maisons, en
plus de 2 000 autres endommag@snnet, 2021)Au Niger, 81 personnes sont mortes lors

des inondations de 2012, accompagnées de dommages InatrdérablegSighomnou et

al., 2013)

Pour évaluer ces événements extrémes, de nombreux scientifiques ont mené des études
approfondies en AfriquéNicholson et al., 200fPaturel et al., 1998) Ces ®t udes on
gu cours du XX si cl e, |l " Afrique de | ' Ou
humides et séches, avec un déficit pluviométrique notable survenu autour d@atdvél et

al., 1998: Le Barbé et al., 2002A la fin des années 1990, alors que la sécheresse persistait
dans | 6ouest du Sahel, pudmerdation deas précipitatomscdn® u r s
d'autres parties de la régionL 6 H* t e e te Barbé.et al. 2002BiR/er et al. 2017)
SenonPanthou et al., (2018)e Sahel connait une intensification du cycle hydmmatique

en raison du réchauffement climatique, entrainant des périedbsssplus longues et des
précipitations plus intenses. L'analyse des données pluviométriques depuis 1950 et des
observations infrgournalieres depuis 1990 révele une augmentation de la fréquence et de

l 6dintensit® des pr ®ciepdansdestido Dakel. Bientque Iemttaux e n
annuels de précipitations aient augmenté depuis les années 2000, le régime pluviométrique
reste plus irrégulier qu'avant les sécheresses dei2®0D. La récurrence de ces événements
extrémes en Afrique de I'Oskea eu des conséquences sur de nombreux bassins, impactant
significativement | es d @escroiseta. e20tIsalboerat, d o e aL

.



2020) Le bassin du fleuve Sénégal, quant a lui, a connu dimportants bouleversements
climatiques depuis les années 19{odian et al.,, 2011) entrainant sécheresses et
inondations, avec des effets négatifs sur la santé, les ressources en eau, l'agriculture et la
navigation. Afin doéo®valuer |l es ®v®nements e
nombreuses réerches ont été menédsaye , (2023)a anal ys® | 6®vol utio
hydrdogiques dans le bassin de la Falémé (1952019) en lien avec le changement
climatique. Les analyses reposent sur | 6 ®t u
minimaux (Dmin). Les résultats montrent une diminution significative des débits minimaux,

avec des ruptures en 1967 et 200708, indiquant une transition vers des conditions plus
seches. Depuis 2007, une alternance entre des périodes de sécheresse et des excés de débits
met en évidence une variabilité hydrologique acciMMicox et al., (2018)ont analysé

| 6®volution des crues extr°mes dans | es bas
2015, en utilisant des modeles de valeurs extrémes généralisés non stationna@G&3/{NS

Les résultats montrent une tendance non stationnaire des déb#snes avec une
augmentation marquée depuis les années 1980, en particulier dans la région sahélienne. Cette
évolution souléve des préoccupations quant a la gestion des bassins versants et a la conception
des infrastructures hydrauliqgues. Mbaye et all®®nt montré une augmentation de la durée

des jours secs et une diminution des périodes de jours humides selon tous les MRC, a

| 6exception doun mod | e (RCA4) qui pr ®sent

climatiques dans le bassin du fleuve Sénégal.

Léapproche adopt ®e par ces auteurs se repose
la caractérisation des débits et précipitation extrémes. Ce qui présentent des limites
importantes, notamment le fait que, dans leurs recherches sur les évérexiréntss, elles

ne prennent pas en compte | 6i mpact de | 6occ

considérer ces facteurs peut nuire a la précision des résultats, car les précipitations extrémes

jouent un r1l e cruci aldesk@mements bydrolagiques extriéroes, et
tels gue |l es i nondati ons. De pl us, | occup
déagriculture ou de d®f orestation, peut i nf
| 6eau et | a campascisto® sd o iarfffielcttraantti can n s i l a g
Léomi ssion de variables aussi i mportantes p
r®al it ®s | ocales et r®duire | a fiabilit® de
Pour pallier les limites des études précédente nous caract®risons | 6

eévénements extrémes et utilisons le modele WRFd r o pour anal yser

o




| 6afforestation sur ces ®v®nements dans | e
permet de mieux comprendre comment lesngeanents de couverture végetale, tels que
| 6afforestation, peuvent influencer | 6®cou

hydrol ogique ©° | 6®chelle du bassin versant.

L'objectif général de cette étude est de comprendre I'évolution récente des extrémes
hydroclimatiques ainsi que limpact du changement d'occupation du sol sur les principaux
processus hydrologiques dans le bassin du fleuve Sénégal. Pour ce faire, les objectifs
sp®ci fiques suivants sont d®fi ni s extrémes)de e x a mi
1982 ° 2021 dans <cette rr®gion -Hydroidans I®v al ue
simul ati on des extr°mes hydr om®t ®or ol ogi que

changements de couverture végétale sur les événements extrémegimida ecoulement.

3.Zone doOo®t ude

Le fleuve SénégalFigure 1), long de 1 700 km, draine un bassin de 300 000 (kaye,

2019) et traverse le Séneégal, le Mali, la Guinée et la Mauritanie. Il recoit deshcuioinis
importantes de ses affluents, comme le Bafing, le Bakoye et le Falémé sire dmadivise en

trois sections, dont la partie supérieure s'étend sur 218 000 km2. Le développement a
commenceé durant la période coloniale, s'intensifiant avec la aré@ibOrganisation pour le
Développement de la Riviere Sénégal (OMVS) dans les années 1970. Le delta, situé au nord
ouest, est caractérisé par une plaine alluviale. La région présente une diversité de paysages et
trois principaux domaines végétaux : g@ngsoudanien et sahélien. La gestion durable des
ressources en eau est essentiellec des barrages tels que celui de Diama, qui protége contre
l'intrusion d'eau salée, et celui de Manantali, qui régule le débit pour l'agriculture et

I'hydroélectricité.

.
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Figurel: localisation du Bassin du fleuve Senegal

4. Matériels et méthodes
1 Matériel utilisé

L6®t ude adopte une approche multidi mensionn

Parmi les principaux outils utiliségfirent :

WRF-Hydro : extension du modéle WRF, permettant la simulation des événements extrémes

et I'analyse des changements de couverture végétale dans le bassin du fleuve Sénégal.

ARCGIS : Systéme d'information géographique (SIG) utilisé pour affinegédalution des

données.

CDO (Climate Data Operators) : Outils spécialisés pour le traitement et l'analyse des

données au format NetCDF.

RStudio : Environnement de développement pour le langage R, utilisé pour des analyses

statistiques, visualisations teditement des données.




HPC (High-Performance Computing) : Utilisé pour la modélisation avec WRiydro,
permettant le traitement de grandes quantités de données et des calculs complexes. Les
méthodes utilisées dans cette étude de thése ont été décritémieisuivant I'organisation

des différentghapitres de résultats.

1 Approche méthodologique pour I'analyse des événements climatiques
extrémes.

Pour analyser les événements extrémes dans le bassin du fleuve Sénégal, nous avons utilisé
plusieurs sourceseddonnées : les précipitations satellitaires CHIRPS a une résolution de 5

km sur la période 1982021, IMERG a une résolution de 10 km sur la période -20@D,

ainsi que des données issues de 15 stations de précipitation couvrant une période de 10 ans
(2001-2010), réparties spatialement dans la zone ®t u d e . De pl us, nous
donn®es doéobservation des d®b202l.sEtant eonnd dak e | c
disponibilité limitée des données stationnelles (seulement 10 ans), housumnggessaire
do®valuer | es donn®es CHIRPS afin de |l es in
IMERG ont été analysées en vue de leur utilisation dans la modélisation hydrologique avec
WRFHydr o en mode autonome. laibe® CHIRPS atttMER®, d e s
qui couvrent spatialeennt | a zone dOoO®tude, a ®t ® r ®ali s®
des 15 stations. Pour chaque station, les valeurs satellitaires ont été extraites en fonction de la
cellule de grille correspondant a sa lation (pointto-pixel). La qualité de ces données a

®t ® verifi®e - | 6ai de de m®triques statisti
doéef fi cacSutclitfe (NRE), N @aefficient de corrélation (R) et le coefficient de
Spearman (RS. Léanal yse sbOestod®rdabh®erdn deus ®vV
indi ces climatiques, not amment | 61l ndi ce do
Précipitations Maximales sur 5 Jours (RX5day), ainsi que d'autres indices clés comme les
Jous Trés Humides (R95P), représentant les jours avec des précipitations supérieures au 95e
percentile, et les Jours Extrémement Humides (R99P) pour ceux dépassant le 99e percentile.
Ces derniers sont particuli remhménnhopdatinoant
un second temps, nous agoanalysé les indices de débit extrémes, notamment le débit
maximal journalier (QMAX), ainsi que les percentiles Q95P et Q99P. Pour détecter les
tendances, nous avons utilisé les tests de Mdamdall modifie ¢ do6 Anal yse de T
l nnovante (I TA), tandis que |l es tests de Pelf
rupture dans les séries temporelles. Ces méthodes ont fourni des résultats fiables sur

| 6®vol ution des i ndi cfleuve S€négak Aprae cette évalnaton des b a s

e




& ®nement s extr®°mes " | 6ai de des i ndi ees c |

Hydro a été utilisé pour examiner son comportement face a ces événements.

1 Cadre méthodologique pour évaluer la performance atlele WRF
Hydro

L6®valuation de | a pedyfdoromadcdares dlua msoidmd lea t WF
extrémes repose sur une approche meéthodologique en plusieurs étapes, comprenant la
description du modeéle, sa configuration, ainsi que sa calibration elidatisa. Concu pour

simuler la redistributo de | 6eau ~ travers di vHydrepeyir oces

fonctionner de maniere couplée avec le systeme WRF ou de fagon autonome.

Notre étude a d'abord utilisé WREFydro couplé avec WRF (version 4.4puvrant deux
domaines : un domaine large (D1) avec une résolution de 30 km pour I'Afrique de I'Ouest et
un domaine focalisé (D2) avec une résolution de 10 km pour le bassin du fleuve Sénégal.
Dans la configuration du modele WR¥ydro, les modules de rage sont définis pour le
domaine interne (D2@n reliant la grille principale du domaine D2 de résolution de 10 km a

un sousdomaine ayant une résolution de 1 km, comme illustré dans la Figure-45bDPa
calibration a été effectuée sur la période 20A15, avec une phase de mise en route en 2010

pour stabiliser les conditions initiales. La validation a été réalisée sur une période de cinq ans,
de 2016 a 2020. Le paramétre SLOPE, qui régule la percolation, a été ajusté afin de
reproduire le débit obsegytandis que les autres parametres ont éiatemus constants. Les
param tres dbdéentr®e sont illustr®s Hgdmos | a F
en mode autonome a été réalisée, utilisant les précipitations satellitaires IMERG comme
donnée ddentr ®e du mod | e, tandis que |l es au
atmosphérigue WRF (voir Figure 19). La calibration du modéle autonome a également été
rigoureuse, avec des ajustements de parameétres clés tels que la fraction d'infiltration
(REFKFT), la profondeur de rétention en surfdB=TDEPRT), le coefficient de drainage
profond (SLOPE), le paramétre de rugosité pour le ruissellement de surface
(OVROUGHRTFACQC), la rugosité du canal (ManNFAC) et le seuil de débordement (HThres),

af i n e @pimulaton des débits fluviaux. Les mémes périodes de calibration et de
validation ont été utilisées. Les performances du modéle ont été évaluées par des indicateurs
comme ['Efficacité de NasButcliffe (NSE) et I'Efficacité de Klingsupta (KGE). les
r®sul tats ont ®t ®néaa 2018l (Yne @nmee denréfdrence mourrdeepar llad a n
Direction de la Gestion et de la Planification des Ressources en Eau (DGPRE) du Sénégal) a
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Bakel, dans le bassirCette évaluation du modele WR¥ydro dans le caexte de cet

évenement extréme nous a amenés a nous interroger sur la contribution potentielle des

changements de couverture terrestre aux événements d'inondation.

1 Méthodologie de I'étude sur les effets du reboisement sur les inondations.

Pour évaluer l'irpact des changements d'utilisation des testgsles inondations dans le

bassin du fleuve Sénégal, une expérience de reboisement a été menée avec le modéle WRF
Hydro, qui simule les processus atmosphériques et hydrologiques. La carte de couverture
terreste MODIS de 200ZFriedl et al., 2002n été modifiée pour remplacer les zones de

savane par des savanes boisées dans la partie supérieure du bassin, qui connait des
préciptations élevées. Deux scénarios de simulasiem10 ans ont été réalisés : un scénario

de référence avec la couverture actuelle et un scénario modifié avec des savanes boisées.
L'objectif est d'évaluer les changements dans le débit fluvial, I'numidit&otwet le
ruissellement, ainsi que leur impact sur les inondations. Des simulations supplémentaires ont

été réalisées en utilisant deux méthodes différentes, PBL5 et PBL7, pour modéliser

| 6interaction entre | 6at mos pinflueneent@atrépartiion sur f a
de la chaleur, @ I'humidité et du vent prés du sol, ce qui impacte les précipitations et

| 6®vaporation. El'l es se distinguent par [ e U
employées afin de garantir la robustesse desuré t at s . L6éobjectif |
compr ®hensi on des effets des changement s d

doéinondation dans | a r ®gi on.

5. Résultats et discussion

L'analyse des indices de précipitation extréme dans le bassin du fleuve S8oegal une

variation spatiale non uniformeyec des valeurs maximales particulierement élevées dans le
sud, atteignant 20 mm/jour pour l'indice de précipitation quotidienne simple et jusqu'a 70 mm
pour les pluies maximales sur 5 jours, tandis que lesanadians le nord sont plus faibles,
suggérant une exposition accrue aux événements extrémes dans le haut bassin. On note une
tendance significative des jours de fortes pluies dans le sud et des jours extrémement humides
dans les régions centrale et delteigavec des indices R95P et R99P affichast gvalues

tres faibles (< 0,05). L'analyse temporelle via le test de M@amdall confirme des tendances

a la hausse aprés 2008 pour plusieurs indices sur la périodd®BZFigure24), en accord

avec des études antérieures menées dans d'autres bassins d'Afrique de I'Ouest. La distribution
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inégale des précipitations est attribuée a des disparités géographiques, climatiques et

topographiques.

L'analyse du débit observe dans la pastipérieure du bassin du fleuve Sénégal révéle une
phase de sécheresse persistante de 1982 a 1993, suivie d'une période plus humide jusqu'en
2021, indiguant un changement vers un régime hydrologique plus humide. Le test de Mann
Kendall montre des tendancefgnificatives a la hausse pour Q95P, Q99P et QMAX,
confirmant une augmentation des débits extrémes. Un point de rupture a été identifié en 1993
(Table 17), marqguant une hausse notable des débits a partir de 1994, en accorksavec
recherches antérieures suggérant la fin de la sécheresse sahélienne. Ce changement pourrait
étre attribué a des facteurs climatiques et a des développements humains, tels que des
infrastructures hydrauliques. L'analyse révele une tendance marquémyraebaation des
précipitations extrémes et des débits dans le bassin du fleuve Sénégal, soulignant la nécessité
de surveiller ces changements pour gérer les ressources en edtipetrdas impacts futurs

du changement climatique. L'évaluation du mod&eplé WRFHydro pour simuler des
événements hydrologiques extrémes dans le bassin du fleuve Sénégal a donné un résultat
satisfaisant. Lors du calage, le modéle a atteint un indice deS\asliffe (NSE) de 0,70 et

un indice de KlingGupta (KGE) de 0,83vec un biais de7 %. La validation entre 2016 et

2020 a montre la fiabilit¢é du modéle, affichant un NSE de 0,72. Bien que le modele ait
capturé les variations saisonniéres, degté avec les débits observés ont été notés, en partie

en raison de la glit¢ des données de précipitation simulées. L'analyse du bilan hydrologique

a également révélé que I'évapotranspiration représente 56 % des précipitations, tandis que le
ruissellement de base et le ruissellement de surface représentent respectivemen7 3%.%

Une version non couplée du modéle a également montré de bonnes performances, avec un
NSE de 0,78 et un biais d&9 %. Lors de l'année d'inondation 20F&y(re38), le modéle

couplé a simulé un débit moyen quotidien de@L.&3/s, se rapprochant de la valeur observée

de 1352 m3/s, tandis que le modéle non couplé a montré un débit moyen de 1299 m?3/s,
indiguant une légére sowstimation. Dans I'ensemble, le modele couplé VWy#ro a
démontré sa valeur pour les applicatioysirblogiques, en particulier dans la gestion des

ressources en eau.

Léanal yse des variations spatiales des prin
supérieur du fleuve Sénégal révéle umegmentation significative de I'évapotranspiration
(Calcuker a partir des parametres de sortie : évaporation accumulée de l'eau interceptée
(ACECAN), transpiration accumulée (ACETRAN) et évaporation accumulée de la surface du

sol (ACEDIC)), des précipitations, du ruissellement et de la percolation, surtoutedans |
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zones ou les savannes ont été remplacées par des foréts. Cette transformation du paysage
affecte directement le cycle de I'eau et la disponibilité des ressources en eau. Les données
montrent uneugmentation des précipitations de 2 % sous la couche PBi® 3 % sous la

couche PBL7, soulignant limportance de la reforestatitabl¢ 23) . Concernant les
événements d'inondation de 2011 a 2020, les résultats indiquent des similitudes entre les
scénarios de référence et ceux dg@gaanes boisées, avec un nombre élevé d'occurrences pour
des débits de 500 m3/s. Cependant, des débits plus élevés, atteignabb@EDOGF/s dans le
scénario des savannes boisées, signalent un risque accru d'inondation pour les communautés
en aval. Les waations significatives dans le nombre d'occurrences d'inondations sont
influencées par la couverture végétédetype de sol et les pratiques de gestion des terres, qui

affectent la capacité d'absorption des sols et augmentent le ruissellement.

6. Conclusiam

Les résultats indiquent une augmentation significative des précipitations extrémes dans le
bassin du fleuve Sénégal, avec une tendance a la hausse dans le sud et une légere diminution
au nord. L'indice R95P montre une augmentation statistiguementcagué sur I'ensemble

du bassin, tandis que les indices R99P, SDII et RX5DAY sont significatifs principalement
dans les zones intermédiaires et le delta. Entre 1982 et 2021, des points de rupture en 2006 et
2007 ont signalé un passage a des conditiors lplmides a partir de 2008, soulignant la
nécessité de surveiller les variations a long terme pour adapter les stratégies de gestion des
ressources en eau. Les débits extrémes ont également montré une tendance a la hausse,
particulierement dans la partieip@rieure du fleuve, avec un point de rupture en 1993,
probablement lié a la fin de la sécheresse sahéliergm.tdsts statistiques révelent une
sensibilité accrue aux tendances, permettant une évaluation précise des évolutions
hydrologiques. Le modéle aplé WRFHydro a démontré de bonnes performances, avec un
indice d'efficacité de Nas8utcliffe (NSE) de 0,70 et un KGE autour de 0.83 lors du calage et

de 0,72 pendant la validation (202620), ce qui le rend efficace la gestion des ressources en
eau. Ben que le modele en mode découplé soit performant, le modele couplé excelle dans la
simul ati on dxréme @e®2E8n Eamadyset révede que la transformation des
savanes en savanes arbustives augmente les précipitations de 2 % et le ruisselldrient d

tout en accroissant la fréquence des inondations. Une gestion intégrée des ressources en eau et
des terres est essentielle, en tenant compte des impacts locaux. Les décideurs doivent

equilibrer la gestion de l'eau et la réduction des risques dationd en adoptant des

£



stratégies rigoureuses pour évaluer les risques associés aux changements d'utdisation d

terres, telles que la construction de bassins de rétention.
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Chapter 1: General Introduction

In this chapter, we delved into the global context of our study, providing a comprehensive
overview of the impacts of climate change on Africa, with a particular asiplon the
Senegal River basin. We began by establishing the general framework of the issue,
highlighting the crucial stakes surrounding this question. An exhaustive review of existing
literature is then undertaken, allowing us to synthesize current &dge/land identify gaps in
understanding. Research questions are formulated to guide ourgatiest directing our
attention towards specific aspects of climate change and its effects on the Senegal River basin.
These questions serve as the driving fobshind our study, aiming to uncover new
perspectives and contribute to the existing bodynofkedge. In parallel, clear objectives are
defined, delineating the intended outcomes and goals of our study. These objectives provide a
roadmap for our resear@pproach, guiding the selection of methodologies and data analysis
techniques. This chaptalso underscores the originality of our study, highlighting the unique
contributions it aims to make to the field of climate change research, particularly thighin
context of the Senegal River basin. Furthermore, the scope of the study is defineshgoutlin

the boundaries and constraints within which the research will be conducted. This ensures a
focused and manageable inquiry while recognizing the complexitynégrd@onnectedness of

the subject. These projections help contextualize the significanceredevhnce of the
research endeavor. Finally, an overview of the thesis structure is presented. It offers a glimpse
of the subsequent chapters and their contalputd achieving the objectives and exploring the

research questions outlined in this introdugtchapter.

1.1. Context and Problem statement

Climate change and its influences on the environment and society are at the heart of political
and scientific concern@Dezetter et al., 2010)They are considered one of the most serious
threats to sustainable deopment, with expected adverse effects on human health, food
security, economic activity, wateesources, and other natural resources. The impacts of
climate variability vary across different regions of the globe, with particularly significant
socicecononic consequences in developing countries (Sultan et al., 2015).

The African continent, with itthadequate disaster management systems, is one of the most
impacted regions by flood®¥NISDR, 2015) particularly in subSaharan cities where floods
persist as a fragent and ominous thre@World Bank, 2016) (Ricci, 2014) According to

)




(Jonkman, 2005)from 1981 to 2014, close to half a million individuals were forced out of
their residences.

In Central Arica, severe flooding has caused deaths and forced migrations due to the loss of
shelters, clivated land, and livestock. It has also facilitated the spread of diseases such as
Rift Valley fever, Lyme disease, Ebola virus, West Nile virus, and othectiofes (Evans &
Munslow, 2021) In Cameroon, between 1990 and 2015, the city of Douala experienced more
than 20major floods (Tchindjang et al., 201%ndcaused more than 100 deaths From 2000
ard 2010 resulted in considerable material and human dariegi(, 2017)

According Wainwright et al.,(2021}he short rains of 2019 (OctobBecember [OND]) in

East Africa were among the heaviest in recent decathe entire region experienced floods

and landslides, with initial estimates indicatingttibaer 2.8 million people were severely
affected. According to the UN in Djibouti, initial estimates of the 2020 floods indicate that
around 18,000 households, approximately 110,000 people, were affected in the city of
Djibouti and its suburb of Balbal®abar et al., 2022)

In South Africa, in its eastern part, the floods of April 2022 resultethe deaths of 435
people, with several still missing. They destroyed several thousand houses, roads, and bridges,
and had a serious impact on critical infrastawe (Bouchard et al., 2023)

In West Africa, during the 2009 flooding episode, nearly 600,000 people were affected, while
another 159 are reported to have lost their lives, mainly in Sienae(OCHA, 2009) From

1 November to 24 November 2010, the entire nation of Benin experienced contimgous a
heavy rainfall, leading to devastating floods that claimed 46 lives and inflicted suddstanti
damage(MPDEPRCAG, 2011) In Mali, the floods of 2018 resulted in approximately 14
deaths and led to the destruction of nearly 5,000 houses, with an additional 2,000 homes
damaged, primarily iBamako and in regions such as Timbuktu, Gao, Koulikoro, and Sikasso
(Bonnet, 202). Niger, 81 people died, accompanied by enormous material damage caused by
the 2012 floodsaccording to Sighomnou et al., (2019)

To understand these extreme events, many scientists have conducted intensive studies in
Africa (Nicholson et al., 2000Paturel et al., 1998)he studies revealed that during the 20th
century, West Africa experienced alternating cycles of avel dry periods, with a notable
precipitation deficit occurring around 19{®aturel et al., 1998 e Barbé et al., 2002)n the

late 1990s, while drought continued in the western Sadeleral researchers noted an
increase in rainfall across the remaining parts of the rggibnd H!* t e € ke Barléet , 200z
al., 2002; Silver et al., 2017)AccordingPanthou et al., (2018)he Sahel is experiencing an
intensification of the hydralimatic cycle due to global warmingesulting in longer dry
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periods and more intense rainfallne analysis of rainfall data s&cl950 and subaily
observations since 1990 reveals an increase in the frequency and intensity of extreme rainfall,
particularly in the eastern Sahel. Althoughnaal rainfall totals have increased since the
2000s, the rainfall regime remains more irreguhan before the 1972000 droughts.

In Tunisia, for exampleBen Abdelmalek & Nouiri(2020) demonstrated that in 1981, the
country suffered a geneKamdtaetrzad,2028howsitigahbioth | n
the northern and southern regsounderwent a transition from a wet phase to dry conditions.
Bedoum et al., (201 ®emonstrated that in the Chad region, there is an increase in successive
periods of dry weather associdteith prolonged drought. In Nigeridkande et al., (2037

noted a significant increasing trend in the frequency of rainy days in the central déinea of
northern region. According tBadiji et al., (2022)during the period between 1918 and 2000,
intrarseasonal rainfall evesin Senegal demonstrated significant decadal fluctuations in both
frequency and intensity. Ese variations were comparable to the mean seasonal rainfall
patterns observed in the Sahel region throughout the 20th century and were found to be
correlated wit Atlantic Multidecadal Variability (AMV).

The recurrence of these extreme events observélleist Africa has had consequences in
numerous basins and has significantly impacted the flow of many rivers sincést0oix

et al., 2013Diallo et al, 2020)

Niger Basin: An earlier arrival of the flood is observed, caused by an increase in the
occurrence of extreme rainfall events, especially at the begirofithe rainy season (May

and June), according f@escroix et al., (2013)

The Senegal River basin, like the entire intertropical zonegXy@erienced climatic upheavals
since the 19706Bodian et al., 2011)These upheavals have resulted in droughts floods,

which can have negative consequences on health, water resources, agriculture, navigation,
hydroelectricity, etc.

To understand the irregularities sad by climatic fluctuations, numerous studies have been
conducted on the impact of climateacige on water resources in the Senegal River basin. In
the next subsection we give an overview of the state of the art on the assessment of climate

change impacten water resources in this basi

1.2. Literature review

As indicated in the context and problestatement, several studies have been conducted

regarding climate change and water resources in the Senegal River basin.




Mbaye et al. (2015used original and corrected climate data from the REMO regional
climate model with the MPHM model to simulate various hydrological variables. The
comparison of simulations with unceoted and biasorrected data showed that bias
correction does not significantly alter the future changes in these variables for the upper
Senegal River basin,thbugh some differences in matyrde and deviations were observed in
certain areas.

Bodian et al. (2012)focusedon the RainfaHFlow Modeling Approach to Regional Water
Resource Knowledge, specifically ajgol to the upper Senegal River basin. The methodology
included a physiographic and rainfall characterization of the upper basin in the first part,
followed by hydological modeling using the GREmodel in the second part. According to

the authors, the moteatisfactorily reproduces the shape of the observed hydrographs. The
calculated point flows are wedituated over time, although sometimes underestimated. In
contrast, the low flows are perfectly reconstructed, showing a good superposition of the
hydrogaphs of the observed and calculated flows.

Bodian et al. (2020analyzed ecent changes in hydroclimatic variables in the Senegal River
basin using data from 36 rainfatations and 3 hydrometric stations unaffected by hydraulic
structures. This work identified two notable shifts in annual precipitation: one in 1969 and
anotherin 1994. The 1969 shift markate onset of a drought, reflected in the SPI values.
Subsequety, after the 1994 shift, there was an increase in annual precipitation compared to
the preceding period (19€1994), indicating a partial return of significarginfall in the
basin. These findings suggest a recovery in annual rainfall in the Senegal dRssin,
potentially enhancing surface water availability. However, the study notes the need for
longerterm data to determine the significance and persistdrtbésaecovery.

Faye et al. (2015studied the characteristics and evolution of the hydrological regimes of
natural and managed sohtchments of the Senegal River. They have highlighted the
existence of two breaks, in opposite directions, illustrating thelinearity of certain effest

6 of climate change. On the developed basins (Bakel station), on a monthly scale, the 1993
rupture is more related to the real effect of the Manantali dam tthdahat of changing
climatic corditions, regardless of its signal strength. This is evidemgethe management
operations of the dam through the support of low water levels and the fight against the drying
up. On the other hand, in the undeveloped bagkidira, Oualia and BafingMakana
stations), it is always the drought that explains the cleamgéhe hydrological regime. Even

in the developed basins (Bakel station), during high water periods, the effect of dam
management is not significant becausss inasked by the strong signdl dimate changes.
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Indeed, the study of the hydrological vaildy of the Senegal River Basin is seen as a major
element to be taken into account for a better understanding of the hydrological response to
changes in climat conditions, but also to changes in the physical environment.

The study of Brdin, (2004)presents a methotbgy to assess the impact of climate change

on runoff in fourwatersheds located in West and Central Africa. Time series of precipitation
and potential evapotranspiration and potential evapotranspiration time series ntapgese
future climate conditions are constructed from two climate scenarios, using HalZM3
model predictions. Monthly flows are simulated using a conceptual hydrological model and
then compared to observations. The results show that the variations fifinutiee future

follow those ofrainfall: decrease for the Senegal and Gambia basins, iecfeasthe
Sassandra and Chari basins. Simulations of runoff during the 21st century depend essentially
on the hydrological model used but also on climate praojestiand therefore on the choice of
model.

Faye, (2014used the Man#Kendall test to characterize flow variability andns in the
Faleme River basin over the period 19814. The results of the analysis showadistically
significant downward trend in almost all months and in both high and low water periods. A
trend was also observed in years of low water during wiiehflow of the periods of high

and low water is less important. The MaKendall test was thefore effective in indicating
negative flow trends in the Faleme River basin.

Thiam et al. (2023jocuses on hydrological modeling in his tisedilis objective is to use the
GR4J model to study the impact of climate change on waternesoin the Bafing (upper
basin of the Senegal River). The results show that the GR4J model faithfully reproduces the
shape of the observed hydrographs, althopghk flows are sometimes underestimated or
overestimated. A decrease in average annual andhipdiows is expected for both sub
basins of the Bafing under both scenarios.

Sanbou et al. (2011jocused their study on the calibration and validation of the hydrological
models GR4J and GR2M on the Bafing upstream of Ba¥lagana to evalate the impact of
climate changeon the water resources of the Manantali reservoir. Theircttgeis to
determine the characteristic parameters of the CEMAGREF, GR4J, and GR2M models for a
given watershed. Their results show that the characteristic ptaemof the GR4J model in

the basin are: x1 (production reservoir capacity in mm), x2 (egeheoefficient in mm), x3
(oneday capacity of the routing reservoir in mm), and x4 (base time of the unit hydrograph
Hul in days). However, for the GR2M modéley retained the parameters xida?2.




Faye, (2021)studied the longerm historical change in flow rate in the upper basin of the
Senegal River from I to 2019 using the Sen slope and the Migandall test. The results

reveal an upward trend ithe flow rate of the Senegal River. The most pronounced trend is
observed in October at the upstream station with 4.12 m3month and in September at the
downstram station with 10.99 m3/month.

Faye, (2023)nalyzed the evolution of hydrological extremes in the Falémé l§a8b4

2019) in relation to climate change. The analysedased on the study of daily maximum
(Dmax) and minimum (Dmin) discharge data. The results show a significant decrease in
minimum flows, with breaks in 19667 and 200i708, indicating a transitio to drier
conditions. Since 2007, an alternation betweengirtsuand excess flows highlights increased
hydrological variability.

Wilcox et al. (2018)analyzed the evolution of extreme floods in the Senegal and Niger River
basins from 1950 to 2015, using Rstationary generalized extreme value {§8EV) models.

The resultsshow a norstationary trend in extreme flows, with a marked incresisee the

1980s, particularly in the Sahelian region. This raises concerns for watershed management
and hydraulic infrastructure design.

Mbaye et al. (20183howed an increaseofdrydag | engt h and a decr eas
by all the RCMs, exceptne model (RCA4) that shows an opposite change of these climate
indices in the senegal river basin.

First, the approach adopted by some previous authors can be summarized by analyzing flow
rates and precipitation in the Senegal River basin. Their workddoms two crucial aspects:
climate change and fluctuations in water levels in this specific region. To do this, they used
statistical methods as well as global hydrological models. Sigoather authors have

focused on studying extreme events based ®ewrhlracterization of extreme flows.

The authors' approach is limited by the lack of land cover consideration over the extreme and
the use of a noedistributed model with high resolutiowhich prevents explicit simulation of
hydrological processeg-ailing to consider these factors can undermine the accuracy of the
results, as extreme precipitation plays a crucial role in the occurrence and intensity of extreme
hydrological events, suchsdloods. Moreover, land use, whether it involves urbanization,
agriaulture, or deforestation, can significantly influence water flow and soil infiltration
capacity, thus affecting flood risk management. This neglect of such important variables can

make tle analysis less representative of local realities and render tlssrasse less reliable.
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To address the limitations of previous studies, we characterize the recent evolution of extreme
events and use the WRydro model to analyse the impact of afforéista on these events

in the Senegal River basiThis approach allowss to better understand how changes in
vegetation cover, such as afforestation, can influence water flow and affect hydrological

dynamics at the watershed scale.

1.3. Research questions

Debdes on sustainable development, access to water resources, ance extents have
raised growing awareness within the scientific community regarding the impacts of climate
change. To make a moredepth contribution to these discussions at the intemeltievel, it

is crucial to understand and simulate local hydroclicnattocesses, including extreme events
and land use. It is with this in mind that the WRizdro model has been selected, to enhance
our understanding and improve the estimation of thésmgmnena. The key questions that
motivated this study are as follows:

RQ1: What has been the recent evolution of extreme hydrometeorological events in
the Senegal River basin between 1982 and 2021?

RQ2: How does the WRHydro model simulate the intensitf historical extreme
hydrometeorological events in the Senegal Rbasin?

RQ3: How do observed changes in vegetation cover in the Senegal River basin
influence the intensity of extreme hydrometeorological events andiyithelogical

proces®

1.4. Thesis objetives

1 Main objective

The overall objective of this study is to wardtand the recent evolution of hydroclimatic
extremes and the impact of land cover change on the main hydrological processes in the
Senegal River basin.

1 Specific objedves

In order to achieve the main objective of the study, the spetifectives defined are to:
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x Characterize the recent evolution of extreme events between 1982 and 2021 in the
Senegal River basin. To provide a historical framework for understatitgngends
and variations of these events.

x Assess the performance the WRFHydro model in simulating hydrometeorological
extremesin order to determine to what extent it reproduces the observed phenomena.

x Determine the potential impact of vegetatioweochange on extreme events and the
flow regime. It allows evaluatmits influence on the frequency and intensity of these

phenomena.

1.5. Novelty

This research proposes an approach to studgxtieme hydroclimatic evengnd landcover
transformations imgct over the Senegal River basin using a-negolution distributednodel
(WRFHydro). By adopting a fully distributed model, this study divides the basin into small
subunits, each characterized by specific parameters. This approach enables a hightg accu
capture of local variations in hydrological processes. Utilizihng WRFHydro model
requires detailed data, especially regarding topography and other local characteristics. This
additional complexity is justified by an enhanced ability to model Hgdroal processes at

fine spatial scales, providing detailed insigint® hydrological behavior both at the local and

regional levels.

WRFHydro enhances the representation of terrestrial hydrological processes by modeling the
spatial redistribution of stace, subsurface, and channel water while facilitating the coupling

of hydrological and atmospheric modé€fSochis et al., 2018)lts capabilityto operate at
various spatial scale(S. Liu et al., 2021)and helps to understand how local psses
interact and influence hydrological dynamics on a larger scale. This understanding is vital for

making forecasts and developing management plans tailored to local specificities.

1.6. Scoe of the thesis

The implications of the climate variability for veaitresources in the Senegal River basin are
particularly significant, resulting in repercussions that affect numerous sectors, including
agriculture, industry, hydroelectricity, tourisimealth, potable water supply, river navigation,
and aquatic ecosysteoonservation, among others. These effects are further compounded by
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an increased demand for water in the basin, making the region more vulnerable to the impacts

of climate variability.

In response to these challenges, extensive research has been umderbsteer understand

and mitigate the effects of climatic fluctuations. This study aims to examine extreme
hydroclimatic events in the Senegal River basin, offering critical insiglas dan help
decisionmakers in the region. Key findings from this dl®einclude the characterization of
extreme events between 1982 and 2021, the successful calibration and validation of the WRF
Hydro model for the basin, simulations of extreme hydrommetegical events, and an
assessment of how changes in vegetationrcomeld influence the severity of these extreme
events. This work is conducted using CHIRPS satellite precipitation data, already validated in
the region, as well as IMERG data, due te tlifficulty of obtaining meteorological stations

data in the basirrdm institutions such as ANACIM.

These findings provide valuable guidance for the sustainable management of water resources

and the resilience of soegconomic activities in the face dimate change.

1.7. Outline of the thesis

The thesis is structured ingeven chapters, the first being a general introduction to climate
change and its impacts. It covers the following points: context and problem statement,

literature review, research questj objectives, hypothesis, novelty, and scope.

In the second chaptewe have developed the characteristics of the Senegal River basin,
which is our study area, addressing its location, relief, vegetation, climate, hydrography, soils

and land use, demogpiay, as well as environmental, social, and economic activities.
In the third chapter, we have detailed the data and methods used in the thesis.

The fourth chapter characterizes the evolution of extreme events during the period from 1982
to 2021 in the Semmal River basin. Some repetitions are inevitable as this chaptbe is t

subject of a publication.

The fifth chapter corresponds to the simulation with the WWRBro model for the period
from 2010 to 2020. During this period, we calibrated and validatedibéel before
analyzing its behavior during the 2018 flood a refegeyear provided by the Directorate for

)




Water Resources Management and Planning (DGPRE) of Senegal in Bakel. Repetitions are

also inevitable in this chapter as it is the subject of a qatizn

In the sixth chapter, we have developed the potential impaetigetation change on extreme
events using the WRHydro model. Repetitions are also inevitable in this chapter as it is the
subject of a publication.

The seventh chapter represents@ameral conclusion and perspectives of this thesis.




Chapter 2: Study area

In this chapter, we provided a detailed description of our study area, namely the Senegal River
basin. This description covers several essential aspects to understand the pmysocaia
economic characteristics of the region. We began by geagadigHocating (section 2.1) the
Senegal River basin, including its geographic coordinates, the countries it traverses, and the
major cities within this area. We also examined the smbimundaries and its total area. The
basin's relief (section 2.2) @escribed in terms of topography, including mountains, plains,
plateaus, and valleys. We discussed the average altitude and significant topographic variations
that influence the river's ydrological regime. The vegetation description (section 2.3)
coveredthe types of vegetation present in the basin, ranging from tropical forests to savannas
and desert areas. We also examined dominant plant species and their distribution, as well as
the inpact of human activities on natural vegetation. The climatic conditod the Senegal

River basin, including annual precipitation, average temperatures, seasons (dry and wet), and
observed climate variations over the years, are detailed (section 2.4jlsWanalyzed the
effects of climate change on the region. The hydiplgic description (section 2.5) included

the network of watercourses in the basin, focusing on the Senegal River and its major
tributaries. We discussed river discharge, flood reginresigtht periods, as well as dams and
reservoirs built for water managent. The soil and land use in the Senegal river basin is
discussed in the section 2.6. We presented the demographic characteristics (section 2.7) of the
populations living in the basiimcluding population density, geographical distribution, major
ethnic groups, and recent demographic trends. We also addressed internal afzbictess
migrations influencing the region. The section on environmental, social, and economic
activities coverd major economic activities such as agriculture, fishing, industiy,tieade,

as well as their impact on the environment. In conclusion (section 2.8), we summarized the
key points addressed in this chapter and highlighted the complex interactions b#teieen
physical, climatic, and socieconomic aspects of the Senegal éivasin. We also

emphasized the challenges and opportunities for sustainable development in the region.

2.1. Localization

The Senegal River, 1700 km long, drains a basin of 300,000 kgw€?2) (Faye, 2019)
crossing four countries: Senegal, Mali, Guinea and Mauritania. It is fed by several tributaries,
the main ones being the Bafing, the Bakoye, and the Falémé. The Bafing is considered the

upper part of the Senegal Riv It originates in Guinea, in the highds of the Fouta Djallon,
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and is located between latitudes 10°30' and 12°30' N and longitudes 1°30" and 9FaQeW
2015a) In this tributary, the average amal precipitation and temperature areusnd 1162
mm/year and 27.6 °Clyear, respectivéBene et al., 2019)The Bakoye, with an area of
85,000 kmz, also originates in the Fouta Djallon massif in Guinea and initially flows northeast
through the Mandingo hills towards the Madiborder. The Falémé, whiblas its source at an
altitude of 800 m tathe foot of the Fouta Djallon, is located between latitudes 12°11' and
14°27' N and longitudes 11°12' and 12°15(Wdye, 2017)It spans three countries: Senegal,
Mali, and Guinea. Precipitation decreases from south to north, with 120 iretbé (south)

and 600 mm irBakel (north). The basin is divided inthree parts: The upper Senegal River
watershed, between longitudd2°30' and9°30"' W and latitudes 10°30" and 12°30' N, covers

an area of 218,000 km2. Due to its elongated geograpbanfiguration, the watershed is
representative of the major clineatof Guinea, Mali, and part of Senegal. The valley has been
developed since the colonial period until the independence of the riparian states. These
development projects have increasigte the 1970s with the creat of the Organization for

the Developrant of the Senegal River (OMVS in French), which includes Mali, Mauritania,
and Senegal. The Senegal River delta, located in the northwest of the country, is situated
between latitudes 26and 14°4' N and longitudes 15°30' and 16°30" W. It is alyavg

littoral domain, located at the boundary between the sea and the continent. It is triangular in
shape, with boundaries defined by the walo (a hydromorphological unit of the delta formerly

flooded by the river) and trdiéri (the raised part of the delta meveached by floods).
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Figure2 : Senegal River Basin Localization

2.2. Climate

In the Senegal River, different types of climates are observedGsintean in te south,
Sudanian in the center, and Sahelian in the north (La,&(2). The Upper Basin, part of

the West African intertropical zone, is influenced by three anticyclonic centers of action: the
Acores in the North Atlantic, Saint Helena in the sowthd a third center located in the
Sahara Dese(Bodian et al., 2011)

During the boreal summer, the Saint Heleanticyclone, a higpressure area located above
the South Atlanticmoves northward, bringing humid winds to the region. This movement is
accompanied by a seasonal wind laden with humidity called the monsoon. The latter is
responsible for the precipitati in the region.

This monsoon phenomenon is more pronounced irrédg®ns located further south of the
basin, as they are claséo the sources of maritime humidity. Consequently, these areas
receive more abundant and prolonged rains.

In winter, the infuence of the Saharan ridge of the Acores, an extension of the Acores

anticyclone, is felt. This higpressure zone is located above the North Atlantic and generates




dry winds called continental trade winds. These trade winds blow from the northeast and
bring dry air from the Sahara Desert to the Senegal River basin, gausiny season. The
duration and intensity of this dry seasoorease as one moves northward in the basin, where
Saharan influence is stronger.

The Senegal River delta, located in thetern part of the basin, benefits from the influence

of maritime trale winds from the northwest. These winds come from the Atlantic Ocean and
bring humidity. The moderate temperatures and softens the climate in the delta, making this
region less arid congped to the more inland areas of the basin.

The Senegal River basaxperiences a rainy season from July to October, charactdnze
precipitation significantThe Sahelian zone experiences an average annual rainfall of less than
600 mm. In the Sudaniarone, the annual average precipitation ranges between 600 and 1200
mm (Figure3). The Guinean zone receives the most abundant precipitation, with an average
exceeding 1400 mm annuallfhese rains are essential for agriculturéing water reserves,

and supporting vegetation. From November toeJtime dry season predominates.
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Figure3: Spatial variation of annual precipitation of the Senegal River basin from 1982 to 2021 with chirps
data

In the Saegal River basin, the temperature follows a marked seasonal citblesignificant

variations.




Figure 5 illustrates this thermal variability, highlighting average temperatures ranging from 24
to 34 degrees Celsius. This range reflects the influenceearthand wet seasons, marked by
significant contrasts. Indeed, therpd from April to June corresponds to the transition
between the drgeason and the first rains, which explains the observed thermal peak. During
these months, sunshine is at its maximand the lack of cloud cover promotes a significant

rise in temperares.

Temperatures increase as one moves away from oceanic influence, going from the delta
towards the inland areas. Heatwaves mainly occur during the dry season, where temperatures
can rise between 42 °C and 46 °@Ca et al.,, 2012) In contrast, mountainguregions
experience cooler temperatures, especially at night andgdthien dry season. Insolation,

which can reach or exceed 3,000 hours per year, supports effective photosynthésisd pro

that the supply of water and minerals is adequate. Dayliglatidarvaries little, ranging
between 11 and 13 hours. Generally, evaporation is reduced during the rainy season due to
significant cloud cover, high humidity, lower temperatures, ancedsed sunlight.
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Figure4: seasonal variion of the mean temperature over SRB from 1982 to 2019 with CRU data
2.3.  Hydrography

The hydrology of the Senegal River basin is essential for water resource management and
sustainable delopment in the region. This hydrology primarily relies on precipitain the

upper basin, which directly influences the amount of water feeding the river's tributaries and

B




sources. These tributaries are vital for maintaining sufficient flow throughutyear,
impacting various aspects of life, includingvigation, agculture, and access to water for the
riparian populations. In the southern part of the basin, the density of the surface hydrographic
network reflects the impermeable nature of the @ichette, 1974 Daveau & Michel,

1974) meaning that rainwater quickly flows into the rivers, feeding the river system while
limiting the soil's capacity to store water, thus making the region rabfee to climatic
variations. To address the challenges related ternvsapply, several infrastructures have been
established. The Diama Dam, operational since 1986 in the Senegal River delta, plays a
crucial role in preventing the intrusion of saline evatiuring lowflow periods. This barrier
protects theupstream agridtural lands, which is essential for food security. Similarly, the
Manantali Dam, inaugurated in 1988 on the Bafing River, regulates the flow and ensures a
constant water supply, meetingrious needs such as agriculture and hydroelectricity. This
flow cortrol is particularly important for preventing flooding during the rainy season and
ensuring water supply during dry periods. |t
the rairy season and gradually releasing it during the das@e. This helpsnaintain a
relatively stable flow downstream, which is beneficial for irrigated agriculture and
hydroelectric power production. Bakel, located downstream of the last significant trjbutar
the Faleme, is considered the reference point for the Senegal Rieeaverage of flow at

Bakel is approximately 676 m3/s, corresponding to an inflow of about 21 billion m3 of water
(La et al., 2012)This measurement is crucial for understanding tliediggical dynamics of

the river and guiding water magement decisits.

The hydrological regime of the Senegal River is characterized by significant interannual
variability. For example, between 1903 and 2002, the average flow recorded at Bakel was 970
mi/s. However, these average masks a concerning reality: from 192808 the flow
dropped to only 419 m3/s, highlighting a marked deficit in water inputs over recent decades.
This declining trend in flow is also evident when examining earlier periodsFigure 5

shows the variability of the anal average flow of the Senegal River at Bakel from 1903 to
2005, with notable decreases in 1913, 1943, and since the 1B7@ Cheikh et al., 2013)
These figures indicate a significant reduction in water flow, underscoring a gradual
deterioration of hydrological conditions in the basin. The causes of this decline in flow are
complexand multifactorial. They can be maliuted to climatic changes, su@s shifts in
precipitation patterns and rising temperatures, which affect the water cycle in the region.

Additionally, human activities, particularly intensive agriculture and urbapizatplace
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further pressure on water resources, thereby reducing aéability for local ecosystems

and riparian populations.
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Figure5: Annual discharges (m3/s) of the Senegal River at Bakel, §2085 (Sources: Kane, 1985

2.4. Relief

The Senegal River, one of the most important watercouns@gest Africa, originates at the
confluence of two main rivers: the Bafing and the Bakoye. This confluence is located at
Bafoulabé, approximately 225 km upstream from the town of Bakgureé6). From this

union emerges a rivehat extends over 1700 km, traversing diverse landscapes and rich
ecosystems before emptying into the Atlantic Ocean.

The southernmost part of the Senegal River basin is characterizedhbyrgainous relief.

The highest point of this basin reaches anual&tof 1404 m, offering a marked contrast with

the lower areas of the basin. This mountainous region includes the Guinean Ridge, a mountain
range rising to over 1000 m in altitude, forgia distinctive feature of the e African
landscape. The Guineandge is not only a natural barrier but also plays a crucial role in
regulating the climate and the flow of rainwater into the Senegal basin.

The landscape of the Senegal River basin ctn&if subtabular reliefs with an average
altitude of around 800 mniersected by plateaus that reach approximately 600 m. These
plateaus, relatively flat in morphology, are interspersed with river valleys and ravines, adding

diversity to the landscape.




In the regions of the Falémé basind Mali, the average altitude deases to about 200 m.
Here, the landscape is mainly marked by sills and dolerites, rock formations typical of the
Birimian geological periods. These formations, which appeared sevdrah bykars ago,
testify to intense tectonic activity that shapedrédgion's subsoil.

The Senegal River basin also features sedimentary geological formations dating from the
secondary and tertiary perio3aveau & Michel, 1974{Bader, 2014)

These formations are particularly Nike in the northern part of the basin, where they appear
as stratifed layers, evidence of ancient marine and lacustrine environments.

Downstream of Dagana, the embankments bordering the alluvial valley fade away; the flood
zone widens, and the Senegal&ienters its delta. The topoghey of the delta is uniform,
comprisng an extensive plain including alluvial embankments, depressions or basins, and a

set of dune¢Bonneau, 2001)
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2.5. Soil and land use

The Senegal Rivebasin features a diverse geology that can be divided into two distinct
provinces, separated by the town of Bakschete, 1974)

Upstream of Bakel, the basin is characterized by primagyRrecambrian formations. These
ancient geological formations mainly consist of:

1 Sandstones and Quartzitéehese rocks are generally hard and resistant to erosion.
Their presence indites an ancient environment, often associated with desert or semi
deset conditions.

1 Schistose and Pelitic FacieSchists are metamorphic rocks that form under high
pressure and temperature conditions. Pelitic facies, composed ofpditieles,
indicate @posits in calm environments such as lakes or deep sedimentary basins

1 Green RocksOften associated with greenstone belts, these formations are rich in
ferromagnesian minerals and can contain significant metalliferous deposits.

1 Granite FormationsGranite a plutonic igneous rock, forms from the slow cooling of
magma beneh the Earth's surface. Its presence can influence the region's topography
and geomorphology.

Downstream of Bakel, the Senegal River basin rests on more recentidosnagrimarily
Tertiary and Quaternary. These formations include:

1 Tertiary Formations: Gerally, limestone, these rocks are often associated with
ancient marine or lacustrine environments. Limestone can dissolve easily, creating
karst landscapes with significant caves andewground aquifers.

1 Continental Terminal: Composed of sardgy or @ndstoneclay sediments, the
Continental Terminal indicates recent continental deposits. These soils are often fertile
and weltsuited for agriculture.

1 Quaternary: Tis recent geologicgberiod is characterized by sandy or santhy
deposits. These sedimts result from erosion and transportation by water, wind
forming fertile alluvial plains.

This geological configuration allows for three characteristic soil zones:

U The Soudandguinean zoe of the Senegal River basin is characterized by the
predominance dierrallitic soils on various types of materials. These soils, also known
as tropical red soils, form under hot and humid climatic conditions, promoting intense
chenical weathering of pant rocks. This type of soil is characterized by a red color
due to ahigh concentration of iron oxides, a clayey texture that tends to increase the

proportion of fine particles, mainly clay, and the influence of parent rock, with soils
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becoming even reddand more clayey when the parent rock is basic, such as basalt or
gabbro. Ferrallitization is a pedogenetic process typical of tropical and subtropical
climates, involving intense weathering, leaching, and the formation of secondary
minerals.

U The Sudanianzone of the Senegal River basin features a wide variety of soils
depending on the characteristics of the parent material and the topographic position.
On neutral or acidic materials, primarily sandy or saddy, ferruginous tropical
soils are mainly olesved, which can be more or less leached or reworked depending
on ther situation. In contrast, on basic materials, specific soil types develop,
influenced by the type of clay and the proportion of exchangeable cations.

U The subdeserone, also known asdhSahelian zone, presents a wide diversity of soil
types based on theharacteristics of the parent material and climatic conditions. Here
is a detailed analysis of the soils found in this zone:

1 Subarid Soils: These soils form under arid to sand climaes with low annual
precipitation. They are generally shallow, wailhined, and have low organic matter
content. Their texture can vary from sandy to sacldy.

1 Eutrophic Brown Soils: These soils develop on clayey materials defiged basic
rocks, richin nutrients. They are fertile and contain a good amount of orgaatiter,
making them suitable for agriculture.

1 Vertisols: These form on clayey materials containing swelling clays. These soils have
a high water retention capacity and crack during tesdason.

1 Halomorphic Soils: These soils develop in environments waithaccumulation of
soluble salts, often due to inappropriate irrigation or proximity to saline areas. They
have low fertility due to excessive salinity and requspecific management

techniques to be used for agricultural purposes.

The evolution of landise in the upper basin of the Senegal River, as reportédtiyet al.,

(2019) shows significant changes between 200d@ 2014.The increase in cultivated and
fallow lands from 10% to 17.8%n 2014 indicates agricultural expansion. This can be
interpreted as a response to increasing food production demand, but it can also exert pressure
on natural ecostems, particularly fests and savannas, which decreased from 48% to
37.65%. This conversh can lead to biodiversity loss and the loss of crucial ecosystem
services. The decrease in wetlands from 23% to 16.95% and water bodies from 6% to 5.8%

suggests alteration of aquatidditats. Wetlands play a crucial role in hydrological regulation,
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wate filtration, and biodiversity. Their reduction can increase vulnerability to floods and
compromise water availability for local communities and wildlife. The irszan bare soils

from 13% to 21.8% may indicate land degradation, often associated witbxpl@tation,
deforestation, and desertification. This can affect soil fertility, water retention capacity, and

contribute to erosion.

Tablel: Types of landuse(Faty et al., 2019)

Land use categories Area 2007 Area 2014 Differences about

(%) (Km2) (%) (Km2) Categories Total area

Bare floors 13 28340 21.8 47524  67.7 8.8
Wet soils 23 50140 16.95 36951 -26.3 -6.05
Forest and savannahs 48 104640 37.65 82077 -21.6 -10.35
Crops and fallows 10 21800 17.8 38804 78.0 7.8
Water bobies 6 13080 5.8 12644 -3.3 -0.2
Total 100 218000 100 218 000

In the Senegal River valley, remnants of the ancient riparian forests, once dominated by
Acada nilotica and A&acia raddiana, are now confined to small depressions and levegs alon
the river(Tappan et al., 2004igure7. The majority of the floodplairknown as Walo, has

been gradually cleared for traditional subsisteageculture and recent hydagricultural
projects. Flood recession agriculture is practiced on the alluvial soils along the riverbanks and

its numerous channels.
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Figure7 : Aerial view of one of the few remaining riverine ac&a woodlands along the Senegal Ri@appan

et al., 2004)

The dynamics of land use are unique in 8smegal River delta, which includes Sdiouis,

Louga, Podor, and &yana. The results dfoure et al., (2016{Table2) show that between

2006 and 2014, a large portiai the area was covered by dunes, accounting for 27.7%,

followed by salt flats (21.2%) and agricultural zones (13.5%). Aquatic vegetation occupies

only 3.2%.

Table2: Evolution of land use rate units between 20@®oure et al., 2016)

20062014 water Salted  Aquatic Continental Growing  Dune
water vegetatio  vegetation area

water 936 0.2 14 0.1 0.0 0.0

Salted Land 1.7 64.8 6.7 21.1 99.3 3.0

Aquatic 3,2 15 68.5 3.2 0.2 0.2

Vegetation

Continental 0.1 8.0 5.6 34.4 0.1 6.6

Vegetation

Growingarea 1.5 6.6 16.4 13.5 0.4 1.3

Dune 0.0 18.9 1.2 27.7 0.0 88.9

Total class 100 100 100 100 100 100
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Class Changes 6.4 35.2 31.5 65.6 99.6 11.1

2.6. Demography, environmental, social and economic activities

1 Population

The Seegal River basin, with an estimated population of about 3,500,0Ghitahts, is
characterized by great ethnic diversity and a high concentration of population near the river.
Approximately &% of the inhabitants live close to the river, taking advantaig¢he
resources and economic opportunities, it offers. The baaitrige cultural and ethnic melting

pot, including groups such as the Peuls, Toucouleur, Soninké, Malinké, Bambaras, and Wolof,
each bringing their traditions, languages, and culturaltipes; thus contributing to the
cultural richness of the regidiB. G. Cheikh et al., 20)3The average population density in

the Senegal River basinéstimated at about 10 in habitants per square kilometre (in h/km?2),
although this density varies depending on the proximity to the river and available resources.
The basin also experiences a high demographic growth rate, estimated at about 2.7% per year
(La et al., 2012)Figures, influenced by vadus factors such as high fertility, migration to the
region attracted by economic and agricultural opportunities, and improved living conditions
through development efforts and investnseint infrastructure and health services. Migration

is more observedni the river valley following the construction of hyeagricultural
infrastructure and the development of irrigated areas. This strong demographic growth and
ethnic diversity pose severahallenges, including the management of nattesburces, the
promdion of social cohesion to prevent conflicts, and the need to find a balance between
economic growth and environmental preservation to ensure sustainabletedong

development.
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Figure8 : Densités de population dans le bassin fleuve (Source : WRI et. Atlas Watersherds of the world)

M Social and economic activities

The Senegal River basin supports a range of social and economic activities that are integral to

the livelihoods of the local populations. Here are some key aspects:

1 Agriculture

In the Senegal River basin, we have observed three (3) types of agriculture that reflect the

diversity of climatic conditions and agricultural practices in the region.

Rainfed agriculture is more devalped in the upper basin of the SenegaleRiV his region
benefits from a high annual precipitation regime, averaging between 600 and 1400 mm/year.
This level of precipitation allows for more stable and diversified agricultiadygtion,
favoring crops such as millet, maize, sorghum, and peaReigular and abundant rainfall
reduces farmers' dependence on artificial irrigation systems, making rainfed agriculture
particularly suitable for this part of the basin. In contrastthim lower part of the basin
precipitation is much lower, averagind® mm/year. This climatic disparity limits the
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possibilities for rainfed agriculture in these regions, often necessitating the use of irrigation

techniques or droughesistant crops.

Flood recession agriculture is mainly practiced in the middle valley tiie Senegal River.

This type of agriculture relies on the exploitation of lands flooded after the river's recession,
allowing cultivation during the dry season. According Boutillier et al., (1962)flood
recession agriculture is a cornerstone ofaalitronal production system that has developed
over generations. Thipractice plays a crucial role for local communities by ensuring a
reliable food source during the lean period when food reserves are generally low. Common
crops associated with flood e=ssion agriculture includeice, vegetables, and certain
legumes. Tls agricultural method takes advantage of nutniht sediments deposited by

floodwaters, thereby improving solil fertility without the need for costly chemical inputs.

Irrigated agriculture, though less developed in the Senegal River basin, plays antamipor
role in certain specific regions. Currently, this form of agriculture covers an area of 120,000
hectaregLa et al., 2012)Irrigation allows for controlled water supply, ensuring mmegular

agricultural prodation that is less dependent on climatgiations.

According to Kane, (1999)projections, the irrigated area in the Senegal River b&sin
expected to reach 428@Mectares by 2030. This expansion will distributed as follows:
242,000 hectares in Senegal, 45,000 hectares in Mali, and 141,000 hectares in Mauritania.
This anticipated increase in irrigation is essential for improving feeclrity, increasing

agricultural yields, and supporting economic@epment in the region.

1 Breeding

The Senegal River basin is a significant livestock farming area for the countries it comprises
(Senegal, Mali, Mauritania, and Guinea). This region, iichnatural resources, offer
favorable conditions for various form$ lovestock farming, significantly contributing to the

local economy and the subsistence of the populations. In this region, 80% of families practice
smallscale farming, owning between dhd 20 animalgBruckmann, 2018)This type of
farming is primarily extensive, where animals are raised outdoors and feed on natural
pastures. The species raised idelucattle, sheep, goats,dapoultry. Smaliscale farming

often compéments agriculture, providing additional income and food security to rural
households. The products from this farming, such as milk, meat, and wool, are generally
intended for domestic osumption, although surpluses may be sold in local markets.-Large
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scde livestock farming is mainly developed in the Ferlo, a region located in northeastern
Senegal(J.D et al., 2010)This area is characterized by vast pastures and low population
density, offering ideal conditions for extensive lasgpale farming. Farmers imis region

often practice transhumance, moving their herds accoidirthe seasons to find the best
pastures and water points. Large farms in the Ferlo play a crucial role in producing meat and
milk for urban markets and export. In the Sahelian parte@btsin, there is a predamance

of transhumant and pastoral farmifidnese practices are favored by the installation of dams
and hydreagricultural developments, which have improved water management and the
availability of pastures throughout the yearadshumance allows farmers to maximize the
use of natural resources lmgoving herds over long distances according to seasons and
climatic conditions. This pastoral way of life is well adapted to the arid and-aseni
conditions of the region, offering résnce to climatic variabity. The land use and land

cover in the bsin are illustrated ifFigure9.
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1 Hydroelectricity

To fully harness the Senegal Bibasin for electricity production, the Manantali Daiy\re

10) was constructed, becoming an essential infrastructure for the region. This dam does not
only focus on electricity generation; it also provides significant benefits/droelectricity,
irrigation, and navigation, thus promoting sustble development. Since its operation began

in September 2001, the Manantali Dam has produced an average of 800 GWh of electricity
per year, meeting the energy needs of Senegal, MaliMauritania. The management of this
energy is handled by the Marah Energy Managemer@ompany (SOGEM), which ensures

an equitable distribution of resources among partner countries, thereby strengthening
economic ties between them. In addition to gateg electricity, the dam plays a
fundamental role in irrigation)lawing the irrigation of 255,000 hectares in the Senegal River
valley. This irrigation is crucial for stabilizing agricultural yields and improving food security,
especially during drougs, by providing farmers with a more reliable and regular growing
opportunity. Thus, theam proves to be a key player in agricultural development and the fight
against food insecurity in the region. Moreover, the Manantali Dam enhances navigation on
the Senegal River, particularly between Sdiouis and Ambidedi (Mali)This optimization

of waterways reduces transportation costs and stimulates regional trade, contributing to the
economic integration of the riverine countries and increasing commerciflareges.
Additionally, since 2013, the Félou Dam, located in Mali, &dlas been producinghaverage

of 335 GWh per year. The distribution of this production is strategically organized: 45% for
Mali, 30% for Mauritania, and 25% for Senegal. The complemigntzetween the Manantali

and Félou dams strengthens the region&rgnsupply while promoting cooperation among

these countries.

In summary, the Manantali Dam is more than just a hydroelectric installation. It embodies a
model of integrated developmemipmbining energy production, agricultural irrigation, and

trade prorotion.
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2.7. Partial conclusion

The Senegal River basin, located in West Africa, is a geographically and edbjadjicerse

region that originates from the Fouta Djallon in Guin€his mountainous massif, rich in
hydrological resources, gives rise to three main tributaries: the Faleme, the Bafing, and the
Bakoye. These rivers play a crucial role in maintaining ibergity and providing water to

local populations. The basin's topaghy varies significantly: in its southern pahere is a
mountainous landscape characterized by peaks and steep valleys that influence rainfall
patterns and water flows. In contraste tregions of Faleme and Mali are distinguished by
ancient rock formigons, reflecting the region's complex geological history. Downstream, the
basin transforms into vast alluvial plains, composed of embankments, depressions, and dunes,
creating a habitatonducive to a diversity of plant and animal species. Its vegetatioes
according to the climatic zones it texges. In the south, the Guinean domain is marked by
dense forest, rich in biodiversity and essential for local climate regulation. Fusthiee t
center, the Sudanese zone features wooded savannas, wherantlegsasses coexist,

providing essential resources for agriculture and livestock. In the north, the Sahelian domain




is dominated by droughesistant vegetation, capable of surviving emdimited rainfall
conditions. These vegetative variations are diyanfluenced by rainfall, ranging from 1400
mm per year in the Guinean zone to only 600 mm per year in the Sahelian zone, illustrating a

marked climatic transition from south to north.

The hydrological regime of the basin is heavily influenced by thendémt rainfall in the

south but has been significantly altered by the installation of the Manantali Dam. This dam
aims to regulate water flows, prevent floods, and produce hydroelpotsier. However, it

also impacts the flows of tributaries and the mieffecting aquatic ecosystems and human
comnunities downstream. In operation since 2001, the Manantali hydroelectric dam generates
approximately 800 GWh per year, providing a vital seuof renewable energy for Senegal,
Mali, and Mauritania, members @rganisation pour la Mise en Valeur du fleuve Senegal
(OMVS).

In summary, the Senegal River basin represents a vital resource for local populations, both
ecologically and economically. @henges related to water resource management, particularly
due to dmate change and anthropogenic pressuresjree@ahanced regional cooperation.
Preserving ecosystems and the sustainable development of economic activities, such as
agriculture and fisimg, are crucial to ensuring the resilience and Avelhg of riparia
communities. Moreover, the basin's hydroelectric potential, symbolized by the Manantali
Dam, remains a strategic pillar for the region's energy development. Integrated and
sustainable mnagement of this basin is therefore essential to meet the curcefatare

needs of populations and ecosystems.

In the basin basin, floods often cause displacement, loss of life, and destruction of property.
They also lead to soil erosion, loss of buadlsity, and water contamination. So@oonomic
activities, particlarly agriculture, livestock, and fishing, are also severely affected,
compromising food security and income. Due to these harmful consequences, typically
experienced by society, an-dlgpth study focused on extreme events is necessary to make a
positive ©ntribution in addressing these challenges. cbmduct this study effectively,

Chapter 3 provides a detailed description of the data, materials, and methods used.




Chapter 3: Data, materials and methods

In this chapter, the goal is to provide a comprehensierview of the data, materials, and
methods used for this thesis. The first part focuses on the data, which are crucial for the
research. They come from various sources: meteorologtasibns provide precise local
measurements, satellite data offeglabal and continuous view, and other sourcegsh as
topographic and reanalysis data, complement this information. Next, a detailed section is
dedicated to the materials used, with emdépth development of the WRHydro model, a
powerful tool for hydrtngical modeling, and its components. Finally, the methods section
will describe the specific techniques employed for each results chapter.

3.1. Data

i Station data

In this study, we used twgpes of station data: precipitation and discharge, over different
periods.

1 Precipitation data

The precipitation dta used comes from 15 stationakle3) spatially distributed across the
entire Senegal River basiFigure 11). These stations provide a representativegogahic
coverage of the variability in precipitation in the region, essential for precise hydrological
analysis. Recorded on a daily time step over the period-200Q, these data offeletailed
temporal resolution, allowing the capture of daily variatidn precipitation as well as
seasonal trends. However, the period from 2001 to 2010 is relatively short feteiong
climate studies. To address this limitation, these data are usedidate the satellitelata

from CHIRPS and IMERG, which cover longeeriods and offer better temporal continuity.
Crossvalidation with ground data helps to enhance the reliability of satellite observations,
which is crucial for largescale and longermanalyses. These data were obtained through the
collaboration of thenational meteorological services of the concerned countries: the National
Agency of Civil Aviation and Meteorology (ANACIM) in Senegal, the Mali Meteorological
Agency (MALI-METEO), and tle National Meteorologal Service of Guinea (NMS). This
inter-institutional cooperation is vital for ensuring access to accurate and consistent data,
indispensable for scientific research and water resource management in the Senegal River

basin.




Table3: Rainfall station data used fror@001 to 20D

Rainfall Station Name Longitude Latitude Country Located
Saint Louis 116.45 16.05 Senegal
Dagana 115.5 16.52 Senegal
Podor 114.97 16.65 Senegal
Matam 113.25 15.65 Senegal
Bakel 11247 14.90 Senegal
Saraya 11.78 12.78 Senegal
Siguiri 19.17 11.43 Guinea
Labe -12.30 11.32 Guinea
Tougue -11.66 11.43 Guinea
Mamou -12.08 10.37 Guinea
Toukoto 19.90 13.45 Mali
Bafing-Makana -10.25 12.55 Mali
Daka saidiou 110.61 11.95 Mali
Kita 19.47 13.07 Mali
Falea 111.82 12.26 Mali
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Figurell: Spatial distribution of Rainfall Stations used over SRB
1 Discharge data

Regarding the discharge data, we obtained information from four hydrometric stations: Kidira
(Faleme), @alia (Bakoye), BafingMakana (Bafing), and Bakel (Senegal), with
measurements recorded at a daily time step over different periodsSdbke4). These
stations provide extensive and varied coverage of discharges at differetst wahin the
basin, which is crucial for a comprehensive analysis of hydrological variations. However, for
this particular study, we choge focus on the Bakel station. This decision is justified by
several key factors. Firstly, Bakel is strategicatlgdted as the main outlet of the upper part

of the Senegal River basin, making it a critical point for evaluating the total discharge of the
region. Moreover, according tthe referenced studfraye, 2014)approximately 95% of the
basin's discharge passes through this station, making it an aksewticator for
understandig overall hydrological flows. The discharge data used in this study were provided
by the Directorate of Water Management and Planning of Senegal (DGPRE). However, a very
low percentage of gaps (0.12%) is observed in thgedd(1982 2021) discharge series at the
Bakel station. This institution is responsible for the collection, managea@htanalysis of
hydrological data in Senegal, ensuring the quality and reliability of the information used for

our analysis.




Table4 : River discharge stations used.

Discharge Station Longitude Latitude Mean Standard Periods
Name Deviation
Bakel 112.45 14.9 485.72 mils 631.7151 19822021
Kidira T12.21 14.45 135.63 ni/s 276.89 2000 2020
Oualia 1T10. 38 13.6 96,903 ni/s 206.99 20002016
Bafing-Makana 110.28 12.55 251.95 ni/s 350.19 2001 2019

These flow data have been used for two main objectiMes first is the analysis of extreme
events, which allows understanding the occurrences of floods. The second is the evaluation of
the flows generated by the WR#ydro model

M Satellite data

In this study, we used two satellite products: Climate HazardigshofraRed Precipitation
with Station data (CHIRPS) and Integrated Mashiellite Retrievals for GPM (IMERG).

1 CHIPRS data

In the absence of station data, meteorological station data are often considered the most
accurate source for local climate measugats. However, in many parts of the world,
including the Senegal River Basin, meteorological networks can be insufficient or
nonexistent. This poses a major challenge for researchers and water resource managers who
need accurate data to analyze climatid &ydrological conditions. To address the lack of
station data, satellite data such as those provided by CHIRPS (Climate Hazard Group
InfraRed Precipitation with Station data) are essential. CHIRPS integrates infrared data from
satellites with availabletation data to provide reliable highsolution precipitation estimates.
CHIRPS offers daily temporal resolution, allowing for the monitoring of daily precipitation
variations. The 5 km spatial resolution captures regional precipitation variations with
sufficient precision for many hydrological and climatic applications. This granularity is
particularly useful in complex watersheds like the Senegal River Basin, where precipitation
can vary significantly over short distances. CHIRPS data are freely aceessilihe,

facilitating their use by researchers and practitioners worldwide. The website
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(https://data.chc.ucsb.edu/products/CHIRE® provides a usdriendly platform to
download the necessary data. This accessibility contributes to greater transpamenc
scientific collaboration, allowing a wider range of stakeholders to participate in analyzing and
managing water resources. CHIRPS data are particularly useful for characterizing extreme

events, thanks to their high temporal and spatial resolutiantioegeriod from 1982 to 2021.

1 IMERG data

IMERG (Integrated Multisatellite Retrievals for GPMhitps://gpm.nasa.gov/data/directory)

is a precipitation dataset produced by NASA's Global pitation Measurement (GPM)
mission. It provides global precipitation estimates derived from multiple satellite
observations. The IMERG satellite precipitation data have been integrated into our study for
two main reasons: to validate the precipitation frim@ coupled WRHydro model and as

input data for the uncoupled WHRiydro model. This choice is driven by several key
considerations. The IMERG satellite offers daily andn8fiute temporal resolution and a
spatial resolution of 10 km. This high resoluticallows for a detailed capture of
spatiotemporal precipitation variations, which is crucial for hydrological models like-WRF
Hydro (1km) that require precise hourly data for reliable simulation of hydrological dynamics.
The precipitation from the IMERG tha was interpolated to the resolution of the 1 km
hydrological model, resulting in a spatially distributed average rainfall on the grid. The fine
resolution facilitates the detection of precipitation variations at a more detailed temporal scale,
thereby inproving the accuracy of model results. The use of IMERG data in the Senegal
River basin is innovative. Until now, these data had not been utilized in this specific region,
providing a unique opportunity to gain new and potentially more accurate insightsaal
precipitation patterns. This innovative approach could bring significant improvements to the
understanding of hydrological processes in the Senegal River basin. IMERG data are
available on the NASA GPM Data Directory from 2000 to the presentdaan of the
IMERG satellite precipitation is conducted using measurements from the 15 stations listed in
section 3.1. This IMERG product has been used by several studies, includingl. (2021)
Nicholson et al. (202%)Tan et al. (2017)Wang et al. (2017)

1 Topographic data

All information on the topography of the Senegal River basmes from the digital elevation
model provided by HydroSHEDS. HydroSHEDS (hydrological data and maps based on
elevation derivatives from the shuttle at multiple scales) is a-pmigtision cartographic
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product that provides essential hydrographic infdroma including watershed boundaries,
river networks, and related hydrological features. The origin of HydroSHEDS data is the
Shuttle Radar Topography Mission (SRTM), which provided elevation data with unparalleled
accuracy. These data are essential feroua hydrological and environmental applications.
For example, they enable the modeling of water flows, the planning of land use, and the

sustainable management of water resources.

We used HydroSHEDS data to extract crucial information such as surfaegiaiedata,

lakes, and river networks. With a resolution of 3 arc seconds (~90 meters at the equator),
these data offer detailed geographical coverage of the African continent. This resolution is
fine enough to capture important topographic variationsitiil@ence hydrological processes

in the Senegal River basiHydroSHEDS data are available on the HydroSHEDS website.

1 Reanalysis data

For this study, we used data from ERAS reanalysis. The variables selected from this dataset
include: Atmospheric Compents: geopotential, relative humidity, specific humidity,
temperature, and the zonal and meridional components of wiubrfiponenof-wind and
V-componenbf-wind). These variables are fundamental for understanding atmospheric
dynamics, including the mow@ent of air masses and moisture transport, which are crucial for
accurate climate modeling. Surface Componentsotdponenbf-wind and \f\component

of-wind at 10 m, dewpoint temperature at 2 m, temperature at 2 mséanchask, mean sea

level pressure, sesurface temperature, skin temperature, soil temperature at levels 1 to 4,
surface pressure, and volumetric soil water at levels 1 to 4. Our choice of the ERA5 dataset,
produced by the European Centre for Medidange Weather Forecasts (ECMWF), is based

on the fact that it represents one of the most advanced and comprehensive reanalysis products
available, relying on rigorous observations and sophisticated modeling techniques. ERA5
provides a spatial resolution of 25 km. This fine spatial resolution alfows detailed
representation of atmospheric and surface processes, which is particularly beneficial for
regional climate studies where local variations are significant. The hourly temporal resolution
is also essential for capturing shtetm climate fletuations and trends, providing a detailed
view of diurnal and seasonal patterns. This product (ERA5) has been used in numerous
modeling studies, such a%&rga & Breuer, (2022) Liu et al. (2023); Osinski & Radtke,
(2020); Sicard et al., (20219ndFernandezlvarez et al. (2023)




The Weather Research and Forecasting (WRF) model uses ERA5 data to define initial and
boundary onditions. The accuracy of these conditions is vital for the model's performance, as
they directly influence the simulation of weather patterns and climate processes. The detailed
and highresolution data from ERA5 provide a solid foundation for WRF, etihgnthe
model's ability to simulate atmospheric phenomena with greater precision. The ERA5 data
used cover the period from 2010 to 2020 and are available at various pressure levels, which is
important for modeling different atmospheric layers and undetstg the vertical profiles of

meteorological variables.
1 CRU data

The CRU dataset (The Climatic Research Unit) concerning average temperature has been
used to evaluate the temperatures generated by the coupleeHYWdR® model over the

period from 2011 to @19 in the upper basin of the Senegal River. This CRU v4 dataset stands
out for its improved interpolation process, which ensures complete traceability of the data
back to measurements taken by meteorological stations.-Zatidation has been performed

a the station level, and the results have been published to provide insights into the accuracy
of the interpolation, thereby enhancing the reliability of analyses based on this dataset. It has

been downloaded from the websh#ps://cds.climate.copernicus.ewhich offers publicly

accessible climate resources. It covers the entire globe with a spatial resolution of 0.5 degrees
and a monthly temporal resolution. This granularity allows for a lddtaiew of climate

variations, facilitating analyses at both regional and local scales.

Furthermore, the CRU dataset is widely used in numerous scientific sfivtbesy et al.,
(2022) Harris et al., (2014) Harris et al., (202Q)Mutti et al., (2020) Ongoma & Chen,
(2017), and practical applications, particularly in the fields of climate modeling;wdiyre,
water resource management, and environmental planniNgh its reliable and
comprehensive data, it contributes to a better understanding of the effects of climate change

and the development of adaptation and mitigation strategies.

3.2. Materials

The materials and tools used for this study are both rigid and flexible, allowing for a

multidimensional approach. Here is a detailed description of the main tools employed:

WRF-Hydro: This is an extension of the hydrological model from the WRF (Weather

Reseech and Forecasting) system. WHRIlydro was initially coupled with the atmospheric
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model WRF. This integration allows for the simulation of surface hydrological processes,
such as precipitation, evapotranspiration, infiltration, and surface runoff at ache at a
fine scale, as well as the analysis of changes in vegetation cover in the Senegal River basin.

The uncoupled WRiHydro model was also used for complementary simulations.
1 WRFHydro model Description

WRFHydro is a distributed hydrological modigitegrated into the Weather Research and
Forecasting (WRF) systef@Gochis et al., 2021)With its flexible architecture, WRHRydro

allows for the integration of complex interactions between the atmosphere and the land
surface, thereby facilitating the coupling between hydrological and atmospheric models. The
modules activated within WRHRydro handle various terrestrial hydrological processech

as infiltration, runoff, water transport through the soil, and surface flow. These modules use
specific models, either created for WARFydro or adapted from other existing frameworks, to
accurately simulate water dynamics. Moreover, \AHRfdro can perate independently of the
WRF model in a standalone mode as a traditional land surface hydrological modeling system.
In this autonomous mode, WRfydro functions as a conventional hydrological model,
focusing solely on land surface processes withoutitieguinteractions with the atmosphere.
This flexibility makes WRFHydro a powerful tool for various applications, ranging from
flood forecasting to water resource management. The conceptual architecture -¢1yRF

is represented in thEigure 12 illustrating how it can be utilized in different hydrological

scenarios.
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The WRFHydro model rguires both timeevolving (‘forcing’) and static input data. The
specification of these data largely depends on the model's physical options and selected
components. Key physical options in WHRIydro include: idimensional (vertical) land
surface parameteation, surface overland flow, saturated subsurface flow, channel routing,

reservoir routing and conceptual/empirical baseflow.

In the WRFHydro 5.2.0 model, two land surface model options are available: Noah and
NoahMP. They ensure the interactionsweeén the land surface and the atmosphere. These
land surface models require a few basic meteorological forcing variablees).

Table5: need input meteorological forcing variables for the Noah and&h-MP LSMs

Variable Units
Incoming shortwave radiation (W/m2)
Incoming longwave radiation (W/m2)

Specific humidity (kg/kg)
Air temperature (K)
Surface pressure (Pa)




Near surface wind in thecomponent (m/s)
Near surface wind in thesomponent (m/s)

Liquid water precipitation rate (mm/s)

When WRFHydro is coupled with the regional atmospheric model WRF, the latter provides
meteorological forcing data at a frequency that matchestime step of the land surface
model. In standalone mode, thekda must be supplied as gridded time series. Regardless of
the configuration, sugrid aggregation and disaggregation techniques are employed to
enhance the accuracy of hydrological simulations across various scales. This approach models
surface and subsface flow processes on finer grids than those of the land surface model,
breaking down the hydrological state variables into integer portiogsre13 illustrates an

example of disaggregation.

Noah land surface
model grid

Routing Subgrids

AGGFACTR =4

Figurel3: Routing subgrid implementation(Gochis et al., 2021)

WRF-Hydro computes atmospheric motion equations on a-ttireensional gd within a
specified area and offers various parameterization options to simulaggidsicale physical
processes, such as radiation, turbulence, cumulus convection, cloud microphysics, and
terrestrial hydrology (Arnault et al., 2023yhe model include several channel routing
algorithms, which can utilize either a fine grid (gridded routing) or a vectorized network of
channel reaches (linked routing). These algorithms manage water flow based on a mass
balance calculation when the water depth in gritk @xceeds a predefined retention depth.

The surface head depth is determined by local infiltration excess, surface runoff, and




subsurface exfiltration. Initial subsurface routing allows for potential exfiltration during
routing processesStream flow iggenerated from surface runoff, subsurface runoff from soll
layers, and runoff from reservoirs. At higher resolutions, the lateral distribution of both
subsurface and surface water is anticipated to enhance the partitioning of the terrestrial water
budget, as the model can more accurately represent mesoscale topography and surface
heterogeneitie@Givati et al., 2016 Cerbelaud et al., 2022)

Until 2022, the WRFHydro model did not explicitly include the parameter for channel
overbank flow to the terrain, which lined the clear visualization of flood zones. It was in
October 2023 that this parameter was integrated by the studiesadlt et al. (2023}o

enhance the model's performance. This new version was usad fbiesis study.
1 Model configuration

In this study, we initially coupled the WR#fydro model with the WRF atmospheric model,
version 4.4 of the Weather Research and Forecasting Model (W&Bbach et al., 2020)

This coupling enables a comprehensive simulation by integrating the detailed atmospheric
processes from the WRF model with the hydrological processes modeled bHYIRT-

This integrated approach enhances our understanding imitéinactions between atmospheric
conditions and water resources. To effectively capture local and regional variations in
atmospheric and hydrological parameters, we selected two distinct domains for the
atmospheric model (seeigue 14): Domain D1 covers a large portion of West Africa,
providing a broad spatial context for the simulations. It has a spatial resolution of 30 km and
includes 50 vertical levels extending up to 10 hPa. The high resolution of 30 km allows for
detailed egional analysis, capturing significant atmospheric and hydrological variations
across a vast area. The vertical levels ensure accurate representation of a wide range of
atmospheric processes. The initial conditions and lateral boundaries for Domain D1 are
defined based on air pressure, geopotential, zonal and meridional winds, temperature, and
water vapor data. These parameters are sourced from the ERA5 reanalysis dataset, which
provides a resolution of 0.25° at pressure levels and is updated every sx Huog high
resolution data ensures that the simulations start with accurate atmospheric conditions and are
constrained by realistic boundary conditions, enhancing the overall precision of the
simulations. Domain D2 specifically focuses on the SenegarRisin, which is the primary

area of interest for our study. Domain D2 is characterized by a finer spatial resolution of 10
km and also includes 50 vertical levels. The increased resolution of 10 km allows for a more

detailed examination of local feags and processes within the river basin, which is crucial
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for understanding the specific hydrological and atmospheric dynamics of this region. Domain
D2 is driven by the outer Domain D1 using a-oveey nesting approach. This method ensures
that detailed iformaton from Domain D1 is effectively used to inform the simulations in
Domain D2, providing precise boundary conditions and ensuring that thes¢ialer model is

correctly initialized and updated based on the outputs from the4scgkr model.
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Figue 14 : Topography (in meters above sea level) of the outer and inner domains, D1 and D2, at 30 km and
10 km resolution, respectively. The stdpbmain, D2sub, is represented at a resolution of 1 km, coupled with

D2 for water rouine computations. The red rectangle indicates the location of D2. The red contour line and
blue curved line delineate the upper basin of the Senegal River, main rivers, and the outlet gauge station
(denoted by a black point) within D8ub, referred to as he BAKEL station. The topograploplor scale
provided by the color bar on the left side of D1 is consistent for both panels.

To ensure the numerical stability of the model, the equations of atmospheric motion in
domains D1 and D2 are solved with time step80 seconds and 40 seconds, respectively.
These domains use the same physical parameterizations as note@lablébeThe choice of
these physical parameterizations is motivated by their performance in Africa, as dentwnstrate
in the studies buenum et al. (2022h the Oueme River basin (West Africtyaabil et al.
(2017) at the Tono Dam in West Africa, ardrnaut et al. (2023)in the Nzoia basin in
tropical Africa.

Table6 : Physics parameterization setup WRF and WHRfero

Categories Option References
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Microphysic WSM6 (Hong, 2019)

Cumulus Parametrisation Grell-Freitas (Grell & Freitas,
2014)
Planetary boundary layer MYNN2 (Nakanishi, 2004)
ACM2 (Pleim, 2007)
Land surface model NoahMP (Niu et al., 2011)
Longwave radiation RRTM (Mlawer et al.,
1997)
Shortwave radiation Dudhia (Dudhia, 1989)
Subsurface routing(SUBRVSCRT) 1, yes
Overland flow routing (OVRTSWCRT) 1, yes
Channel routing (CHANRTSWCRT, channel_option 1, yes (Gochis et al., 2020)
Baseflow bucket model (GWBASESWCRT) 0, no
Overbankflow(OVERBANKFLOWSWCRT) 1, yes (Arnault et al., 2023)

For the WRFHydro model configuration, the routing modules are set up for the inner domain
(D2) by linking the main grid of domain D2 atresolution of 10 km with a suietwork at a
resolution of 1 km, as shown in Figure 17-Bdb. This linkage is accomplished using the
WRFHydro preprocessing tool and elevation data from the Shuttle Elevation Derivatives at
Multiple Scales (HydroSHEDS) thbasgLehner et al., 200§page 68).

In the NoakMP model, at each time step, surface water and soil moisture variables are
disaggregated onto the subgrid and transported overland, through the subsudfamzpss

river channels, according to the diffuse wave formulations. This constitutes a simplification of
the continuity and SaifWenant motion equations for shallow water waves. The- two

dimensional continuity equation for a flood wave moving at the Basthface is:




dh, dq , dg, _,
at = dx | dy e eq(1)

h represents the depth of surface flow;
Q. and 9y are the unit discharges in theand ydirections, respectively

i denote the excess infiltration.

The momentum equation used in the diffusive wave formulation in ttieegtion is as

follow.

dh
S, =S - —
fx ox ~ Gx eq(2)

S« is the friction slope

Sox represents the terrain slope

dh

dx represents the change in the depth of the water surface relative to tharfacd.

To solve equation (1), the values 9« and Yy are required. In the WRRydro model, a

version of Manning's equation is implemented as follows.

a, = ah’ eq(3)

1/2

with a=—"— b=5/3
Moy

Nov Represents the roughness coefficient of the land surface
b is a unit dependent coefficient

Disaggregation between the 10 km coarse grid and the 1 km fine subgrid is pdrfeimg a
disagyregation factor of 10. Aggregation, on the other hand, employs linear averaging to
update the coarse grid's soil moisture field with the averaged effects of terrestrial water
transport from the fine sufrid (Arnault et al., 2023)

In our study, thgroundwater bucket option is not considered, as accordiAgnault et al.
(2016) the baseflow generated by this approach would introduce more water into the stream

than what is observed in West African Sahelianrrbasin. In theabsence of the groundwater
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bucket option, water infiltrating beyond 2 meters in the soil is considered direct groundwater
recharge and is calibrated using the SLOPE parameter, also known as the percolation
parameter $Rummler et al., 2019)

ARCGIS: This geographic information system (GIS) enabled us to move from a coarse

resolution to a finer resolution.

CDO (Climate Data Operators): This set of specialized tools facilitated the progegsind

analysisof our data in NetCDF format.

RStudio, is an integrated development environment for the R statistical programming
language. It was used to performdapth statistical analyses, as well as for data visualization

and processing.

A HPC (HighPerformance Comjying) computer was used for modeling with WRizdro
because we processed vast amounts of data and performed complex computations.

3.3. Methods

The methods used in this thesis study have been described in detail in this section, following

the aganization oflie various results chapters.
3.3.1. Methodological Approach for the Analysis of Extreme Climate Events

To analyze extreme events in the Senegal River basin, we adopted a methodological approach
(Figure 15). Initially, a thoroughevaluation of satellite data was conducted to verify their
guality and relevance for the study. Next, we provided a comprehensive description of the
precipitation and discharge indices selected to characterize extreme events, justifying the
selection andscientific relevance. Finally, we applied trend and chgmget detection
techniques to identify significant changes in the intensity of these extreme events over time.
This methodological approach has highlighted the curremiatic dyramics and assesd the

potential risks associated with climate change in this strategic region.

.
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Figurel5: Flowchart showing the methodology.

1 Evaluation of satellite data

The quality of CHIRPS and IMERG satellite data was @st&ld using thee statistics: the
NashSutcliffe efficiency coefficient (NSE)(Nash & Sutcliffe, 197Q) the corréation
coefficient (R) (Ting & Shigiang, 2011)he Spearman correlation coeféntand percetage

bias (PBIAS) These statistical indicators are commonly used to assess the performance of
observed data compared to reference data. The evaluation was conducted by comparing the
precipitation recorded by 15 reference meteorologicaiosts (describedn detail in section

3.1) with that estimated by the CHIRPS and IMERG satellite data. This comparison helps
determinehow accurately the satellite data reflects the precipitation measured on the ground.
The formulas for the statistics arice results oftte scores obtained for each indicator are
presented and interpreted in the following sections, providing an overview of the performance
of the CHIRPS and IMERG products in the study area.

{1 Efficiency criterion of NashSutcliffe efficiency

The NashSutcliffe Efficiency (NSE) is a statistical index developed to compare two datasets,
typically observations and simulations,iashe evaluation of satellite precipitation data using
CHIRPS and IMERG datasets. A NaShtcliffe score close to 1 inchtes a strong

correspondence between ground station data and satellite data, while a score close to O or 1




a (Prl' |::‘rz)z
NSE=1 5 R PLS e
(4)

F.1 Corresponds to the station precipitati P2 represents the satellite precipitation
(CHIRPS and IMERG), ah F > represents the average.

1 The correlation coefficient (R)

Generally represented by Pearson's correlationficieeft (denotedas i), it measures the
strength and direction of the linear relationship between station and satellite precipitation
(CHIRPS and IMERG). When the coefficient value is equal to tlorthis indicates a
perfectly positive or negative correlation, respectivelgwever, if the coefficient is equal to

0, there is no linear correlation. The formula for the equation is as follows.

U -l 2 i),
(Fra, rz)_\/a:‘:l(Rﬂ—ﬁ)z-\/a?ﬂ(Rzi'E)z €q

(5)

F1 and F 2 are the rainfall data series (station and satellite (CHIRPS and IMERG) being

analyzecsr () represents the mean values, and n is the number of samples.
1 The Spearman correlation

The Spearman correlation coefficient, also known as Spearman) ti® § noRparametric
measure of rank correlation. Unlike Pearson's correlation, which assesses linear relationships,
Spearman’s rho measures the strength and direction of the association between two ordered
variables station and satellite (CHIRPS, IMERG@recipitation based on a monotonic

relationship. The formula for calculating Sp

_ 1 68 d’
s - i n(n?- 1)

eq(6)

rs: Spearmandés correlation coefficient;

d; : The difference in the ranks given to the two variables values;

n: The number of observations.




The rs coefficient ranges fromd to 1. When rs is 0, there is no association. When rs is 1, the
assocition is monotonically increasing, and when rsis the association is monotonically
decreasingAccordingEllis and Victoria, ( 2011)the strength of the correlation is determined by its

absolute valu¢Table7).

Table7 : rs coefficient ranges interpretation

rs value Interpretation

0.00t0 0.19 The correlation is very weak
0.20 to 0.39 The correlation is weak

0.40 to 0.59 The correlations moderag
0.60to 0.79 The correlation is strong
0.80to 1 The correlation is very strong

The pvalue associated with this coefficient indicates the level of significance. Ifviatup

is less than 0.05 (5%), the coefficient is considered statisticallyfisgymti
1 Description of the precipitation and discharge indices selecte

To analyze and characterize extreme climate events in the Senegal River Basin, several
specific indices have been used. These include the Simple Daily Intensity Index (SDII), which
measures the average amount of precipitation per rainy day, and the MaxiDayRainfall

Index (RX5day), which evaluates the intensity of precipitation over a short duration (5 days).
Additionally, two other indices are used to quantify the frequencgavyprecipitation days:

Very Wet Days (R95P), representing days whamecipitation exceeds the 95th percentile,

and Extremely Wet Days (R99P), corresponding to days where precipitation is above the 99th
percentile. These indices were chosen for theaveeice and ability to reflect critical aspects

of extreme precipitation, which are essential for understanding flood risks and other climatic
impacts in the region. The selection of these indices is based on recommendations from the
World Meteorological Qganization (WMO), which guides international climate studies.
These inttes are also based on the work of the Expert Team on Climate Change Detection
and Indices (ETCCDIjGoddard & Gershunov, 2020an initiative recognized for its role in
standardizing methods for analyzing climate extremes globally. Therefore, these analytical
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tools are fundamental for guiding water resource manageamehiadaptation strategies to
climate change in the Senegal River Badtnevious studies have used these indices to
examine precipitation characteristics in various regions, demonstrating their effectiveness in
identifying trends and variations in extreragents(Avila-Diaz et al., 202Wilson et al.,

2022)

Regarding the analysis of extremevils in the Senegal River Basin, several specific indices
have been added to capture hydrological variations and anomalies ovgear 4@riod, from

1982 to 2021. Among these indices are the maximum flow (Qmax), which measures peak
flows during this perid, highflow days (Q95P), and very higlow days (Q99P). These
indicesare essential for understanding the dynamics of floods and extreme d@ansa,

2016; Hu et al., 2017)which can have significant impacts on the environment and human
activities in the region.

In addition to these indiceshe standardized flow index was calculated to identify years of
hydrological deficit and surplus. This index provides a consistent way to quantify deviations
from the historical average, offering a valuable tool for assessing risks associated with
droughs and floods. The equation used for this calculation, which norm#tiedkw values,

is as follows, thereby facilitating comparisons between different periods and the detection of
long-term trends.

Ol

Qi-

|i = S eq(7)

Ii Represent the standardized flow index

Q Represent the annual flow for a specific year

Q is the annual flow average in the period

S Represst the standard deviation throughout the period

This index i is interpreted differently according to the classesble8) based on values

ranging from-2 to 2.

Table8 : Categorization of droght/wetness levels based on standardized flow index

Values Class




LO 2 Extremely wet

1. 2,001. 99 Very wet
1. (;001. 49 Moderately wet
T0. 9O 00 . 99 Close to normal
1. (;OOT 1. 49 Moderately dry
1. 2,007 1.99 Very dry
LO 12 Extremely dry

The increase in extreme indices such as RX5day, R95P, and R99P, as indiGatied dn
corresponds respectively to a high probability ofoflmg and a trend toward a greater
contribution of intense precipitation in the Senegal River basin.

Table9 : Extreme precipitation and flow indices applied in this study.

Index Index Name Index Definitions Units
. . . . The ratio of | total rainfall to th ber of wet
SDIl  Simple daily rainfall index € rafio ot annual fota ;2;: 0 the humber ot we mm/day
RX5day Max 5-day rainfall Annual maximum consecutive 5 -day rainfall mm
Total annual rainfall accumulated above the
R95P Very wet days 95th percentile in 1982 2021 mm
Total annual rainfall accumulated above the
R99P Extremely wet day 99th percentile in 1982 2021 mm
QMAX Peak discharge Annual maximu m discharge in 1982 2021 m3/s
. Annual total stream flow from days > 95th percentile
Q95P High -flow days i 1982 2021 m3/s
. Annual total stream flow from days > 99th percentile
Q99P Very high -flow days in 1982 2021 m3/s

1 Trend and changpoint detection used

To detect the nature of the trends observed in the extreme indices noted in Table 9, we applied
the modified ManfKenddl test as well as the innovative trend analysis. However, the Pettitt
and SNHT(Standard Normal Homogeneity Tes#sts were used ttetermine the breakpoints

in the detected trends. This combination of tests provides a comprehensive overview of the
trends and structural changes in the extreme indices, thereby offering a solid foundation for

interpreting the results and making informed decisions regarding climate risk management.
1 Modified Manri Kendall Test




The Modified ManrKendall test(Ahmad et al., 2018)which is an extension of the
traditional MannKendall test, is designed to analyze trends in a time series while accounting
for the issue of autocorrelation. Unlike the classical Miendall test, which des not
correct for the effect of autocorrelation, the Modified Mdtendall test adjusts the statistics

to compensate for this effecthis provides more reliable results in the presence of
autocorrelation, which is crucial for accurate trend analysiyandiogical and climatic data.

It is less demanding in terms of data distribution compared to other parametric trend detection
methodgqF. Wang et al., 2021 histest has been applied in various studitsogouinon et

al., 2017 Methods, 2023) demonstrating its usefulness in analyzing trends in complex time
series. The statistic associatedhatite test, which allows for adjusting the variance based on
the detected autocorrelation and thus ensures an accueterasat of the observed trends, is

as follows:

Var(s) = %3 (n(n- 1)(2n+ 5))% eq(8)

ns* adjusts the effective number of observations by accounting for autocorrelation in the data.

R s (o IR
ns n(n- 1)(n- 2) <=2 eq(9)

= is a correction factor for autocoragion in the data.

ns=*

To assess the presence of a trend, the Mandall test uses two hypotheses: the null
hypothesis (HO)which states that there is no trend, and the alternative hypothesis, which
suggests the existence of a monotonic trend. The significance level, typically set@tE5% (
0.05), determines the probability of rejecting the null hypothesis when it is truevafu@

below this threshold indicates a statistically significant trend.

1 Innovative Trend Analysis (ITA)
The Innovative Trend Analysis (ITA) k e n, isZ0ngtl2o)l used to identify and assess

trends in time series, similar to the Makendall (MMK) test. This method relies on a visual
approach that facilitates trend detection without requiring stricingssons about the data
distribution. The methodology of ITA involves dividing the time series into two equal sub
series, which are plotted respectively on thaxis and yaxis of a graph. A diagonal line,
y=X, is then drawn as a referen€&g(rel6). The interpretation of ITA results is based on the

position of the points relative to the diagonal line: if the points are primarily above this line, it

i



indicates an increasing trend; if they are mostly below, it suggests a deciteasthdf the

points are scattered around the diagonal, it means there is no clear trend. ITA is particularly
useful for analyzing time series where traditional statistical methods might not be appropriate,
especially in the presence of nlimear data oroutliers. It has ben employed by various
researchers to explore and understand trends in different fields of (@atbiero, 2020

Tabari et al., 2017)
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T Pettitds Test

The Pettitt test, developed [Bettitt et al. (1979)is used to determine the breakpoiimts

trends observed in extreme indices. AccordinGém et al. (2011)Zhang & Lu, (2009)this

test identifies significant and sudden changes in the data, indicating major modifications in
conditions over time. Two hypotheses are assigned to this test: the null hypothesis (HO),
which assumes that the distribution oflues is constant over time, and the alternative
hypothesis (H1), which assumes the existence of a significant change in the time series. The
breakpoint identified is considered significant if the testmlpe is less than 0.05 (5%). This

test has been ad in numerous studiéblersin et al., 2022Alifujiang et al., 2023)

1 Standard Normal Homogeneity TeskiiT)

Like the Pettitt test, the Standard Normal Homogeneity Test (SNHT) was developed to detect

breakpoints or changes in time series, particularly for climatic and enwrdahdata. The




SNHT is widely used to verify the homogeneity of data series and to identify points where
significant changes may have occurred, which could affect the interpretation etetong
trends. The methodology of the SNHT involves dividing theetseries into superiods and
calculating normalized statistics for each driod. These statistics are then compared to
identify potential discontinuities in the series. The test evaluates the difference between the
means of the superiods to determmif a significant change has occurred at a specific point
that the identified breakpoint is statistically significant. The application of the SNHT relies on
the use of the following equation, which calculates the necessary statistics for identifying
brealpoints. This rigorous and systematic approach has been employed in numerous studies to

ensure that the analyzed time series are homogeneous and reliable.

k 2. Y
aj:lri )gi;

—— < i < n and 1

IN
IN

Q=vy- k eq(10)

7; Represent the correlation coefficient between the two series

The base series comprises the values yi for each year i, while thenoefeseries j includes

the observations xij.

Following the evaluation of extreme events using extreme indices, we then used the WRF

Hydro model to observe its behavior in response to these extreme events.
3.3.2. Methodological Framework for Assessing WRIgdro Model Performance

To evaluate the performance of the WRiddro model in simulating extreme events, we
followed a multistep methodological approach. First, a detailed description of the model was
conducted to present its characteristics, functiteali and underlying assumptions. This
description provided a clear understanding of the model's capabilities to capture the complex
hydrological dynamics of the Senegal River basin. Next, the methodology was implemented

in three distinct phases: model figaration, calibration, and finally, validation.
9 Calibration and validation of WRHRydro coupled

The WRFHydro model was calibrated over a fiyear period, from 2011 to 2015, and
validated for the subsequent period from 2016 to 2020 in the SenegabRsuerPrior to this
calibration, a ongrear model warnup period in 2010 was carried out to prepare the model

for l onger simul ations. This preliminary st

.




conditions and ensuring a solid foundation for sghsat calibration and validation phases.
An extended period allows for capturing seasonal and interannual variations in discharge,
thereby providing a more comprehensive assessment of the model's performance under

various hydrological conditions.

Our calilration of the simulated discharge focuses primarily on the SLOPE parameter, which
governs percolation in the model. This choice is based on the calibration strategy proposed by
Arnault et al. (2023) which hghlights the importance of this parameter in simulating
percolation processes. The SLOPE parameter was adjusted by varying its values between
0.01, 0.03, 0.04, 0.06, and 0.08 to identify the best configuration for reproducing observed
discharge. During#h cal i brati on process, t wo other
coefficient for rivers (MannN) and the runoff infiltration partitioning parameter (REFKDT)
were kept constant. It is important to note that the parameter sensitivity analysis conducted is
partial. This limitation is due to restricted computing resources, which constrained the ability
to thoroughly explore the parameter space. Additionally, the SLOPE parameter exhibited high
sensitivity, meaning that even small variations in this parameterlead to significant
changes in the simulated discharge results. This heightened sensitivity required careful
attention to ensure that the adjustments made provide reliable and consistent results. The
performance of the calibration and validation is ased using various metrics, including
NashSutcliffe Efficiency (NSE, eq(4)(Nash & Sutcliffe, 197Q) Kling-Gupta Efficiency

(KGE, eq(11)(Gupta et al., 2009)and percentage bias (eq(12)).

KGE = 1- \/(r —1)2 + (j—m - 1)2 e 1)2 eq(11)

ob. Hops

g,ps . The standard deviation of observations,
osim . The standard deviation of simulations.
Usim - The mean of simulations

Uops. The mean of observations
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I (v
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¥°’s is data from the observation

Y™ represent the data from the simulation ( VR ro)




The principle of the WRfHydro model, coupled with the WRF atmospheric model, is

illustrated in the followingrigurel7.
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Figurel7: Principle of the coupled WRHydro model in our study

In addition to the simulation of the WRfydro model coupled with the WRF atmospheric
model, we also conducted a simulation of the \AHRfElro model in stagalone mode, where
precipitation data from the WRF model is replaced with data from the IMERG satellite at an
hourly resolution. However, with the exception of precipitation, all other parameters still
come from the WRF atmospheric model. The configuradiod physical parameters are the

same as thasused with the coupled WRH#ydro model.

To analyze the hydrological balance of the coupled WWy&ro model in the upper basin of
the Senegal River, we undertook a series of calculations using various hydiologic

parameters. This analysis takes place under the planetary boundary layer (PBL), specifically
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with the PBL5 parameter. The calculations of the hydrological balance allow us to quantify
the different components of the water cycle, including precipitataMapotranspiration,
infiltration, and runoff This data is essential for understanding how water is distributed and
managed in the river basin, particularly in the context of climate variability. The parameters
used in the model for these calculations \aeed and include factors such as topography,
land use, vegetation cover, and the hydrological properties of soils. These elements directly
influence the hydrological behavior of the basirable10 presents these parametersietail,

providing an overview of the specific conditions of our study.

Table10: hydrological parameters Used

Parameters Description Units
ACRAINLSM Accumulated liquide precipitation into LSM mm
ACECAN Accumulated evaporatioof intercepted water mm
ACETRAN Accumulated transpiration mm
ACEDIR Accumulated Ground Surface Evaporation mm
ACRUNSB Accumulated Subsurface Runoff mm
ACRUNSF Accumulated Surface Runoff mm
CANWAT Canopy Water Kg m-2
SFCHEADRT  Surface Water Depth mm
SMOIS Sois Mosture (m3 B3) m3 m3
DZS Thicknesses of soil layers (m) m

The underground storage ialculated using the following equation:

S= é SMOISR)xDZSR)

R=1

With DZS values range 0.1, 0.3, 0.6 anch 1




The surface storage is calculated using the following equation:
S..; =CANWAT+SFCHEADR

The Evapotranspiration is calculated as following:
ETP = ACECAN + ACETRAN + ACEDIR

The subsurface runoff is:

Rs = ACRUNSB

The surface runoff is:

R, = ACRUNSF

The Precipitation is:

P = ACRAINLSM

S - Snen + Seurray - Seurrn-ny = S

as = |:)(n) - IE(n) - |:‘)(n)

With R\ = Rem + Rsm

At the end with have

Fm = & BEm+ Rn + Residu

i Calibration and validation of WRHRydro uncoupled

The uncoupled WRiHydro model was rigorously calibrated for the period 20015 and
validated for 2018020 in the Senegal River basin to optimize its accuracy in simulating
river discharge. Thecalibration focused on crucial parameters: infiltration fraction
(IREFKFT), surface retention depth (RETDEPRT), deep drainage coefficient (SLOPE),

)




roughness parameter for surface runoff (OVROUGHRTFAC), channel roughness
(ManNFAC), and overflow thresholdH{Thres). Following the methods established@yati

et al. (2016); Fersch et al. (2020)Arnault et al. (2016)and Quenum et al. (2022)he
procedure began with calibrating parameters affecting total volume, followed by adjusting
deep drainage, roughness parameters, and finally, the overflow threshold. Adjustments were
mace by varying the parameter values, as detailed’able 11, to identify the optimal

configuration for accurately reproducing observed discharges.

Tablell: Range of values used during parameter calibuati

Parameters Range of values

REFKDT 0.1 0.5 1.0 15 2.0 2.5 3.0 3.5

RETDEPRTFAC 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

SLOPE 0.06 008 0.1 0.2 0.3 0.4 0.5 0.6

OVROUGHRTFAC 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

ManNFac 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Hthres 04 05 06 07 08 10 12

The model's performance was rigorously evaluated using the specified equations (4, 11, 12),
ensuring the reliability of the simulations. The prineigf the WRFHydro uncoupled is

illustrated in theollowing Figurel8.
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Figurel8: Principle of the uncoupled WRHydro model in our study

After calibrating and validating the coupled and decoupled WR#ro models in the river
basin, we observed thigehavior of the simulated results in response to the 2018 floods
recorded in Bakel, located in the basin (A reference year provided by the Directorate for

Water Resources Management and Planning (DGPRE) of Senegal).

This evaluation of the WRHydro modelin the context of floods led us to question the

potential contribution of land covehanges to flood events.

3.3.3. Methodology of the study on the effects of afforestation on flooding

Vegetation in the Senegal River basin is strongly influenced by thente climatic
variations, allowing for the distinction of three major ecological domains: the Guinean,
Sudanian, and Sahelian doma{Rochette, 1974)Each domain features distinct vegietat

characteristics depending on precipitation and local environmental conditions.
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The Guinean Domain, in the southern part of the basin, has a humid climate that supports
dense forest galleries along watercourses. These forests, home to diverse pkstikpdhe

oil palm (Elaeis guineensjsand azobél(phira alatg, help prevent soierosion, regulate
hydrological cycles, and preserve biodiversity. Baelanian Domain, located further north,
transitions from open forests in the south to wooded sagamm the north. Vegetation
becomes sparser, with scattered trees and abundant grasses. Seasonal rainfall and drought
strongly influence plant density and composition. Takelian Domain, in the extreme north

of the basin, has a semiid climate with lowrainfall. Vegetation consists mainly of drought
resistant species like acacia. Hunzaivities, such as agriculture, overgrazing, and firewood
collection, accelerate vegetation loss, soil erosion, and desertification. Frequent bushfires
further degradehie sparse vegetative cover.

In terms of precipitation gradient, the natural vegetation in the Senegal River basin ranges
from semiarid savanna in the north to shbhmid forest in the soutfstisen et al., 2008) his
transition directly reflects the distribution of precipitation, which graduallyedses from

south to north. In the upper basin, where vegetation is denser, signs of natural and
anthropogenic degradation are increasingly concerning. Intensive agricultural practices,
deforestation, and climate change contribute to this degradaticamgerhg the stability of

local ecosystems and biodivers{Bodian et al., 2012b)

In order to assess the potential impaat land use changes on flooding in the Senegal River
basin, we conducted an afforestation experiment using the-Myidfo model, aiming to
understand how restoring vegibon cover could influence hydrological processes and reduce
flood risks. This model, which integrates atmospheric and hydrological processes, allows us
to simulate and analyze the effects of land cover modifications on flood dynamics. For our
simulations we used the calibration process described in Section above, ensuring precise
model @rameter adjustments for accurate predictions. Our approach involves modifying the
default MODIS land cover map from 20QRried! et al., 2002)which serves as the reference

for our simulations. The primary modification is replacing savannah areas with wooded
savannas in the upper basin of the Senegal RivelF{gae219). This region was chosen due

to its high precipitation levels compared to other parts of the basin, making it a critical area to
examine the impact of land use changes on hydrological responses. We perform a series of
10-year simulations for two dtinct scenarios: the reference scenario, which maintains the

existing land cover, and the modified scenario, which includes woody savannas. These
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simulations are designed to evaluate changes in various hydrological components, such as

river flow, soil mosture,and runoff, and their impact on flooding events.

A Reference

Evergreen Needleleaf forest
Evergreen Brodleaf forest
Deciduous Brodleaf forest
Mixed forest

Closed Shrublands

Open Shrublands

Woody savannas

Savannas

Grasslands

Permanent wetlands
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Cropland/naturel vegetation mosaic
Barren or Sparsely Vegetation
Water

Figure 19 : Maps showing land cover distribution in the Senegal River basin based on the MODIS
classification (2002): (A) the reference WHRlydro simulation and (B) the wwody-savannas WRHydro
simulation. The black contour line in all panels delineates the upper basin where the land cover change
experiment is conducted. The color classification for MODIS land cover classes is provided on the upper side
of the figure. The ed rectangle highlights the area where vegetation cover changes are implemented.

To account fo model uncertainty and ensure the robustness of our results, we conduct
additional simulations using two different planetary boundary layer (PBL) schemes: PBL5
and PBL7. These schemes represent different approaches to modeling the interactions
between the atmosphere and the land surface, and their inclusion helps us assess how
variations in boundary layer parameterization might influence our results. The réshéiseo
afforestation experiments aim to provide a deeper understanding of how land uses,change
particularly the introduction of wooded savannas, could alter flooding patterns in the upper

basin of the Senegal River.
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3.4. Partial conclusion

The conclusion ofthis chapter 4 highlights the exceptional correlation between in situ
precipitation measurements and those estimated by the CHIRPS and IMERG satellites, with
average correlation values around 0.9. This strong concordance, supported by statistically
significant pvalues below 0.05, confirms the high quality and reliability of the satellite data.
Given the scarcity of ground measurements in the Senegal River basin, these satellite data are
essential, providing a reliable and valuable resource for climatarchsand management in

the region. In addition to the satellite data, we also used topographic data wimete90
resolution, allowing for the extraction of information on elevation, lakes, and river networks,
as well as ERAS reanalysis data with a spagsolution of 25 km. The integration of these
data has led to a better understanding ofrtipgical and climatic processes in the Senegal
River basin, contributing to more accurate modeling and effective water resource

management.

To achieve this, we meployed robust and flexible tools, including WAREydro for
hydrological simulation, ARCGIS for detailed spatial analysis, CDO for processing NetCDF
data, and RStudio to apply methods for analyzing extreme events, assess the performance of
the WRFHydro moal on these events, and examine the potential impacts of land use
changes on flooding in theeBegal River basin. The results of this ensemble methodology are

presented in the following chapters.




Chapter 4: Characterization of Extreme Rainfall and River Discharge over
the Senegal River Basin from 1982 to 2021

In West Africa, there is an increase in extreme events impacting many {i2sgtsoix et al.

2013 Diallo et al. 2020) To address this, numerous studies have been conducted in the
Senegal Rivebasin. Among themCisse et al. (2014demonstrated a shift towards a much
wetter climatic era starting from 1998aye, (2015bhighlighted the complexity of changes

in annual precipitation and their impacts on hydrological variables in the basin,Ratylet

al. (2017)reported a continuous reduction in pre@pon since the 1970, with generally
moderate drought in the upper basin. Most of these studies focus on climate change and water
level variations in the regiomdowever, they have not detailed the severity of recent extreme
events, which are crucial for optimizing mitigation strategies. In Chapter 4, we characterized
the trends and points of change in extreme precipitation and streamflow in the Senegal River
basn from 1982 to 2021. In the first section 4.1, we evaluated the satellite data used. the
sectons 4.2, 4.3, 4.4, and 4.5, we have respectively described or developed the spatial
variation of extreme precipitation indices, the trend and significance @netprecipitation
indices, the interannual variation and trends of extreme precipitation indices, and the detection
of breakpoints in extreme precipitation indices. Regarding sections 4.6, 4.7, and 4.8, we have
also respectively developed the interannwailation of discharge for the period 1982 to 2021,

the trend and interannual variability ofteetme flows, and the detection of breakpoints in the
trends of extreme flows. The last section, 4.9, is reserved for the conclusion of this chapter.
The major significant results presented in sections 4.2, 4.3, 4.4, 45, 4.6, 4.7, 4.8, and 4.9

have been published in the MDPI journal Hydrology 2023, 10(10), 204 and can be found

at the following link: https://doi.org/10.3390/hydrology10100204.

4.1. Evaluation of the CHIRPS and IMERG satellite prot$

In this section, we evaluated the CHIRPS and IMERG satellite Tla¢eFigure20 illustrates

the seasonal variation in precipitatifor the 15 in situ stations as well as for the satellite data
CHIRPS and IMERG in the Senegal River basin. This visualization aims to assess the
reliability of the satellite data by comparing their performance with direct ground
measurements. This figuskows that the seasonal variation in precipitation is clearly marked,
with a notable peak in August, which is consistent with the seasonal expectations for this
region. However, it is important to noteaththe amount of precipitation varies irregularly

within the Senegal River basin. In the northern part of the basin, represented by the stations of
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Podor, Dagana, Sathibuis, Matam, and Bakel, precipitation varies significantly, ranging
from 100 mm to 250 mm monthly. This variability can be attributethéospecific climatic
characteristics of this region, such as its proximity to the desert and the influences of the
monsoon. In contrast, in the southern part of the basin, stations such as Kita, Sarkytg, T
Falea, Bafing Makana, Dakka Saidou, Lab@n\u, Siguiri, and Tougue record much higher
precipitation, with average values ranging from 300 mm to 500 mm monthly over the period
from 2001 to 2010. This difference is largely due to the more humid climatic conditions and
orographic influences that prmte more abundant precipitation in this region. The irregular
spatial variation in precipitation among the different stations is thus closely related to their
specific geographic locations and the differelimatic zones they occupy. This analysis helps

to understand better how the satellite data perform compared to in situ measurements and to

evaluate their accuracy in representing precipitation patterns within the Senegal River basin.
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Figure20: Annual cycle of IMERG saf&dl (Blue dashes), CHIRPS satellite (Red dashes) and station rainfall
(black color) (2001 to 2010).

In the Table12 andTable13, we have presented the results obtained from Equations 4, 5, and
6. Thesedbles show a remarkable correlation between in situ precipitation measurements and
those estimated by the CHIRPS and IMERG satellites. Indeed, the average values of this
correlation are around 0.9, indicating a strong agreement between the two types dhidat

high correlation is also statistically significant, with-agdue less than 0.05 for all stations in

the Senegal River basin. This means that the probability of thislatene occurring by
chance is extremely low, thereby reinforcing the crdithbpf the results obtained. The




agreement observed between in situ data and satellite data is particularly significant for our
research. It confirms the quality and accuracy of the data provided by the CHIRPS and
IMERG satellites, and their reliabilitysaan alternative in the Senegal River basin. In this

region, where in situ data are relatively scarce due to difficulties in access or lack of

measurement infrastructure, sateltista represent a valuable and indispensable resource.

Table12: Comparative statistical analysis between CHIRPS and station data

Statistical Indicators

R
Stations NSE Spearman’s rs Spearman (p-Value)
PBIAS

0.99
SaintLouis 0.98 0.89 7.7410°5
-10.66

0.97
Dagana 0.93 0.88 0.00011
6.97

0.99
Poda 0.96 0.88 000015
8.60

0.99
Matam 0.98 0.76 0.004
-6.14

0.98
Bakel 0.96 0.90 7.0210°®
-8.94

0.99
Saraya 0.99 0.97 7.0210°°
5.34

0.99
Kita 0.96 0.86 0.00044
-5.48

0.98
Falea 0.97 0.95 210716
6.15




Toukoto

Dakka saidou

Bafing-Makana

Mamou

Tougue

Labe

Siguiri

0.97

0.89

0.95

0.90

0.96

0.96

0.89

0.99
0.97

3.22

0.97
0.91

-10.83

0.99
0.93

14.70

0.99
0.98

-21.79

0.98
0.97

-5.66

0.99
0.97

-11.50

0.96
0.97

-17.28

210716

21071°

8.06107°

2.210716

210716

21071°

9.410°8

Table13: Comparative statistical analysis between IMERG and station data

Statistical Indicators

Stations

NSE

R
Spearman’s rs

PBIAS

Spearman (p-Value)

SaintLouis

Dagana

Podor

0.87

0.95

0.93

0.99
0.89
31.94
0.99
0.89
22.03

0.97
0.88
17.43

7.74610°

7.74610°

0.0001523




Matam

Bakel

Saraya

Kita

Falea

Toukoto

Dakka saidou

Bafing-Makana

Mamou

Tougue

Labe

Siguiri

0.97

0.97

0.98

0.96

0.95

0.79

0.89

0.98

0.87

0.93

0.97

0.89

0.98
0.76
4.61

0.99
0.93
-4.43

0.99
0.97
9.09

0.98
0.90
3.35

0.99
0.98
16.91

0.98
0.98
29.07

0.97
0.90
-13.09

0.99
0.98
6.08

0.99
0.98
-22.63

0.99
0.99
-20.68

0.99
0.98
-9.43
0.96
0.96
-17.36

0.004017

7.12910°°

7.02610°®

22101

2.2101*°

22101

22101

2.02210°®

22101

22101

22101

4.9810 "




4.2. Spatial Variation in Extreme Rainfall Indices

In this section, we analyzedethspatial distribution of extreme precipitation indices in the
Senegal River Basin, as shown Higure 21. The results higight a generally irregular
variation in extreme precipitation across the region. The figure reveals that extreme
precipitation indices are particularly high in the southern part of the basin, with maximum
values reaching 20 mm per day for the simple daigcipitation index, 70 mm for maximum
5-day precipitation, 25 mm for very wet days, and 50 mm for extremely wet days. In contrast,
the indices are much lower in the northern part of the basin. This disparity could indicate a
significanty greater exposerto extreme precipitation in the upper part of the basin compared
to the river valley. This uneven distribution of extreme precipitation appears to be related to
significant regional disparities, which could be attributed to specific geographic, clioratic,
topographic factors in the area. These observations are consistent with the sttttiaadnye

et al. (2019)which reported a marked increaseskireme precipiti@on, very intense rainfall,

and consecutive maxima over 1, 2, 3, 5, and 10 days in the Oueme Delta in Benin.
Additionally, the research byike et al. (2020)confirms a notable increase in total
precipitation on rainy days over a-$8ar observation period, as well as an increase in
cumulative precipition over 5 consecutive days in Nigeria between 1975 and 2013. Finally,
Diatta et al. (2020)observed a general upward trend in extreme precipitation indices,
particularly for 5day maximum rainfall events (RX5day), extending from the Sahdéhe

coast in suthern West Africa. These trends suggest a significant regional climate change that

requires close attention for managing risks associated with extreme precipitation and flooding.
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Figure21: Spatial variation in rainy eventever the period 1982 to 2021.
4.3. Trend and Significance of the Extrefeecipitationindices

In Section 4.2, we observed irregular spatial variability of extreme precipitation in the Senegal
River basin. To better understand these variations, we delvedhentoends and significance

of extreme precipitation variation in the Section 4=8ure 22 shows that the R95P index
reveals a significant upward trend in the number of very rainy days in the southern region of
the basin. This &nd is clearly indicated by the black dots (p < 0.05), highlighting a notable
and statistically significant increase in the number of days with particularly high precipitation
in this region. Regarding the R99P ind@&gure 22 demonstrates that extremely wet days
exhibit a significant upward trend with high statistical significance, but only in the central and
delta regions. This observation suggests that the central and delta regions are particularly
prone to intense and prolomyeainfall events compared to other parts of the basin. Similar
trends are observed for the maximurddy rainfall total (RX5DAY). Although the general

trend shows an increase, the statistical significance of this trend is moderate, as shown in
Figure21. This indicates that while theday maximum precipitation tends to increase, this

increase is not as pronounced or statistically significant as the trends observed for very rainy
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or extremely wet days. Furthermoregure 22 highlights a notable upward trend in daily
rainfall intensity (SDII) in Bafing, Faleme and the Delta. This increase reflects an
intensification of daily precipitation in this specific area. However, this general upward trend
in preciptation intensity is less pronounced in the northern regions of the basin and in certain
parts of the south. This suggests regional variability in how precipitation intensity is changing,
with more pronounced increases in Bakel compared to other areas.
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Following the spatial analysis of extreme events, their trends, and their sensitivity, we also

evaluated the variation in time series in the following Section 4.4

4.4. Interannual Variation and Trends in Extreme Rainfall Indices

Table14, derived from the ManKendall test (MMK), provided significant information on the trends

of extreme precipitation indices in the Senegal River Basin. The MMKkegtyn for its ability to

detect trends in time series, indicates that the indices R95P (the amount of precipitation falling on the
wettest days), R99P (the amount of precipitation falling on the wettest days of the year), SDII (the

e

7




simple daily intensityndex), and RX5DAY (the maximum precipitation over-dé&y period) all show
extremely low pvalues. These low -palues confirm that the observed trends are statistically
significant and not due to chance. Tuleoft®ermds O6s!| op
reveal increasing trends for each of these indices. Specifically, R95P shows a positive trend of 0.038,
R99P has a trend of 0.075, SDII indicates an increase of 0.016, and RX5DAY presents a significant
increase of 0.13. These positive gogalues signify a notable rise in extreme precipitation events in

the Senegal River Basiftom 1982 to 2021. This upward trend in extreme precipitation is also
confirmed by the ITA (Index of Total Accumulation) analysis, illustrateéigure23, which aligns

with the trends observed in the MMK test. Similar trends of increased extreme precipitation have been
documented in various other river basins in West Africa. Research conducted in the Koiviadegu

Basin (OE et al., 2017)studies covering the broader West African regi@icholson et al., 2000)
investigations in the Sahelian regi@@zer et al., 2003Sarr & Camara, 2017analyses in thepper

Ouémé Vdky (Attogouinon et al., 2017)and studies in Bamako (Maljofana et al (2022) all
corroborate these findings. The consistency of these trends across different locations underscores a
regional pattern of increased extreme precipitation.

Looking ahead, projections from general circulation models suggest that this trencreafsing
extremeprecipitation is likely to continue. These models predict a rise in the frequency and intensity
of extreme precipitation events in the regi@biodun et al., 2017)which is consistent with the
historical trends observed. Several factors may contribute to the observed increase in extreme
precipitation. The warmin@f desert and oceanic regio(i3ong & Sutton, 2015Knippertz et al.,
2015)is a significantfactor, as highetemperatures can increase the atmosphere's capacity to hold
moisture, leading to more intense precipitation events. The greening of thg&albglet al., 2019)
involving increased vegetation cover, may also influence local precipitptterns by altering
atmospheric moisture and heat fluxes. Husimmluced greenhouse gas emissions further exacerbate
the situation by raising global temperatures and altering atmospheric dynamics. Additionally, changes
in atmospheric circulation patterrdriven by both natural variability and anthropogenic factors, can

influence precipitation distribution.

Table14: Modification of ManngY SY R £ f GSaid FyR {SyQa at2LIS SaildAYlGAzy

Indices p-Value Zc Sen’s Slope Tau Var(s) Units
RO5P 47 x1072° 10.33 0.079 0.34 667.00 mm/year
R99P 99 x107° 5.73 0.098 0.23 997.35 mm/year
SDII 11 x107° 6.08 0.024 0.22 826.80 mm/year




RX5DAY 22 x1072 3.05 0.067 0.096 587.97 mm/year
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Figure23: Innovative trend plots of extreme precipitation indices.

4.5.

First half of the series

Breakpoint Detection on the Extreme Precipitations indices

In section 4.5, we identified break points in extreme precipitation indices to better understand

climate \ariations.Table 15 reveals two main break points: in 2007 for heavy rainfall days

and daily precipitation intensity, and in 2006 for extreme rainfall days and the maximum 5

day precipitation total.

Tablel5: Breakpoints related to extreme precipitation indices

Index

p-Value

Breakpoint




R95p 0.020 2007

R99p 0.262 2006
SDII 0.078 2007
RX5DAY 1 2006

The significant break point {palue < 0.05%) for heavy rainfall days with the R95P index
indicates a niable change in these precipitation levels, while the other indices do not show
significant breaks, with{alues greater than 0.05%. Data from the 12821 period suggest

a shift toward much wetter conditions after 2008. This transition is illustrateayime 24,

where extreme precipitation variations are shown in black, with vertical lines marking the
break points and mean variations in blue for each period separated by these break points.
These results corroborate the stugyNouaceur, (2020)which also note a trend towards
increased humidity in Senegal and Burkina Faso from 2008. Our results show a transition to
much wetter recent periods compared to past periods, which is similar to some studies in
Africa, such as thosey Lawin et al., (2019)n Momo River watershed (Benin, Togo) ,
Attogouinon et al. (2017)in the upper Ouémé River basin, a@&E et al. (2017)n the
KomaduguYobe basin. The increase in precipitation in this Sahelian region could be linked
to elevated levels of greenhouse gases, as highlighteddng & Sutton, (2015)
Additionally, an increase in the frequency of extreme storms related to climate change is also
observed(Taylor et al., 2017) The® break points highlight the importance of monitoring
changes in extreme precipitation trends to anticipate future impacts of climate change and to

adapt water resource management and risk prevention strategies.
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Figure24 : Breakpoint results for extreme precipitation

To characterize the extreme flow indices in the Senegal River basin, we calculated them for
the upper part of the basin because this region generates more than 80% of the river's inflows
at Bakel(Decembre, 2009%nd oversees the contributions from the three main tributaries,
which acount for 95% of the river's watdiFaye, 2014) The evaluation of extreme flows
includes the following steps: interannual variation in discharge, analysestadme flow

trends, and identification of changes in these trends.

4.6. Interannual Variation in Discharge

The analysis of the interannual distribution of flows, based on the normalized flow index (see
Equation (7)), reveal two distinct phases in the hydrologicalnhycs of the upper basin, as
illustrated inFigure 25. Between 1982 and 1993, the upper basin experienced a period of
persistent drought, with negative index valt I & 0). This was followed by a wetter period
from 194 to 2021, characterized by positive index valt ;% 0). These results indicate a
recent trend towards a wetter hydrological regime in the Senegal Basin, which could impact
water resource management and local ecosystems, necessitating eagistnmanagement

strategies in response to observed climatic and hydrolaghealges.
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Figure25: Standardized flow index over the upper basin (1982 to 2021)

4.7. Trends and Interannual Variability of Extreme Flows

Tablel6 provides a detailed view of the results from the modified M&endall test applied

to extreme flows for the period from 1982 to 2021. This table shows the indices studied, p
val ues, Zc statistic, S e emaGhsxtremedigwendex, Thamely a n d
Q95P, Q99P, and QMAX. The extremely lowalues observed in the analysis indicate that

the detected trends are statistically significant. In other words, the changes in extreme flows
are not random but reflect real and m@able trends. Thew p-values suggest that the
observed trends are robust and reliable. Cor
confirm a general increase in extreme flows over time. This means that the extreme flows, as
measured by Q95Rhe flow exceeded 5% of the time), Q99P (the flow exceeded 1% of the

time), and QMAX (the maximum flow), all show an upward trend.

Tablel6:{ Sy Qa af 2 LIS | yKenddl2eR brifekti@rRe flawt vy y

Indices p-Value Zc Sen’s Slope Tau Var(s) Units

Q95P 22 x10°Y 8.48 29.23 0.33 946.912 m%/slyear
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Q99P  33x107* 758 37.49 0.31 1060 me/slyear

Qmax 13 x10°*2 7.08 38.35 0.30 1137.5  m¥slyear

The Innovative Trend Analysis, shownHigure26, supports these findings. The slope values

for each index are 21.06 for Q95P, 25.39 for Q99P, and 25.09 for QMAX. These figures
demonstrate a significant increase in extreme flows over the studied period. The positive and
relatively high slop values suggest that not only are extreme flows increasing, but they are
also rising at a sustained rate. These results align with findings from previous Radinesr

et al., 2008v. Yi et al., 2015) which project significant fluctuations in major river flows
worldwide over the next 50 years. According to these projections, rives ftould vary
greatly, ranging from a decrease of 96% to an increase of 212%. This change is expected to be
accompanied by an intensification of hydrological extremes, both in terms of magnitude (the
extent of events) and frequency (the occurrence oémdrevents)ln summary, the results
highlight a marked trend of increasing extreme flows in the Senegal Basin, reflecting

significant changes in the hydrological regime.
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Figure26: Innovative trend plots of extreme flow indies

4.8. Breakpoint Detection on the Trends of Extreme Flows

Table17 outlines the breakpoints detected using the Pettit test and SNHT, which analyze the
interannual evolution of extreme flows in this section of the basin. The reggiiigght a
significant breakpoint in 1993 for all extreme indices Q95P, Q99P, and QMAX. This

breakpoint marks a notable increase in extreme flows in the Senegal River starting from 1994.
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Tablel7: Breakpoints related to extremdlow indices

Indices Pettit’s Test SNHT

p-value Breakpoint p-value Breakpoint
Q95p 0.0239 1993 0.0153 1993
Q99p 0.04125 1993 0.01795 1993
QMAX 0.02804 1993 0.01735 1993

Figure27 illustrates this trend from 1982 to 202hetblack line represents extreme flow data,
the vertical line indicates the breakpoint, and the blue segments show variations in average

flows before and after the breakpoint.
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Figure27: Breakpoint results for extreme flows @r the upper basin

These observations are consistent with findings from earlier studies. For instance, study
(Faye, 2015bjdentifies a gnificant breakpoint in 1993 when analygi annual flow data
from 1970 to 2014 in the Senegal River Basin. Additionally, rese@cer et al., 2003)
Niang et al., 2008Sene & Ozer, 2002kuggests that the Saheligmought may have
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concluded in the 1990s, which aligns with our observed breakpoint during this period;
Amichiatchi et al. (2023f ound i n the NO6zo watershed in C
were detected in 1994 acrddsan manthly dischargendicesand in NigerWilcox et al.( 2019)
highlights that recent trends in increasing extremwdlbave led to a particularly marked rise

in return levels since the 1980Bhis breakpoint could be attributed to two main factors:
changes in climatic conditions, such as drought or global warming, and the ohpaajor

human developments, such as fadic infrastructurgSambou et al., 2009}t is crucid to
consider these factors when interprgt series breaks and trends in extreme flows. A
thorough understanding of the underlying mechanisms and their interactions is essential for
accurately assessing hydrological changes and predicting future impacts on water resources
and ecosystems.

4.9, Partialconclusion

This chapter aimed primarily to assess trends and significant changes in precipitation and
extreme flows in the Senegal River Basin and its upper basin from 1982 to 2021. To achieve
this, the study utited daily precipitation data from the GRPS system (Climate Hazards
Group InfraRed Precipitation with Station data), which provides a spatial resolution of 5 km.
Additionally, daily flow data from the reference station in the basin located in Bakel, provided
by the Directorate General for Wateesource Protection (DGPRE), were incorporated. The
analysis relied on eight extreme indices (R95P, R99P, SDIl, RX5ADY, Q95P, Q99P, and
QMAX), as well as standardized flow indices to evaluate variations in peggypitand

extreme flows.

The results revéa significant increase in extreme precipitation from south to north across
the basin. Specifically, an upward trend is observed in the southern region of the basin, while
a slight decrease in extreme precipitation is noted in the northern region. Téred® dre
statistically significant across the entire Senegal River Basin for the R95P index, but only in
the intermediate and delta regions for the R99P, SDII, and RX5DAY indices. On the
interannual scale from 198to 2021, a marked upward trend in exteeprecipitation was
detected in the Senegal River Basin. Breakpoints in extreme precipitation trends were
identified, notably in 2006 and 2007, marking a transition to much wetter conditions starting
in 2008. These breakpoints indicate significant strattcinanges in the precipitation regime,
highlighting the need to monitor losigrm variations and fluctuations in precipitation
patterns. They also suggest that it is crucial to incorporate these changes intesuaiare
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management and governance stge to adapt policies and practices to the new climatic

conditions.

Regarding extreme flows, an upward trend was observed in the upper part of the Senegal
River. The year 1993 was identified as a breakpoint in this trend, which may be associated
withtheend of the Sahelian drought that had sig
The statistical tests used in the study show improved performance due to their sensitivity to
trends, ability to detect strucdl changes, and nonparametric nature. s€héools are
particularly suited to handle the compl exi
hydrological and environmental data, allowing for a more accurate assessment of changes and
trends in the region. The results of Chapter 4 answer therdsearch question (RQ1) by

showing a progressive increase in the intensity of extreme events in the Senegal River basin

In conclusion, this chapter underscores the crucial importance of monitoring variations in
precipitation and extreme flows and implamtiag appropriate adaptation measures to address
the observed changes. The results enhance our understanding of hydrological dynamics in the
Senegal River Basin and provide essential information for water resource management,
infrastructure planning, andobd risk preparedness. Given the frequent increase in extreme
events observed in this chapter, we utilized the distributed modelMy@fo to evaluate its

performance in handling these events in the following terap
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Chapter 5: Evaluation of the Performance of WRF-Hydro Model in

simulating hydro meteorological Extremes

West Africa has experienced extreme weather events that are unevenly distributed. To
evaluate extreme events in the river basin, which has long been threatened by floods, we have
organizedthe sections as follows. In sections 5.1 and 5.2, we respectively calibrated and
validated the coupled WRHRydro model. In sections 5.3 and 5.4, an assessment of
precipitation and temperature is conducted, respaygti before analyzing the hydrological
bdance of the coupled WRRydro model in section 5.5. The calibration and validation of the
uncoupled WRFMydro model are carried out in sections 5.6 and 5.7. In section 5.8, we
performed an evaluation of the coupled and uncoupled YARIFo models during # flood

year 2018. The conclusion of this chapter 5 is presented in sectiomhg. Results from
sections 5.1, 5.2, and 5.3 have been part of the second published paper from our thesis.

This second paper was published in Frontier journal in the Water and Hydrocomplexity

section and can be found at the following link:
https://www.frontiersin.org/articles/10.3389/frwa.2024.1447577.

5.1. Calibration of WRFHydro coupled

To assess thgerformance of the WRHRydro coupled model in simulating extreme events, it

is necessary to go through the calibration stages. The results from this stagab{sde)

reveal that the WRIHydro model provides relatively satistary calibration performances

for the Senegal River Basin. Specifically, the calibration performance is measured by a NSE
(NashSutcliffe Efficiency) of 0.70, a KGE (Klingsupta Efficiency) of 0.83, and a BIAS of

7%. These results suggest that WIRydro coupled accurately reproduces the hydrological
conditions of the Senegal River Basin, with sensitive parameters adjusted to SLOPE = 0.03,
REFKDF = 3, and default ManN.

In comparison, studies cdacted in Benin bQuenum et al. (202Zhow similar performance

in the Oueme River Basin, with a NSE of 0.68. This comparigghlights that our results are
within a relatively highperfamance range compared to other studies. On a global scale, a
NSE of 0.30 is often considered relatively weak, but it still falls within the range of discharge
performance reported for WRffydro in various studies, such as thoseSepatore, A. et al.
(2015) Arnault et al. (2016)Kerandi et al. (2018)Rummler et al. (2019)2. Zhang et al.
(2019) Camera et al. (2020Fersch et al. (202gndLi et al. (2020) These studies show
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that, despite variations, the WR¥ydro model is capable of providing acceptable discharge

estimates across different riveadins.

Tablel8: Calibration of WRFHydro coupled over Senegal River basin

SLOPE REFKDT ManN PBL KGE NSE BIAS

Default 0.1 3 Default 5 0.11 -1.17 -18%

7 0.37 -0.18 -41%

Overbankflow 0.1 3 Default 5 0.23 0.34 -56%

Overbankflow 0.08 3 Default 5 0.31 0.41 -51%

Overbankflow 0.06 3 Default 5 0.49 0.59 -39%

5 0.71 0.70 -22%

Overbankflow 0.04 3 Default 7 0.48 0.60 -41%

5 0.83 0.73 -6 %

Overbankflow 0.03 3 Default 7 0.58 0.66 -34%
Overbankflow 0.01 3 Default 5 0.29 0.17 38%

However, it is important to note that the discrepancy observed between the simulated and
observed discharge curves during calibratieigre 28, Figure29) may be partly attributed

to the quality of the precipitation simulated by the WRF atmospheric model. According to
(senatore al., 201p)the performance of the WRHydro model coupled in simulating
discharge is intrinsically linked to the quality of the simulated precipitation. In other words, if
the simulatedorecipitation does noaccurately reflect reality, it will result in errors in the
discharge simulations. This limitation highlights one of the major challenges of the coupled
atmospheridhydrological modeling approach: the accuracy of hydrological seshdavily
depends on the quality of the input data provided by the atmospheric model.

In summary, although WRRydro coupled shows strong performance for the Senegal River
Basin, it is crucial to recognize that the quality of the simulated precipitdfys p decisive

role inthe results obtained.
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Calibration of discharge at BAKEL (SENEGAL) with PBL5
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Figure28: Calibration of discharge: at the bottom, daily time series of discharge Q (fsjrfrom 1st January
2011 to 31st December 2015 derived from the observational producKBA station outlet of the upper basin
(in black); and discharge from calibrated WiREydro simulations with PBL5 (in red) . At the top, weekly

accumulation of precipitation from calibrated WRHRydro simulations with PBL5 (in blue).
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Figure29: Calibration of discharge: at the bottom, daily time series of discharge Q (@ifsjrfrom 1st January
2011 to 31st December 2015 derived from the observational product BAKEL station outlet of the upper basin
(in black); and discharge from trated WRFHydro simulations with PBL7 (in red) . At the top, weekly
accumulation of precipitation from calibrated WRHRydro simulations with PBL7 (in blue)
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5.2. Validation of WRFHydro coupled

After calibration, the coupled WRHydro model was validated fahe period fom 2016 to

2020 in the Senegal River Basin. The results present8abie 19 show a high level of
satisfaction with the model's validation, specifically measured by the following scores: NSE =
0.72, BIAS =-9%, andKGE = 0.83.

Table19: Validation of WRFHydro coupled over Senegal River basin

WRFHydro Coupled SLOPE REFKDT ManN PBL KGE NSE BIAS

Overbankflow 0.03 3 Default 5 0.83 0.72 -9%

overbankflow 0.03 3 Default 7 0.58 0.65 -34%

These indicators reflect good model performance. NB& of 0.72suggests that the model
explains a significant portion of the variability in the observed data, with a generally good fit
to the observations. THRIAS of -9% indicates a sgjiht tendency to underestimate the values,
butthe error remains relatively moderate. K®E of 0.83confirms a good overall fit, taking

into account not only the correlation but also the bias and variability of the data. These
observations have been walhted inFigure 30; Figure31, where we saw a good simulation

of the discharge. The performance of the coupled WiR#io model for the Senegal River
Basin is considered satisfactory, as indicated by #ibration and validation results. The
values of NSE, BIAS, and KGE demonstrate the model's ability to accurately capture the
variability and trends in observed discharge data. This performance suggests that the model
provides a reliable representationtbé basin's hydrological conditions. Calibration results
show that the model effévely adjusts to local hydrological parameters, while validation
results confirm its robustness over an extended period. Such performance makes the WRF
Hydro coupled model aluable for various hydrological applications, including flood
forecasting, water resource management, and climate impact studies in the Senegal River
Basin. Its ability to produce credible simulations supports its use in deansikimg

processes related water management and infrastructure planning.
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Validation of discharge at BAKEL (SENEGAL) with PBL5
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Figure30: Validation of discharge: at the bottom, daily time series of discharge Q (ffsjnfrom 1st January
2016 to 31st December 2020 derived from the observational prodB&tKEL station outlet of the upper basin
(in black); and discharge from validated WHRIydro simulations with PBL5 (Red). At the top, weekly
accumulation of precipitation from validated WRRydro simulations with PBL5 (in blue).
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Figure31: Validation of discharge: at the bottom, daily time series of discharge Q (#s)nfrom 1st January
2016 to 31st December 2020 derived from the observational product BAKEL station outlet of the upper basin
(in black); and discharge from valitted WRFHydro simulations with PBL7 (Red). At the top, weekly
accumulation of precipitation from validated WRRydro simulations with PBL7 (in blue).
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5.3. Evaluation of WRFHydro coupled Precipitation

In Section 5.3, we evaluated the precipitation from theplesl WRFHydro model by
analyzing its seasonal variation compared to observations for the perio@11in the

upper basin of the Senegal Rivergure 32 clearly illustrates that the model satisfactorily
captures the seasonfilictuations in precipitation under both planetary boundary layers
(PBL5 and PBL7) in this region, highlighting a pronounced peak in August. The coupled
WRFHydro model demonstrates a notable ability to reproduce seasonal variations in
precipitation, inclding the August peak, indicating that the model captures the main seasonal
characteristics of precipitation in the Senegal River basin. doDuring the period from January
to July, the snulations align reliably with observed precipitation levels, suggestiggod
reproduction of the climatic conditions during this period. However, significant discrepancies
appear between observed data and simulations, including an overestimation of precipitation in
August followed by an underestimation from September to mbee These discrepancies

can be attributed to several factors. Uncertainties in input data, such as initial conditions and
forcing parameters, may introduce biases into the simuoktiddditionally, choices in the
representation of the model's physicaedqesses, such as cloud microphysics and convection,
can affect the accuracy of predictions. Natural variability in precipitation, influenced by large
scale climatic phenomena, may also contribute to these discrepancies. These observations are
supported bysenatre et al. (2015)who showed that considerable precipitation variahitit

West Africa partly stems from uncertainties in WRF simulations.

WRF-Hydro precipitation BAKEL (SENEGAL)
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Figure 32: Monthly variation of precipitation in the upper basin of the Senegal River. The black curve
represents observations from IMERG satellite data.eThrey shaded area represents the results of the
simulated WRFHydro model with the two planetaryboundary layers, PBL5 and PBL7.
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The strong correlation between simulated and observed precipitation, with regard to seasonal
variation, is convincingly demotrated byFigure33. This figure shows a perfect match in the
successive precipitation totals for the period 20020 in the upper basin of the Senegal
River. This alignment indicates that the forecasting models are not onkgaliellated but

also accurately capture the seasonal trends and precipitation variations in this region. Such
precision is crucial for water resource planning and management, as well as for developing
climate policies that are tailored to local conditions.
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Figure33: The cumulative total precipitation derived from IMERG satellite and simulated in WHEro
5.4. Evaluation of WRFHydro coupled Temperature

In this section, we evaluated the temperature of the coupled-My@f®o model oer the

period from 2011 to 2019 in the upper basin of the Senegal River. This period was chosen to
allow for a thorough analysis of seasonal variations and-timg trends in this region. The

results, presented fRigure 34, highlight the seasonal variation in temperatures by comparing

the CRU (Climatic Research Unit) and WARFydro datasets. Notably, these two data sources

show a perfect correlation from June to November, indicating that the model is capable of
accurately reprodiing weather conditions during this period. This can be attributed to the
accuracy of the model 6RBydro'smpilitlytto etfeativedy,simdate we | |
atmospheric and hydrological processes. However, our analysis also revealed an
underesmation of temperatures by the coupled WRIdro model between December and

May. This underestimation may have several origins, including model parameters that require
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adjustment, inaccurate input data, or inherent limitations of the model itself. Despite this
underestimation, our results indicate a generally good simulation of temperature by the model,
with maxima observed in March, April, and May. These periods often correspond to
particular climatic conditions, where high temperatures can be recordeelupper basin of

the Senegal River. This finding aligns with studies conducteBdayan et al. (2018 the

basins of the Gambia and Senegal rivers, which also reported similar trends.

35 Monthly Variation of Temperature in the Upper basin
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Figure34: Monthly variation of temperature

5.5. Analysis of the hydrological balance of the coupled \AHRfElro model

In this section, we examine the water balance of the coupled-MyfdFo model in the upper

basin of the Senegal River, covering the perrotnf2011 to 2020Table20). This analysis is

crucial for better understanding the hydrological dynamics of the region, particularly in
response to the impacts of climate change and human activities that influence water resources.
During this period, we observed that the average seasonal precipitation reached 621.31 mm.
This volume of water is distributed in the hydrological balance as follows:
Evapotranspiration: Accounting for 351.95 mm, or 56% of the precipitation,
evapotranspation constitutes the predominant component. Thderstores the importance

of plant transpiration and soil water evaporation processes, which are essential for local

climate regulation and crop supply. Base flow: Amounting to 225.8 mm, this subsurface
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runoff represents 36% of the precipitation. It plays a crucial role in feeding rivers and
aquifers, thus ensuring a water supply during dry periods. This figure also reflects a good
capacity for water infiltration into the soil, promoting the recharge ofigptavater. Surface
runoff: Reaching 42.48 mm, or 7% the precipitation, this type of runoff is the least
significant in the overall water balance. However, it can become highly important during

intense rainfall events, leading to flood risks.

Total storag: Finally, total storage is 3.19 mm, representing 1% of the precipitation. This
figure highlights the limited capacity of the basin to retain water over the long term, which

can pose challenges in the management of water resources.

Table20: Water Balance Distribution (Precipitation (P), Evapotranspiration @E)psurface runoff (RG)
surface runoff (RS) Storage (As))

P E RG RS &es Residu
mm % mm % mm % mm % mm % mm %
62131 100 351.95 56 225.8 36 43.48 7 3.19 1 -3 0

The results presented iRigure 35 reveal a significant correlation between precipitation,
surface runoff, base flow, and storage, partidylar August when precipitation reaches its
peak. In contrast, from September to April, storage is nonexistent, corresponding to the dry
season of the basin, during which precipitation is very low. This situation highlights the need
for integrated water smurce management, particularly by optimizing water collection during

the rainy season to better address the challenges of the dry months.
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Figure35: Seasonal Variation of Water Balance Components
5.6. Calibration WRFHydro uncouptd

In Section 5.5, we present the results of the calibration of the uncoupledrhgtirorological

model WRFHydro for the Senegal River basin. The results indicate that the model performs
well, with particularly encouraging statistical indicators: NSE7Z80KGE = 0.78, BIAS =

19%. These values are summarizedTable 21, confirming the good agreement between
simulated and observed data, and reflecting an accurate representation of the hydrological

characteristics of the Senedgiler basin.

Table21: Calibration of WRHydro uncoupled over Senegal River basin

REFKDT
Range 0.1 05 1.0 15 2 2.5 3 3.5
KGE -0.44 0.76 0.49 0.36 0.28 0.23 0.20 0.17
NSE -1.47 0.73 0.64 0.54 0.47 0.41 0.38 0.35
BIAS 75 % -20% -43% -52% 57%  -61% -63%  -65%
RETDEPRTFAC

Range 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
KGE 0.76 0.76 0.76 0.75 0.75 0.75 0.75 0.75

NSE 0.72 0.73 0.73 0.73 0.73 0.73 0.73 0.73
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BIAS -20% -20% -21% -21% 21% -21% 21%  -22%
SLOPE
Range 0.06 0.08 0.1 0.2 0.3 0.4 0.5 0.6
KGE 0.76 0.79 0.76 0.62 0.55 0.51 0.49 0.47
NSE 0.73 0.74 0.73 0.64 0.59 0.55 0.53 051
BIAS -8% -15% -20% -32% -37%  -40% 42%  -43%
OVROUGHRTFAC
Range 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
KGE 0.54 0.69 0.76 0.79 0.79 0.77 0.38 047
NSE 0.44 0.61 0.68 0.72 0.74 0.75 0.46 0.51
BIAS 14% 1% -6% -11% -15% -18%  -49% -43%
ManNFac
Range 0.2 04 0.6 0.8 1.0 1.2 14 1.6
KGE 0.12 0.41 0.63 0.74 0.79 0.78 0.76 0.72
NSE -0.80 0.02 0.46 0.65 0.74 0.78 0.80 0.72
BIAS 4% 1% -6% -11% -15%  -19% 21%  -24%
Hthres
Range 04 05 06 07 08 10 12
KGE 043 0.64 0.78 0.76 0.63 0.37 0.16
NSE 0.62 0.65 0.78 0.79 0.60 0.23 -0.13
BIAS -43% -30% -19% -9% -1% 11.68% 20%

Figure 36 illustrates that the uncoupled model captures the salitsoaf discharges in this

basin well, reflecting the typical hydrological cycles of the region. These results are consistent
with those of StudyCerbelaud et al. (2022)which evaluated the uncoupled hydro

meteorological model WRHRydro on flashier watersheds of Grande Terre, a tropical island in

New Caledonia in the Stwest Pacific. This study also showed good results in terms of

NashSutcliffe Efficiency, with an NSE greater than 0.6 for all watersheds, confirming the

robustness of the decoupled WHRIydro model in various hydrological and climatic

environments. The sallts for the Senegal River basin demonstrate that the uncoupled WRF

Hydro model is effective in simulating discharges and hydrological characteristics, thereby
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enhancing confidence in its use for hydrological applications and water resource management

in this region.

Calibration of WRF-Hydro model Uncoupled over SRB at BAKEL Station (SENEGAL)
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Figure36: Calibration of discharge with WRHydro uncoupled
5.7. Validation of WRFHydro uncoupled

Figure37 illustrates the validation of the WRydro model for the Senegal River basin over

the period 2012020, following calibration performed for the period 2@115. The results

show that the model, after calibration, continues to perform satisfactorily. The obtained values
are: KGE = 0.78, NSE = 0.72, and a bias-bf%. These indicatordemonstrate that the
model effectively reproduces the hydrological characteristics and discharge variations,
although it shows a slight underestimation of discharges. lolusion, the uncoupled WRF

Hydro model is validated for use in hydrological modglaf the Senegal River basin.
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Figure37: Validation of dischage with WRHydro uncoupled

5.8. Evaluation of the coupled and uncoupled WIRyro models during the year
2018

In this section, we detail the results of the evaluatiothefcoupled and decoupled WRF

Hydro models for the year 2018, as provided by the Directorate General of Water Resources
Planning in Senegal. The year 2018 was marked by significant extreme events in the region,
providing a valuable opportunity to test tlperformance of both WRHydro model
configurations under extreme ratitions. We used the hydrological and meteorological data
collected during this period to assess how each model simulates the extreme and their impacts

on the watershed.

The results infable22 showed that the coupled WR#ydro model has accurately simulated

the daily average discharge in the Senegal River basin, with a value of 1396 m3/s, which is
very close to the observed value of 1352 m3/s. In contrast, toepled WRFHydro model,

with an average discharge of 1299 m3/s, presents a slight underestimation compared to the
observations, suggesting that this mode, by not accounting for simultaneous interactions, is

less accurate for loagrm discharge simulatisn

For the year 2018, the perfance of the coupled model is particularly notable, with daily
discharges comparable to those observed, indicating that the model has effectively captured
the specific climatic and hydrological conditions of that year. Immarison, the slight
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difference noted for the decoupled model could be due to insufficient consideration of the

complex interactions between the atmosphere and hydrology.

Regarding discharge peaks, both modes of the \WRFFo model show good simulation
pefformance, with values close tbet observations, demonstrating their ability to accurately

capture the local discharge dynamics.

Table22: characterization of the flooding year (2018)

Observation WRF-Hydro WRFHydro
Coupled Uncoupled
Mean discharge during 1352 m3/s 1396 m3/s 1299 m3/s
simulated period
Mean discharge during the y1472 m3/s 1425 m3/s 1204 m3/s
(2018)
Discharge of the peak flow (20183672 m3/s 3552 m3/s 3536 m3/s

In Figure 38, we observed a perfect correlation between the observed discharge peak and the
one simulated by the decoupled WRIgdro model. This indicates that the decoupled model

is capable of accurately reproducing major events. However, an underestimalischafges

is noted during the recession period from October to December, suggesting limitations in
simulating the more subtle variations in discharge after the peaks. This underestimation may
be due to the decoupled model's difficulty in quickly adjgstiore@sts in response to
changes in hydrological or meteorological conditions, due to its lack of consideration for

simultaneous interactions between atmospheric and hydrological processes.

In contrast, the coupled WRHydro model better simulates theasenality of discharges,
effectively capturing the flood periods (July, August, September) and recession periods
(October, November, December). This suggests that the coupled model, by integrating
interactions between atmospheric and hydrological procgsseades a better representation

of complex hydrological dynamics. However, a peak offset is observed in the simulations of
the coupled model, where the simulated peak occurs after the observed peak. This offset could
be related to deficiencies in theepipitation modeling by the WRF atmospheric model,

leading to a delay in the simulated hydrological response.
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Figure38: Variation of discharge for the year 2018
5.9. Partial conclusion

The evaluation of the coupled and uncoupl¢~Hydro models provides valuable insights

into their performance in simulating hydrological conditions in the Senegal River Basin. The
coupled WRFHydro model demonstrates high performance with a MNaghliffe Efficiency

(NSE) of 0.70, a KlingGupta Effciency (KGE) of 0.83, and a BIAS of7% during

cali bration. These results indicate that the
condtions. Validation further confirms its robustness, with an NSE of 0.72, a KGE of 0.83,

and a BIAS of-9% for the 20162020 period. The model effectively captures discharge
variability and trends, making it a reliable tool for flood forecasting, water resource

management, and climate impact studies.

The uncoupled WRIHydro model also performs well with an NSE®¥#8, a KGE of 0.78,

and a BIAS of-19%, indicating an accurate representation of hydrological characteristics.
However, the coupled model demoastis a superior ability to simulate extreme events and
seasonal variations, such as the significant even208, highlighting the importance of
integrating atmospheric and hydrological processes for accuratetelong discharge
simulations. The discrepancies observed, particularly in precipitation simulations, underscore
the critical role of accurate atmospicedata in hydrological modeling. While both models
effectively simulate discharge peaks, the coupled model better captures the seasonality and
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nuances of hydrological dynamics, suggesting it is more suited for comprehensive

hydrological assessments aretibiorrmaking processes.

The results obtained with the coupled and uncoupled \MiRFFo model for the 2018 year
allow us to conclude that the model performs well in simulating extreme events, which

answers 90% the second research question (RQ2)

In summarythe coupled WRHydro model offers a more precise and reliable representation
of hydrological conditions compared to the uncoupled model, pantigula simulating
extreme events and seasonal trends. Its performance highlights its value for hydrological
applications and emphasizes the importance of-gigtlity precipitation data for accurate
water resource management. This led us to use the coupleeHtR& model to evaluate the
potential contribution of land cover changes to the events in the SenggalBasin. The

results are presented in the following chapter.
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Chapter 6: Potential contribution of land cover change on flood events in

the Senegal River Basin

Variations in land use and land cover can have a significant impact on flood intensitytin Wes
Africa, particularly in certain specific river basifRogger et al., 2017)Numerous studies
have examined how these changes, such as deforestation ardtagifan, influence extreme
weather phenomena. For exam@@amara et al. (2022)bserved an incese in rainy days in
the Sahel associated with reforestation, whleiodun et al. (2013)demonstrated that
afforestation can increase the frequency of extreme precipitation and flooding events in

coastakegions of Nigeria.

However, the impact of land use changes on flooding remains insufficiently studied,
especially in the Senegal River Basin, which spans several countries: Senegal, Mali,
Mauritania, and Guinea. Research in this basin is still limi8aimbou et al. (2023)sed

Landsat images and the RandBorest method to analyze land use changes in the watersheds

of the Bafing and Faleme rivers. They observed a notable increase in vegetation, agricultural
areas, and human settlements, as well as a decrease in bare surfaces between 1986 and 2020,
with projections suggesting the continuation of these trends until 2050. Additiofetlyet

al. (2019)examined the effects of land use dynamics on the hydrological regime of the upper
Senegal RiveBasin, highlighting significant changes in precipitation, temperatures, and the
duration of the rainy season. Although several studies have used satellites and Random Forest
approaches to assess the impact of land use changes on flpaclifigiAlonso et al., 2022

Thapa & Prasai, 2022Banjara et al., 2024these methods have not always captured {arge
scale atmospheric effects. To date, no study has used a coupled atmdsahetagical

model (WRFHydro) to analyze this impact. To address this gap, we have ex@|dat the

first time, the potential contribution of land cover changes to flood events in the Senegal
River Basin, focusing on mitigation policies such as converting savannah to wooded
savannahs in the upper Senegal River BaRie results of Chapter &e developed in the
following sections. Sections 6.1 and 6.2 respectively present an assessment of precipitation
under the two scenarios (Reference and Woody Savannas) and the analysis of the components
of the water balance. Sections 6.3 and 6.4 correspmthe analysis of flood events and the
conclusion of Chapter.6

The results from sections 6.2, 6.3, and 6.4 were part of the second published paper that

was in the Frontier journal in the Water and Hydrocomplexity
(https://www.frontiersin.org/articles/10.3389/frwa.2024.1447577).
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6.1. Assessment of precipitation under the two scenarios (Reference and Woody Savannas)

In this section, we evaluated the seasonal variation of prempité two simulation
scenarios (Reference and Woody Savannas) across the planetary boundary layers PBL5 and
PBL7. This analysis is crucial as it helps to better understand the impacts of environmental
changes on precipitation patterns, particularly irsgeme regions like the upper basin of the

Senegal River.

The results presented Rigure 39 and Figure40 demonstrate that, under both scenarios, the
coupled WRFHydro model accurately simulated the sesd variation of precipitation, with

a maximum observed in August, a key period for agriculture and water resources. This
simulation capability reinforces the model's credibility and its relevance for climate and

hydrological studies in this region.
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Fgure 39: Monthly Variation of Precipitation from PBL5

However, we also observed a significant increase in precipitation under the Woody Savannas
scenario compared to the PBL. This trend may be attributed to changes in vegeta&o

and interactions with the local climate.
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Figure40: Monthly Variation of Precipitation from PBL7
6.2. Water balance components Analysis

Figure 41 presents a detailed analysis of the spatial vanatiof the main hydrological
components in the upper basin of the Senegal River, comparing the reference scenario with
that of the wooded savannas. The results highlight a marked increase in various hydrological
elements, such as evapotranspiration, pitipn, runoff, and percolation, especially in areas
where savanna has been replaced by forests. This landscape transformation has direct
implications for the water cycle and the availability of watesotgces. The increase in
evapotranspiration is a daeal finding of this analysis. It aligns with the observations of
Camara et al. (2022who notedsimilar trends in West Africa. Their study reveals that
reforestation stimulates an increase in evapotranspiration, particularly in regions north of 10°
N. This underscores the fact that reforestation not only enriches vegetation cover but also
plays an ssential role in regulating the hydrological cycle. By increasing evapotranspiration,
wooded savannas contribute to a more humid atmosphere, which can positively influence

precipitation patterns.

Table 23 provides quantitative da on the increases in hydrological components observed
under different planetary boundary layers. Under the PBL5 layer, precipitation increases by
approximately 2% ( a&P), percol ation by about
contrast, under theriér PBL7 layer, these increases rise to 3% for precipitation, 5% for

percolation, and 7% for runoff. These results support the conclusigraailt et al. (2023)
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who also emphasize the importance of restation for maintaining water resources in other

tropical regions.

The climatic mechanisms involved in these variations are complex and interconnected.
According toDyn et al.(2014) changes in the structure of the jet stream, combined with
increased rates of evapotranspiration, may explain fluctuations in the numtaémyotiays

and seasonal precipitation accumulation. Our results corroborate this hypothesis, highlighting
the importance of high evapotranspiration rates in the reforested areas of the upper Senegal
River basin. This phenomenon acts as a climatic catghgséentially altering precipitation

patterns and affecting water availability in the region.
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Figure41: Spatial variation of the mean (PBL5 and PBL7) of water balance components Precipitation,
Evapotranspiration, Surface Ruffeand Subsurface Runoff calculated with Woodgavannag; Reference
scenarios. The dark curve represents Senegal River basin.

Table23: Mean annual change over all the Upper basin.

Boundary aP aRG aRS aE

planetary Annual precipitabn Annual Annual Annual

layers change percolation change Runoff Evapotranspiratior
change change

PBL5 +2 % +2 % +4% +2

PBL7 +3% +5% +7% +1
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6.3. Flood events Analysis

To illustrate the floods from 2011 to 2020, we focused analysis on the mober of
occurrences for flow rates of 500 m3/s, as showrFigure 42. This analysis highlighted
significant trends between the reference and weadynna scenarios. The results indicate
that these two scenas share interestingimilarities: a high number of occurrences is
recorded for flow rates between 500 and 1500 m3/s, which may correspond to typical weather
conditions in the region. This suggests that these lower flow rates are relatively common and
canbe associated withonmal rainfall events. In contrast, when examining higher flow rates,

a moderately high numbef occurrences is observed for values between 2000 and 3500 m?/s.
This finding suggests that more intense rainfall events are occurringjmgsn significant

flows in the rivers. However, for flow rates exceeding 4000 m?3/s, a significant decrease in
occurrences is noted. This indicates that extreme flooding events are less frequent, which
could have important implications for flood risk n@gement in the regio The comparison

of the two scenarios reveals notable differences. The evolution of occwrisnuaticularly
pronounced in the pbl5 scenario compared to pbl7, where a moderate but significant increase
in occurrences is observed, tvia peak flow of 400 to 4500 m3/s. This observation
underscores the potential impact of ecological changes on flood regimes and highlights the
importance of understanding how these changes can influence the frequency and intensity of

floods.

A striking aspect of our analysiis the emergence of a peak flow reaching SERI0 m3/s in

the woodysavanna scenario with b This suggests that the transformation of savannas into
woody savannas could lead to significantly higher flows in the upper basimyhecesasing

the rik of flooding in the Senegal River basin. Such a situation could have disastrous
consequences, threatening the communities and ecosystems downstream that depend on the

water and natural resources of this region.

These results align witthe work of Abiodun et al. (2013)egarding the coastal region of
Nigeria, which emphasizes that reforestation and the replacement of natural ecosystems can

increase the frequency of extreme preciptaegvents and floodgn
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Figure42: Variation in occurrence numbers based on the flow rate bins covering a 500-n@smge. The red
color represents the Reference scenario (PBL5 and PBL7), while the blue color represegotody
savannas sagario (PBL5 and PBLY7).

The analysis presented Ifigure 43 reveals significant variations in the number of flood
occurrences between the reference and waadynna scenarios, particularly in the high flow
range of 3500 to 5500 nf®. For the planetary boundary layer PBL5, a notable trend emerges:
an increase in the occurrences of moderate floods is observed between 3500 and 4000 m?3/s.
This finding indicates that within this flow range, low to moderate intefiisibgd events are
relatively frequent. This can be attributed to specific weather conditions, suchtaisesiis
rainfall that, while significant, does not exceed extreme thresholds. However, when exceeding
4000 m?/s, a decrease in the number of occurrenicesvere floods isoted. This trend is
particularly interesting as it suggests that the conditions favorable to severe flooding become
less frequent within this flow range. Consequently, there is an emergence of extreme floods
above 5000 m3/s, indicagrthat critical flowthresholds may influence the severity of floods.
This complex dynamic is likely theesult of interactions between various hydrological
processes, such as soil infiltration, runoff, and soil saturation, which change depending on the
flow levels. For the pihetary boundary layer PBL7, a positive variation in the number of
occurrences is also observed, with a peak of flood activities occurring between 3500 and 4000
ms/s. This result highlights a distinct response of this scenario tofisp#ow rates,
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indicating that hydrological and meteorological processes can vary significantly from one
scenario to another. These differences may be due to various factors such as variations in
vegetation cover, which influence the absorption capadityois, or the type®f soil that

determine infiltration rates.

Furthermore, land management practices can play a crucial role in how water flows within
watersheds. For example, intensive agriculture or urbanization can alter soil structure and

reduce itsability to absorb weer, thereby increasing runoff and the risk of flooding.
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boundary layer PBL7.

6.4. Partial conclusion

The Chapter 6 thoroughly highlights the impact of laisé change on flooding in tis=negal

River basin, emphasizing the complexity of interactions between reforestation, water
resources, and flooding dynamics. By utilizing the WWRfIro model, a rigorous scientific
approach has been implemented, yielding significant results regardirggrikequences of
changes in vegetation cover. The analysis reveals that the transformation from savannas to
shrub savannas has measurable effects on water resources. In particular, the increase of 2% in
precipitation and 4% in runoff indicates a potentiaprovement in water availability in the

region, which could benefit agriculture and other uses. However, this same transformation
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also leads to an increase in flood occurrences, particularly in downstream areas. With an
increase of 17 moderate flood everind a rise in extreme floods, it becomes essential to
understand and manage these risks.

The results show that with the restoration of vegetation in the upper Senegal River basin, we
observe an increase in flooding downstream of Bakel. This answerditberg¢search
guestion (RQ3), which focuses on how observed changes in vegetation cover influence the

intensity of extreme hydrometeorological events

These results underscore the importance of integrated management of water resources and
land. Such an appach must consider both local and downstream consequences -os&nd
changes. Policymakers need to be aware that measures aimed at improving vegetation cover,
such as reforestation, can have unintended effects, such as increased flooding. It is crucial to
develop strategies that balance water resource management with flood risk reduction. A
fundamental point to consider is the uncertainties related to the reforestation strategy. The
choice of tree species, their density, and their location can have vargpegcts on
hydrological processes and runoff. The workAdifiodun et al. (2013yupports this idea by
showing that reforestation can induce significant changes in the frequency of extreme rainfall
eventsin other regions. Therefore, particular attention must be paid to the planning and
execution of reforestation projects to minimize flood risks. The implications of this chapter
are considerable for policymakers and planners. It is essential to adoptavpragproach

that incorporates a rigorous assessment of the risks associated witlséanddanges. This

could include implementing water management measures, such as constructing retention
basins or modifying agricultural practices, to reduce the imspait flooding while
maximizing the benefits of reforestation. To conclude this study, we have presented a general

conclusion in the following chapter 7 and opened perspectives for further research.
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Chapter 7: General conclusion and perspectives

Chapter 7 rarks the end of this study. First, we presented a general conclusion on the results

of the chapters, and second, we shared our perspectives.
7.1. General Conclusion

In general conclusion, this comprehensive analysis of the Senegal River Basin from 1982 to
2021reveals a spatial distribution of extreme precipitation (SDII, RX5DAY, R95P and R99P)
that varies irregularly, with particularly high values in the southern part of the basin. In this
region, the maximum values reach 20 mm per day for the SDII index {ali@hsity), 70 mm

for RXSDAY (maximum precipitation over 5 days), 25 mm for R95P (very wet days), and 50
mm for R99P (extremely wet days). An upward trend is observed for the R95P index in this
area, while extremely wet days (R99P) also show a markeedasiog trend, particularly in

the central and delta regions. Maximurdd@y precipitation (RX5DAY) also shows an upward
trend, although this trend is less statistically significant. The SDII index exhibits a significant
upward trend in the Bafing and Falém@sins in the south, while in the river delta, the trend

is upward but less statistically pronounced.

Analyzing the extreme precipitation, a general trend of increasing extreme precipitation was
observed, with positive Sen Slope coefficients for allaagi R95P (+0.038), R99P (+0.075),
SDII (+0.016), and RX5DAY (+0.13). Significant breakpoints were identified, particularly in
2007 for heavy rainfall days and daily precipitation intensity, and in 2006 for extreme
precipitation days as well as the maxim&day precipitation totals. These breakpoints
indicate a trend towards wetter conditions after 2008, which aligns with the findings of other

studies conducted across the African continent.

Furthermore, extreme streamflows (Q95P, Q99P, and QMAX) alsoeshawsignificant
upward trend in the Senegal basin between 1982 and 2021. Thevklwes and positive Sen
Slopes confirm this trend, suggesting that the increase in extreme streamflows is both
widespread and continuous. The analysis of innovative tresogiports these results,
highlighting a sustained increase in extreme streamflows. These trends corroborate
projections from other studies, which anticipate intensification of extreme hydrological events
in the coming decades. Additionally, a breakpoinextreme stream flows was detected in
1993, marking a significant shift in stream flow trends starting from 1994. These conclusions
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emphasize the need to integrate observed climate change into water resource management

frameworks and existing governanceatgies.

In this context, the use of hydrological models such as \MR#o is essential to better
understand the impact of climate change on hydrological systems. Indeed, the coupled WRF
Hydro model demonstrated satisfactory results in the Senegal Riser, iboth during the
calibration phase (NSE of 0.70, KGE of 0.83, and BIAS76b) and during validation (NSE

of 0.72, KGE of 0.83, and BIAS 6B%). Similarly, the uncoupled WRHydro model also
performed well in simulating stream flows, with strong istefal indicators (NSE = 0.78,

KGE = 0.78, BIAS =19%) during calibration. During validation for the 262620 period, it
continued to reliably simulate stream flows, although it slightly underestimated the observed
values. In 2018, a year marked by figo the coupled model better reproduced stream flows
and flood events, while the uncoupled model showed an underestimation. This suggests that
the coupled model, by accounting for the interactions between the atmosphere and hydrology,

offers better accurgan simulating complex hydrological phenomena and extreme events.

Furthermore, the analysis addresses the impact ofus@ahanges, particularly the effects of
reforestation on flooding dynamics. While reforestation efforts can improve water avgilabili
and positively contribute to local ecosystems, they can also lead to increased flood risks,
especially in downstream areas. This dual effect necessitates an integrated approach to water
resource management, where policymakers must consider the comglections between

land use, vegetation cover, and hydrological responses. Developing strategies that effectively
balance the benefits of reforestation with the need to reduce flood risks is crucial. Given these
complexities, it becomes evident that afonn approach is inadequate. Policymakers must
engage in rigorous risk assessments, considering both local and downstream implications of
landuse changes. Proactive measures might include implementing retention basins,
modifying agricultural practices, dndesigning urban infrastructure that accommodates
changing hydrological patterns.

These results have generally answered the research questions RQ1, RQ2, and RQ3 presented

in section 1.3 of Chapter 1.

Overall, the findings of this study provide essenimsights for effective management and
planning in the Senegal River Basin. They underscore the importance of adopting a holistic
perspective that integrates climate data, hydrological modeling, ancusandlanning. By

prioritizing these elements, stakddhers can develop adaptive strategies to address the
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multiple challenges posed by changing climatic conditions anduaeadtransformations,

ultimately leading to more resilient and sustainable water resource management in the region.
7.2. Perspectives

The ircrease in flooding observed in the Senegal River basin constitutes a growing problem
that requires particular attention. This region, which is home to many vulnerable
communities, faces a significant challenge as its resilience is tested by the risimméreqf
extreme weather events. Flooding threatens not only vital infrastructure, but also has
disastrous consequences for agriculture, which is essential for the livelihoods of millions of
people. Many residents depend directly on farming for their iecand food security, making

the impacts of flooding even more profound. Moreover, local ecosystems are affected,
disrupting the biodiversity and ecosystem services upon which these communities rely.
Flooding can lead to soil erosion, loss of arable land, @ntamination of water supplies,
exacerbating existing vulnerabilities. The loss of biodiversity can undermine local fisheries
and wildlife, which are also critical sources of food and income for these populations.

In light of this pressing situationt is crucial to explore tools and methods that can better
anticipate and manage these natural disasters. Among these tools, thelydfBFmodel,
coupled with meteorological forecasting systems, stands out for its remarkable ability to
simulate extreme weatr events and their potential impacts. By integrating hydrological and
meteorological data, this model provides a robust approach to understanding and modeling the
dynamics of flooding. Its performance in past simulations underscores its potential for
opeaational use in flood forecasting, allowing communities to prepare and respond more
effectively. Looking forward, it would be particularly valuable for future studies to evaluate
the model's capacity to perform rgmhe flood forecasting. Such capabilitpuld provide

early warnings to vulnerable communities, enabling them to implement appropriate
emergency measures. For instance, timely alerts could facilitate evacuations, protect
livestock, and secure essential supplies, significantly reducing risksurt@mrh life and
property. Furthermore, combining the WAREydro model with reatime data can enhance the
accuracy of forecasts and empower decisiakers to develop more effective risk
management strategies. This integration could involve collaborationogahmeteorological
services and community organizations, ensuring that the forecasts are relevant and accessible

to those most affected.
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In summary, ongoing research and innovation in the field of hydrological forecasting are
essential for strengthenimpmmunity resilience against the increasing threat of floods in the
Senegal River basin. An integrated approach that combines advanced modelingerdata
collection, and public awareness initiatives could play a crucial role in reducing the imfpacts
natural disasters. By fostering collaboration among researchers, policymakers, and local
communities, it is possible to create strategies that not only protect vulnerable populations but
also promote sustainable development in the region, ultimatedynpdo a more resilient

future for all.
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Figure A4: Data Visualization and Gaps in Kidira Station Data (22020)
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Figure A6: Monthly variabn of precipiration over the upper basin of senegal river
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Figure A8: Boxplot of dischage variation
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Abstract :

Extreme hydroclimatic events negatively affect human activities and ecosystems. This study focuses
on analyzing trends in precipitation and river flolwsthe Senegal River Basin (SRB) from 1982 to
2021. Eight hydroclimatic indices were examined: maximiver rdischarge (QMAX), standardized
discharge index, average daily precipitation intensity (SDII), maximum precipitation over five
consecutive days (RXPAY), and annual precipitation exceeding the 95th (R95P) and 99th percentiles
(R99P), as well as annudischarges exceeding the 95th (Q95P) and 99th percentiles (Q99P).The
modified MannKendall test (MMK) and innovative trend analysis (ITA) were usednalyze these

trends, alongside standard homogeneity and Pettitt tests to identify breakpoints. Tthandisated
irregular precipitation patterns, with extreme precipitation indices being significantly higher in the
southern region compared to the north. An interannual analysis showed a marked increase in intense
precipitation events (p < 0.05) from 19822021, with a positive slope suggesting a notable shift to
wetter conditions around 20#07. Extreme discharges also increased significantly during this
period, with Sen slopes indicating substantial rises in Q95P, Q99P, and QMAX. TheHydR¥-

model provided a more accurate representation of hydrological conditions than decoupled models,
particularly in simulating extreme events and seasonal trends. This emphasizes the necessity for high
quality precipitation data in effective water resource manager@ven the rising flood events, the

study explored the impact of land cover changes in West Africa. The fully coupledHARE

system integrated atmospheric models and accounted for various hydrological processes to assess
flooding in the SRB. Simulatits from 2010 to 2020 included calibration (2€4115) and validation
(20162020) phases, with performance evaluated using metrics like-Blashffe efficiency (NSE)

and KlingGupta efficiency (KGE). The best calibration results were achieved with thé RiBHel.
Additionally, converting savanna to wooded savanna was found to enhance water resources, leading to
a 2% increase in precipitation and a 4% increase in runoff. This land cover change was associated with
an increase in moderate floods, a decreasevere floods, and alterations in the frequency of extreme
floods in the SRB.

Key words: modified ManiKendal | test; Pettitodés tests; standard
Basin; extreme events; land cover change, WHHro, overbank flow, flod events
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