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ABSTRACT

The Black Volta River Basin (BVRB) in West Africa plays a vital role in supporting the life in
and around it. However, the availability and use of the water resource of the basin is threatened
by population growth, changes in land use/land cover (LULC) and climate change. This study
aimed at assessing the impact of climate change on the flow and sediment yield of the BVRB
and investigating the sensitivity of the flow to changes in LULC in order to provide
recommendations to inform sustainable planning and management of the water resources.

Prior to the impact study, trends in historical (1981-2010) extreme events over the basin were
analyzed using the RClimDex 1.0 software package. Projections of rainfall and mean
temperature for 2051-2075 (late 21% century) and 2076-2100 (end of the 21 century) under the
RCPs 4.5 and 8.5 for the basin (relative to the historical period) were made using downscaled
and bias corrected data from the CORDEX West African project. The model simulation data
consisted of precipitation and temperature projections from two RCMs (RCA4 and
RACMO22T) driven by three GCMs (MPI-ESM-LR, ICHEC-EC-EARTH, CCCma-CanESM2)
for a total of three RCM/GCM pairs. The Soil and Water Assessment Tool (SWAT) model was
calibrated and validated for simulation of the basin’s flow and sediment yield. After assessing
the model’s performance in the simulations, projections were made to ascertain the future (2051-
2075 and 2076-2100 under the RCPs 4.5 and 8.5) direction of flow and sediment yield in the
basin. Finally, the sensitivity of streamflow to changes in LULC in the basin was assessed based
on 2 LULC maps (1990 and 2000) developed for the basin.

The results of the extreme event analysis showed a warming trend in temperature, and increasing
trends in amounts and intensity of rainfall events over the basin during the historical period.
Analyses of average annual, intra-annual and seasonal rainfall indicated high uncertainty
regarding the direction of the future rainfall. Mean annual rainfall change for the late 21% century
ranged between -16% and +6% under the RCP4.5 scenario and between -27% and +14% under
the RCP8.5 scenario. The end of the 21* century projections showed changes ranging between -
23% and +2% and between -33% and +13% under the RCP4.5 and RCP8.5 scenarios,
respectively. With regards to temperature, average annual projections by the ensemble runs
showed increases over the basin under both RCP scenarios and for both time periods. Warming
over the basin is projected to be higher under the RCP8.5 scenario than under the RCP4.5
scenario, with the end of the 21* century being warmer than the late 21* century. Average annual
mean temperature increase across the model runs ranged between 2.2°C and 2.6°C under the
RCP4.5 scenario and between 3.5°C and 3.7°C under the RCP8.5 scenario for the end of the 21st
century. The SWAT model’s performance in reproducing monthly streamflow and sediment
yield of the basin during calibration was rated as “good”. The Nash-Sutcliffe efficiency (NSE),
coefficient of determination (R?), percent bias (PBIAS) and root mean square error (RSR) values
for streamflow calibration were 0.85, 0.86, 8.1% and 0.38 respectively. Sediment calibration
results yielded NSE of 0.68, R of 0.76, PBIAS of 27.5% and RSR of 0.57. In general, the model
validation results were “satisfactory” for both flow and sediment yield. The NSE, R?, PBIAS and
RSR values for streamflow validation were 0.60, 0.62, 20.1% and 0.64 respectively while that
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for sediment yield were 0.65, 0.74, 39.1% and 0.59 respectively. The p- and r-factor values for
the model calibration and validation indicated that low levels of uncertainties existed in the
model results. Analysis of dry - (November to March) and wet - (August to October) period
streamflow and sediment yield showed mainly increases for the late- and end of the 21% century
under both scenarios. Mean annual streamflow is projected to range between +40% and +42%,
and between +100% and +143% for sediment yield during the late 21st century under the
RCP4.5 scenario. For the end of the 21st century, the projected change ranges between -6% and
+78% while sediment yield is between +100% and +216%. Under the high emission RCP8.5
scenario, streamflow is projected to range between +48% and up to +148% across the models.
For sediment yield the projected change ranges from +249% to +335%. The end of century
projections of flow is between +69% and +243% while total sediment ranges between +358%
and 412% across models. Sensitivity analysis of streamflow in the basin based on a 10-year land
use/land cover change showed statistically insignificant changes. Recommendations for coping
with the projected changes in BVRB have been made based on the findings of the study.

Key words: Climate Change, Land use/land cover change, streamflow, sediment yield.
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SYNTHESE DE LA THESE
RESUME

Situé en en Afrique de 1’Ouest, le Bassin de la VVolta Noire (BVRB) joue un role essentiel dans le
maintien de la vie. Cependant, la disponibilité et l'utilisation des ressources en eau du bassin sont
menacées par la croissance démographique, le changement dans 1’occupation et utilisation des
sols (OUS) et le changement climatique. L’objectif de cette étude était d’évaluer l'impact du
changement climatique sur le débit d’écoulement et sur I’apport en sédiments de la BVRB, et de
déterminer la sensibilité du débit d’écoulement aux changements dans ’OUS afin de formuler
des recommandations pour la planification et la gestion des ressources en eau.

Avant I'étude d'impact sur le changement climatique, les tendances des événements extrémes de
température et de précipitation du BVRB ont été détectées a l'aide du logiciel RClimDex 1.0
pour la période historique (1981-2010).

Le modele hydrologique SWAT (en raison de sa grande flexibilité) a été utilisé pour I’analyse de
I’impact du changement climatique sur le débit d’écoulement et 1’apport en sédiments du bassin.
Le programme SUFI-2 de SWAT- CUP a été utilisé pour la calibration et la validation de SWAT
pour les sous-bassins de Bui et de Chache pour les analyses relatives au débit d’écoulement et a
I’apport en sédiments respectivement. En outre, les données journaliéres de précipitation, de
température minimale et maximale de 11 stations climatiques couvrant les périodes 1985-2005
(période de réference) et 2051-2100 (simulations pour le futur) ont été réduites a I’échelle locale
et corrigées avant d’étre utilisées comme entrée du modele hydrologique SWAT pour simuler les
débits d’écoulement et les apports en sédiments. Les données incluent des projections de deux
(02) modeles climatiques régionaux (MCR), RCA4 et RACMO22T pilotés par trois (03)
modeéles de circulation générale (MCG), MPI-ESM-LR, ICHEC-EC-EARTH, et CCCma-
CanESM2 pour les scénarios du GIEC RCP4.5 et RCP 8.5. La sensitivité du débit d’écoulement
aux changements dans I’OUS a été évaluée en alimentant le modele SWAT avec de deux (02)
cartes OUS (1990 et 2000) établies pour le bassin.

Le modele hydrologique SWAT (en raison de sa grande flexibilité) a été utilisé pour I’analyse de
I’impact du changement climatique sur le débit d’écoulement et I’apport en sédiments du bassin.
Le programme SUFI-2 de SWAT- CUP a été utilisé pour la calibration et la validation de SWAT
pour les sous-bassins de Bui et de Chache pour les analyses relatives au débit d’écoulement et a
I’apport en sédiments respectivement. En outre, les données journalieres de précipitation, de
température minimale et maximale de 11 stations climatiques couvrant les périodes 1985-2005
(période de référence) et 2051-2100 (simulations pour le futur) ont été réduites a 1’échelle locale
et corrigées avant d’étre utilisées comme entrée du modele hydrologique SWAT pour simuler les
débits d’écoulement et les apports en sédiments. Les données incluent des projections de deux
(02) modeles climatiques régionaux (MCR), RCA4 et RACMO22T pilotés par trois (03)
modeéles de circulation générale (MCG), MPI-ESM-LR, ICHEC-EC-EARTH, et CCCma-
CanESM2 pour les scénarios du GIEC RCP4.5 et RCP 8.5. La sensitivité du débit d’écoulement
aux changements dans I’OUS a été évaluée en alimentant le modele SWAT avec de deux (02)
cartes OUS (1990 et 2000) etablies pour le bassin.

Les résultats de I'analyse des événements extrémes révelent une tendance a la hausse de la
température dans I'ensemble du bassin, couplée a une tendance a la hausse de la hauteur et de
I'intensité des précipitations pour la période historique.
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Les valeurs des critéres de validation tels que « NSE », « R*> « RSR » et « PBIAS » montrent
une bonne performance du modéle SWAT a simuler les débits d’écoulement et 1’apport en
sédiments du bassin a 1’échelle mensuelle. Cependant, les valeurs de « p-factor » et « r-factor »
obtenues durant la calibration et la validation du modéle montrent un certain degré d’incertitude
dans les simulations. En comparaison a la période de calibration, I’incertitude est moindre pour
la période de validation et le degré d’incertitude est meilleur pour la simulation du débit
d’écoulement que pour I’apport en sédiments.

Les projections de précipitation sur le bassin montrent des tendances positives et négatives
statistiquement non significatives. L’analyse de la moyenne des précipitations annuelles,
interannuelles et saisonnieéres indique une grande incertitude quant a 1’évolution des
précipitations dans le futur. La variation du cumul de pluie annuel oscille entre -16 % et +6 %
sous le scenario « RCP4.5 » et entre -27% et +14% sous le scenario « RCP8.5 » pour la période
2051-2075. Cette variation oscille entre -23% et +2% et entre -33% et +13% sous les scenarios
« RCP4.5» et «RCP8.5 » respectivement pour la période 2076-2100. Concernant les
températures, la projection des moyennes annuelles montre une augmentation sous les deux
scénarios et pour les deux périodes considérées (2051-2075 et 2076-2100). Par ailleurs, le
réchauffement est plus grand sous le scenario « RCP8.5 » que sous le scenario « RCP4.5 » avec
la fin du XXle siecle (2076-2100) plus chaude que la période la précédant (2051-2075). La
hausse de la température annuelle est comprise entre 2.2 °C et 2.6 °C sous le scenario « RCP4.5 »
et 3.5 °C et 3.7 °C sous le scenario « RCP8.5 » pour la fin du XXle siécle.

L’analyse des débits et des apports en sédiments pour les saisons seche (novembre-mars) et
pluvieuse (aout-octobre) montre une tendance a 1’augmentation pour les décennies 2060s et
2080s sous les deux scenarios (Figures Al, A2, A3 and A4). De méme, le débit d’écoulement
moyen annuel et I’apport moyen annuel en sédiments connaissent une augmentation comprise
entre + 40% et 42%, et entre 100% et 143% pour la période 2051-2075 sous le scénario
« RCP4.5 » respectivement. Pour la période 2076-2100, la variation est comprise entre -6% et
+75% pour le débit et entre +100% et 216% pour I’apport en sédiments. Sous le scenario
d’émission élevée « RCP8.5 », la variation de débits est comprise entre 48% et 148% et celle
de I’apport en sédiments entre 249% et 335%. La projection pour la fin du siécle est comprise
entre 69% et 243% pour le débit et 358% et 412% pour I’apport en sédiments. L’analyse des
projections des débits et des apports en sédiments indique que les augmentations mises en
exergue sont statistiquement signifiantes avec un niveau de confiance de 5%.

La prise en compte des changements dans 1’OUS sur 10 ans (1990-2000) montre que les débits
d’écoulement ne seraient pas influencés par 1’OUS, particulierement pour les changements en
savanes et terres cultivées. Se basant sur les résultats susmentionnés, des recommandations
ont été formulées pour la BVRB.

Mots clés. Changement climatique, couverture/utilisation du sol, débits d’écoulement production
de sédiment
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INTRODUCTION

Les ressources en eau jouent un réle capital dans le développement socio-économique de
I’Homme. La disponibilité et I’accessibilité de 1’eau ont un effet considérable dans la croissance
économique de plusieurs régions du monde, en particulier 1I’Afrique (Odada, 2006). La
démographie galopante, 1’expansion de [’agriculture irriguée et de I’industrialisation ont
augmenté la demande en eau provenant des biens et services dans le monde entier, mettant ainsi
cette ressource a risque. Les changements climatiques constituent un danger supplémentaire pour
les ressources en eau. Selon le Groupe Intergouvernemental sur les changements climatiques, les
températures des océans et de I’atmosphére augmentent a un rythme incomparable a celui
d’autres périodes (IPCC, 2007). Les changements du climat affectent les pluies et les
températures qui provoquent des bouleversements dans le comportement hydrologique des
bassins versants, dégradent les cours d’ecau et modifient les caractéristiques du transport
sédimentaire (Tu, 2009). En Afrique de I’Ouest, les impacts des changements climatiques
couplés avec la réduction de la pluviosité and 1’augmentation du taux d’évapotranspiration
potentiel dans le bassin de la Volta menace d’accroitre les défis liés a I’insuffisance des
ressources en eau dans le bassin (Kasei, 2009). L’utilisation /couverture du sol est un autre
facteur qui affecte les ressources en eau (Stonestrom et al., 2009).

Les ressources en eau du bassin versant de la Volta Noire supportent d’importantes activités
économiques telles que I’agriculture, 1’hydro-électricité et I’approvisionnement en eau potable au
Ghana, Burkina Faso et Cote d’Ivoire. Les bénéfices hydrologiques du bassin pourraient
cependant étre menacés par les changements globaux (Kasei, 2009). Il est prouvé que les
variabilités /changements climatiques peuvent changer les débits de pointe et le volume d’eau
dans les cours d’eau (Prowse et al., 2006), tandis que les changements d’utilisation du sol
peuvent changer la fréquence des inondations, I’infiltration, la recharge des aquiferes,
I’écoulement de base, le ruissellement et le débit moyen annuel (Brath et al., 2006 ; Coasta et al.,
2003 ; Crooks and Davies, 2001 ; Lin et al., 2007). Des sécheresses ont touch¢ le bassin a 1’étude
dans les années 1980s et 1990s (IIED, cité dans Kasei, 2009) et avaient été aggravées par
I’augmentation dans la saisonnalité hydrologique (Kasei, 2009). L’exacerbation de la pluie
saisonniere avec les changements climatiques et d’utilisation/couverture du sol pourraient avoir
des impacts plus séveres sur les ressources en eau.

L’objectif général de cette étude est de contribuer a la gestion durable des ressources en eau et de
la production d’hydroé¢lectricité dans le bassin de la Volta Noire en explorant les impacts des
changements climatiques sur les débits d’écoulement et la production sédimentaire et en évaluant
la sensitivité du bassin au changement d’utilisation/occupation du sol.

ZONE D’ETUDE

Le Bassin de la Volta Noire (Figure 2.8) est un sous bassin majeur du bassin de la Volta en
Afrique de 1’Ouest avec une superficie totale d’environ 142 056 km? (Kasei, 2009). Il est situé
entre les latitudes 7°00°00”N et 14°30°00” N et les longitudes 5°30°00”W et 1°30°00” W (Annor,
2012). 1l est partage par le Ghana, le Burkina Faso, la Cote d’Ivoire et le Mali. La population du
bassin a été estimée a 4,5 million en 2000 et selon les projections, elle pourra atteindre 8 millions
en 2025 (Annor, 2012). Le taux de croissance de la population dans le bassin est d’environ 3 %
par an (Green Cross International, 2001). Selon la classification du climat de Koppen-Geiger, le
bassin a un climat tropical humide au Sud et un climat semi-aride chaud au Nord (Peel et al.,
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2007). La quantité moyenne annuelle de pluie est comprise entre 1,043 mm et 1,270 mm. Le
bassin appartient aux zones écologiques savanes guinéennes et soudanaises.

MATERIELS ET METHODES

Les données utilisées pour 1’évaluation des impacts des changements climatiques comprennent :
3 RCMs (le model climatique régional de Rossby Center, RCA4 et le modele climatique régional
de I’atmosphére) . Le logiciel RclimDex a été utilisé pour I’analyse des événements extrémes et
le model SWAT pour I’analyse de I’impact des changements climatiques sur les débits
d’écoulement et la production sédimentaire et [’évaluation de la sensitivit¢ de
I’utilisation /couverture du sol sur le débit dans le Bassin de la VVolta Noire.

Onze (11) des 27 principaux indices définis par I’équipe d’expert de I’Organisation Mondiale de
la Météorologie sur les indices de détection des changements climatiques ont été considérées
pour ’analyse des événements extrémes. Cing de ces indices sont basés sur la température et 6
sont basés sur la pluie. Le contr6le de la qualité des données a été faite selon la procédure
indiquée dans le logiciel.

Pour les projections de changement de température et de précipitations dans le Bassin de la Volta
Noire, 1’approche « stepwise » impliquant la réduction d’échelle et la correction des erreurs, la
formulation des scenarii du model et les projections futures a été suivie tandis que les méthodes
de réduction d’échelle « Quantile-Quantile » et la transformation « Quantile-Quantile » (Marraun
et al., 2011) ont été utilisées.

La mise au point du model SWAT pour le bassin de la Volta Noire s’est faite a travers plusieurs
processus dont la délimitation du bassin, la détermination des unités de réponses hydrologiques,
la définition des données météorologiques et 1’écriture des données d’entrées. Le modéle a été
calibré et validé en utilisant SUFI-2 dans SWAT —CUP (Abbaspour, 2007). Le modéle a été
calibré d’abord a un pas de temps mensuel pour les débits et apres pour les sédiments (aussi a un
pas de temps mensuel) tels que recommandé par Abbaspour (2015). Le processus de calibration
a cesse lorsque des valeurs satisfaisantes des fonctions objectives utilisées (coefficient de Nash
(NSE), RSR, le coefficient de détermination (R?), pourcentage de biais (PBIAS), p-factor, r-
factor ) ont été obtenues . Apres la calibration pour les debits, le model a été calibré pour la
production sédimentaire. Ensuite, le model a été validé pour le débit et la production
sédimentaire en utilisant le model calibré pour d’autres périodes autres que celles utilisées pour
la calibration et sans changer encore les paramétres.

Les impacts de changement climatique sur les débits d’écoulement et la production sédimentaire
ont été évaluees en simulant le model SWAT avec 16 scenarii de climat future et en comparant la
tendance saisonniere et la quantité annuelle de production sédimentaire et de débit avec celles
des périodes de références (1984-2010). Trois années de « warm-up » (1981-1983) ont été faites
durant les simulations.

L’analyse de sensitivité de changement dans [’utilisation et la couverture du sol sur le débit
d’écoulement dans le bassin de la Volta Noire a été conduite a partir d’autres simulations en
utilisant la carte d’utilisation et d’occupation de sol de 1990. Ceci a été fait en utilisant le model
hydrologique SWAT calibré aprés avoir simulé le model avec la carte d’utilisation et de
couverture du sol de 2000. Pour cette analyse de sensitivité, toutes les variables d’entrée a
I’exception des données d’utilisation et de couverture de sol étaient restées inchangées. La carte
de 1990 a ete utilisée plutdt que celle de 2000. Les débits de sortie a la station de Bamboi ont été
comparés avec ceux provenant des données d’utilisation et de couverture de sol de 2000. Avant



les tests de sensitivité, les détections de changements d’utilisation et d’occupation de sol du
bassin ont été conduites en utilisant les cartes d’utilisation et d’occupation de sol de 1999 et
2000. En utilisant la fonction overlay dans ARCGIS 10.2.2 et Microsoft Excel 2010, les taux de
changements dans I’utilisation et la couverture du sol ont été calculés pour une période de 10
ans.

RESULTATS ET DISCUSSION

L’évolution des indices liés a la température du temps présent montre un réchauffement du
bassin de la Volta Noire. D’une manicre générale, tous les 5 indices liés a la température montre
une évolution positive dans le bassin indiquant que le bassin de la Volta Noire a subi un
réchauffement durant la période 1981-2010. Ces tendances au réchauffement sont consistantes
avec les résultats de New et al. (2006) qui ont montré une augmentation des hautes températures
diurnes et nocturnes en Afrique de 1’Ouest au cours des périodes 1961-2000. Mouhamed et al.
(2013) ont aussi suggéré une tendance generale au réchauffement au Sahel Ouest africain de
1960 a 2010. Par ailleurs, I’analyse des séries temporelles d’indices liées aux pluies extrémes
montrent une augmentation globale dans le bassin pour les périodes 1981-2010. En général,
I’analyse montre une augmentation des pluies totales et intensités dans le bassin de la Volta
Noire de 1981 a 2010. Alexander et al. (2013) ont trouvé que les pluies extrémes a travers le
globe ont augmenté au cours de la période 1951-2003. Bien que les résultats de Mouhamed et al.
(2013) ont montré une diminution de la pluie totale annuelle pour le Sahel Ouest Africain, en
particulier au Burkina Faso de 1961-2010, une augmentation des pluies des jours extrémement
humides et des nombres maxima des jours humides consécutifs ont été observés dans leurs
études pendant la fin des années 1980, comparée a la période 1961-1990.

Les courbes des pluies intra-annuels de la simulation des pluies historiques montre que RCMs
RCA4/MPI-ESM-LR et RACMO022T/ICHEC-EC-EARTH ont bien simulé I’évolution des pluies
dans le bassin, captant le début de la saison des pluies (Avril-Mai-Juin) de méme que la saison
humide (Juillet-Aout-Septembre). L’analyse des pluies moyennes annuelles dans le bassin pour
les derniéres années et la fin du XXle siécle a montré un haut niveau d’incertitudes, avec des
signaux mélangés d’augmentation et de diminution des quantités de pluies dans les modeles. Des
observations similaires ont été faites par Sylla et al. (2016). Une diminution des pluies peut
causer des sécheresses, affecter le développement de ’agriculture et provoquer une chute de la
production de I’énergie hydroélectrique tandis que qu’une augmentation des pluies peut
provoquer des inondations dans le bassin. Consistants avec le dernier rapport du groupe
d’experts intergouvernemental sur les changements climatiques (IPCC 2013), les résultats des
projections de température dans le bassin de la Volta Noire indiquent un climat chaud au cours
des dernieres années et a la fin du XXle siécle sous les deux scénarii RCP par rapport a la
période de référence.

L’évaluation quantitative de la performance via les méthodes statistiques pendant la calibration
du model a donné un R? de 0.86, un RSR de 0.38 et un NSE de 0.85. Ce qui indique que le
modele a bien simulé les débits. Le model a été capable de simuler un peu bien les basses eaux et
de capter la majorité des pointes de debit. En comparaison avec les performances statistiques
générales données par Moriasi et al. (2007) et Santhi et al. (2001), les résultats globaux de la
calibration des débits sont « trés bons ». Les résultats de validation des débits sont généralement
« satisfaisants » (NSE: 0,6; R?: 0,62; RSR: 0,64; PBIAS: 20,1 %). L’évolution des
simulations pendant la calibration et la validation a suivi celle des observations hormis quelques
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différences pour certaines années. Beaucoup d’¢tudes ont démontré I’incapacité du modéle
hydrologique SWAT a simuler les débits de pointe convenablement (e.g. Chu et al., 2004 ; Wang
et al., 2015 ; Himanshu et al., 2017). En genéral, les productions sédimentaires simulées par le
modele sont concordantes avec les observations pendant la calibration et la validation.
Globalement, les résultats de 1’évaluation (NSE : 0,68. R?: 0,76 et RSR : 0,57 °indiquent une
« bonne » performance du model. Pour la période de validation, le rapport de la production
sédimentaire simulée avec les observations a été maintenu. Les résultats de la validation obtenus
(NSE : 0,65 ; R?: 0,74 : RSR : 0,59 et PBIAS : 39,1) étaient satisfaisants.

Par rapport a la période de référence, les scénarii des modeles projettent une augmentation des
débits et de la production sédimentaire pendant les périodes seches pour les annéees 2060s et sous
le scénario RCP 4.5. La seule exception a cette évolution était une projection de diminution des
écoulements en périodes humides avec une augmentation de production sédimentaire par le
RACMO22T/ ICHEC-EC-EARTH. Cette diminution des écoulements et augmentation de
production sédimentaire est identique avec les résultats de Phan et al. (2011) and Shrestha et al.
(2013). La diminution des écoulements avec une augmentation correspondante de la production
sédimentaire peut étre parfois possible avec une diminution des précipitations et une
augmentation de température (Shresta et al., 2013). Sous le scénario RCP 8,5, tous les modeéles
ont projeté une augmentation des écoulements et des sédiments pendant les périodes séches et
humides (Figures Al et A2). Une forte production sédimentaire suivant une augmentation des
écoulements dans les bassins versants peut étre due aux pluies intenses, a I’érosion et au
défrichage des bancs de rivieres. Les bancs des cours d’eau dans le bassin sont majoritairement
sableux et pourraient contribuer aux valeurs de production sédimentaires élevées obtenues. En
général, le cycle saisonnier de la production sédimentaire suit celui des écoulements avec une
augmentation des écoulements conduisant a une augmentation de la production sédimentaire.
Une augmentation des écoulements peut entrainer des inondations dans le bassin et affecter ainsi
la sécurité alimentaire. L’augmentation de la charge sédimentaire dans le bassin peut entrainer
une augmentation de la turbidité des cours d’eau et causer une perte de capacité de stockage des
réservoirs (Walling, 2008).

Le changement le plus visible dans I’utilisation et la couverture du sol au cours des 10 années
(1990 a 2000) était une augmentation des terres cultivees et des terres couvertes d’herbes et une
diminution des savanes. Durant cette période, le taux moyen de croissance de la population dans
le bassin occupé par le Burkina Faso et le Ghana étaient de 2,38% et 2,5% respectivement (Barry
et al., 2005). Au Burkina Faso, prés de 78% de la population totale vivent dans le bassin de la
Volta en 2000 et les aires cultivées représentaient 82,5% des terres cultivées au Burkina Faso
(ibid). L’augmentation des terres cultivées peut ainsi étre attribuée a une augmentation de la
population dans le bassin au cours de cette période car une augmentation de la population
demande plus de terre a cultiver pour vivre. Les aires de foréts ont montré une légére diminution
(309 km?) entre 1990 et 2000. Cette diminution peut étre due & la coupe des arbres pour des
cultures de fourrage pour nourrir les bétails. Comparés aux autres types d’utilisation/couverture
de sols, les terres couvertes d’arbustes ont montré moins de changement (diminution de 19 km?).
Les totaux des débits d’écoulements annuels basés sur les simulations de 1984-2010 ont montré
une diminution légere des débits suite a un changement dans I’utilisation de sols de 1990 a 2000.

CONCLUSION
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L’analyse des événements extrémes ont montré que le bassin de la Volta Noire devient plus
chaud et humide (révélée a travers les augmentations dans les volumes et intensités de pluies) au
cours de la période 1981-2010. La performance du modéle SWAT a simuler les débits et les
productions de sediments historiques du bassin de la VVolta Noire, évaluée a 1’aide de méthodes
statistiques (NSE, R?, RSR et PBIAS) et des calibrations/ validations & pas de temps mensuels
montrent que le modele simule raisonnablement les deux variables. Les résultats de la calibration
pour les débits d’écoulement étaient : R? de 0,86 ; NSE de 0,85 ; RSR de 0,38 et PBIAS de 8,1.
Pour la production de sédiments, les résultats étaient : R* de 0,76 ; NSE de 0,68 ; RSR de 0,57 et
PBIAS de 27,5. Les deux résultats montrent une « bonne » performance du model. Les résultats
de la validation étaient « satisfaisants » pour les écoulements et la production sédimentaire, avec
R? de 0,62 ; NSE de 0,60 ; RSR de 0,64 et PBIAS de 20,1 % pour les écoulements et R? de 0,74 ;
NSE de 0,65 ; RSR de 0,59 et PBIAS de 39,1% pour la production sédimentaire.

Les courbes des moyennes mensuelles des données de pluie et de température simulées non
corrigées, simulées corrigées et observées ont montré que les méthodes de réduction d’échelle
quantile-quantile et transformation quantile-quantile ont une bonne performance dans la
réduction des biais du RCM. Les RCMs individuels affichaient des biais dans la simulation des
pluies historiques du bassin. Tous les modéles simulent bien les températures historiques du
bassin. Par rapport a la période de référence, les volumes annuels de pluies ont montré des
signaux positifs et négatifs a travers les modeles.

Pareillement pour les pluies annuelles, 1’analyse des pluies intra-saisonnieres et saisonniéres a
montré une grande incertitude dans les volumes de pluies futurs, avec une grande variabilité dans
les saisons humides par rapport aux saisons seches. Les projections de températures par les
modéles montrent unanimement un réchauffement du bassin au cours des années 2060s et 2080s
avec des augmentations comprises entre 2 °C (dernieres années du XXle siecle sous RCP 4,5) et
3,7 °C (fin du XXI e siecle sous RCP 8,5). L’analyse de I’évolution de futures pluies annuelles
montrent des directions positives et négatives. Ces tendances étaient cependant statistiquement
insignifiantes a 5% du niveau de confiance. Les évolutions des températures moyennes
annuelles ont montré quant a elles une augmentation statistiquement signifiante des températures
futures dans le bassin. Les hautes températures pourraient affecter la disponibilité de 1’eau dans
le bassin. Puisque la majorité de la population du bassin dépend de 1’agriculture, les problemes
liés au manque d’eau pourraient aggraver la pauvreté dans le bassin. Des mesures d’adaptation
aux hautes températures doivent alors explorées et développées bien en avance. L’analyse
saisonniére des débits moyens annuels et de la production sédimentaire a montré une
augmentation des débits d’écoulements et de la production sédimentaire pendant les périodes
séches et humides au cours des dernieres années et a la fin du XXle siécle sous les scénarios
RCP4,5 et RCP 8§,5. L’analyse des débits moyens annuels et de la production sédimentaire a
montré des augmentations statistiquement signifiantes. L’analyse des changements d’utilisation
et de couverture de sol a montré qu’entre 1990 et 2000, la couverture en terre cultivées et en
herbes a augmenté considérablement, avec une réduction correspondante en savanes. Ces
changements pourraient étre dus a la croissance démographique et 1’utilisation des savanes pour
le bois énergie dans le bassin. L’analyse de sensitivité des débits dans le bassin en lien avec les
10 années de changement d’utilisation de sol ont montré des changements 1égers. Les statistiques
des simulations de débits ont montré cependant, que ces changements sont insignifiants.
Considérant le role de ’utilisation et de la couverture de sol dans les écoulements, 1’analyse de
sensitivité en utilisant différents scénarios hypothétiques extrémes peut étre utile pour conclure
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de facon forte en la sensitivité ou non des écoulements dans le bassin de la Volta Noire aux
changements d’utilisation de sol.
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CHAPTER 1: GENERAL INTRODUCTION

This chapter provides a general introduction of the research and presents the research
background, problem statement, objectives, hypothesis and significance of the study. The chapter
also reviews literature on the subject matter. Definitions and concepts of key terminology of the
research have been defined and explained in this chapter. Further, the effects of soil erosion and
sedimentation as well as climate and land/use land cover (LULC) change in West Africa and the
Volta basin are discussed. The chapter also highlights possible conflicts that may arise from

sharing the river basin in the absence of proper management.

1.1. Context and Problem Statement

Water resources are indispensable in every living system, playing a key role in various economic
and social developments. Water is also important in addressing issues of hunger, health and
poverty. Its availability and accessibility has huge effects on patterns of economic growth for

many regions of the world, especially the African region (Odada, 2006).

Rapid population growths, expansion of irrigated agriculture and industrialization have increased
the demand for water related goods and services worldwide, putting the resource at risk. Climate
change is undeniably occurring and poses additional risks to water resources. The
Intergovernmental Panel on Climate Change (IPCC, 2007) reports that global average surface air
and ocean temperatures are increasing at rates unequivocal to any other period on record.
Changes in climate affect rainfall and temperature which causes changes in the hydrology of
river basins, alters streamflow and modifies the transport characteristics of sediments (Tu, 2009).
In West Africa, climate change impacts coupled with the anticipated reduction in rainfall and an
increase in potential evaporation rates over the entire Volta River Basin threaten to increase the

challenges associated with insufficient water resources in the basin region (Kasei, 2009). Studies
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by Obuobie (2008) and Awotwi et al. (2015) revealed that the White Volta Basin is sensitive to
changes in climate, with increases in temperature and rainfall resulting in increases in annual

surface runoff, annual baseflow and evapotranspiration.

Land-use/land-cover (LULC) is another important factor that affects water resources (Stonestrom
et al., 2009). Studies by Elfert and Bormann (2010), Ghaffari et al. (2010) and Li et al. (2009) for
example, have shown that LULC change affects hydrological processes. Land-use/land-cover is
linked directly with the hydrological cycle and influences the partitioning of rainfall into runoff,
evapotranspiration, infiltration (Foley et al., 2005) and sediment yield (Walling, 1994). To this
end, changes in LULC constitute an important human interference that affects the quality and

quantity of water resources (Dwarakish and Ganasri, 2015).

Lahmer et al. (2001) have shown that although the hydrological effects of land use/land cover
and climate variation/change happen at all spatial scales, studies conducted at smaller scales,
(e.g. regional level) tend to be more beneficial for the provision of key information for local

developments.

The water resources of the Black Volta River Basin support important economic activities such
as agriculture, hydro-power generation and domestic water supply in Ghana, Burkina Faso and
Cote D’lvoire. The hydrological benefits of the basin could however be threatened by global
change (Kasei, 2009). It is established that climate variability and/change can cause changes in
peak-flows and volume of water in rivers (Prowse et al., 2006), whereas changes in land use can
cause changes in flood frequency, infiltration, groundwater recharge, base flow, runoff and
annual mean discharge (Brath et al., 2006; Costa et al., 2003; Crooks and Davies, 2001; Lin, et

al., 2007).



A number of drought events affected the water resources of the studied basin in the 1980s and
1990s (lIED, 1992 cited in Kasei, 2009) and were worsened by increases in hydrologic
seasonality (Kasei, 2009). The exacerbation of seasonal rainfall together with climate change and

land use/land cover change may have some more profound effects on the water resources.

1.2. Literature Review

1.2.1. Climate Change

According to the United Nations Framework Convention on Climate Change (UNFCCC),
climate change is “a change of climate which is attributed directly or indirectly to human activity
that alters the composition of the global atmosphere and which is in addition to natural climate

variability observed over comparable time periods” (IPCC, 2007b).

1.2.2. Land use
Land use refers to how mankind use land and land resources, for example for agricultural
purposes, mining and urban development. The FAO (1997a) defines land use as the human

action, which alters land cover.

1.2.3. Land cover
Land cover is the physical undisturbed state of the surface of the land. It includes categories like
forests, roads, cropland and urban areas. Land cover has also been defined by several other
authors (Di Gregorio and Jansen, 1998; Jansen and Di Gregorio, 1998) as the observed (bio)

physical cover on the surface of the earth.

1.2.4. Land use/land cover change
Land use/land cover (LULC) change can be classified into two; conversion and modification

(Butt and Olson, 2002). Land use/land cover conversion occurs when there is a complete change



from one cover/use to another. In such a situation, one land cover type completely replaces
another, and changes its classification e.g. conversion of forest land to urban settlement. In the
case of land use/land cover modification there is a slight change which alters the characteristics
of the land cover. In this instance even though the land cover is modified the original is retained
giving rise to the maintenance of the original classification e.g. fragmented forest or overgrazed
grassland. According to Butt and Olson (2002), key LULC changes include desertification,
wetland drainage, deforestation and agricultural extensification. Land use/land cover changes are
caused by both natural and human driving forces (Meyer and Turner, 1994). Human beings
however, play a key role in contributing to land use/land cover change. At the same time, they

are equally affected by the changes (Lambin and Geist, 2006).

1.2.5. Soil erosion and sediment yield

Sediment yield is the amount of sediment supplied at the outlet of a catchment at a specific time
(Patra, 2001) and result from erosion and deposition processes within a basin (Jain and Das,
2010). It is the sum of sediments generated by overland flow, gully, and stream channel erosion
in a catchment (Duru, 2015). Transport of sediment in the channel network is a function of

degradation and aggradation (Neitsch et al., 2005).

Runoff transport capacity is the main factor which controls sediment yield (Mutchler et al.,
1988). As such, whenever runoff transport capacity is insufficient to sustain transport, the bulk of
the sediment gets deposited at intermediate locations (Julien, 2010). Only a small fraction of
eroded sediment within a drainage basin usually finds its way to the outlet. Sediment yield from
catchments are usually slightly lower than the rates of soil erosion measured from plots of
hillslope (Edwards, 1993 and Wasson et al., 1996). This shows that most sediments move only

short distances (Parsons and Stromberg 1998) and then gets deposited. Varying proportions of
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the eroded materials are deposited between the source and the outlet, with a large proportion

usually remaining in lakes or reservoirs.

In the Volta River Basin, erosion occurring upstream of the basin causes sediments to fill river
channels and reservoirs, thereby reducing the quality of the water in the process. A major source
of degradation of the water resource is thus the transport of sediment among the riparian
countries of the Basin (Barry et al., 2005). Sedimentation also affects the storage capacity and
life span of reservoirs and dams in the Volta Basin (Mul et al., 2015) and may lead to floods and

hamper the fight against food insecurity in the region.

According to Nagle (2000), materials which make up sediment yield are of three different types:
dissolved load (soluble materials carried as chemical ions); suspended load (made up of clay and
silt held up by the turbulent flow), and bed load (includes larger particles moved by saltation,
rolling and sliding). The quantity of sediments transported by streams usually contain between
70 and 99% suspended load (Babinski, 2005). The rest of the sediment materials are transported
by saltation or intra-sediment movement (Yves, 2008). Sediment yield in a catchment reflects
soil type, land cover/use, hydrology, topography, runoff, drainage network, sediment

characteristics and geologic formation (Stand and Pemberton, 1982 cited in Duru, 2015).

1.2.6. Climate Change and evidence of global warming in West Africa
There is an overwhelming scientific agreement that humans are contributing to global warming.
The Intergovernmental Panel on Climate Change (IPCC) has since its establishment provided
evidence in support of the warming of the climate system. The IPCC is a scientific international
body set up by the World Meteorological Organization (WMQ) and by the United Nations

Environment Programme (UNEP) in 1988 to assess the science related to Climate Change. In its



Fifth Assessment Report, the IPCC highlights that successively warming trends have been
recorded over the Earth’s surface in the last three decades than any preceding decade since 1850
(IPCC, 2014a). For major parts of Africa, warming could go beyond 2 °C by 2050 and rise by as
much as 2.6-4.8 °C by the end of the century under both medium and high emission scenarios
(IPCC, 2013). Temperatures in West Africa are expected to rise by between 3 °C and 6 °C by
the end of the 21 century under a range of scenarios. Unlike temperature, projections for rainfall
in West Africa are less certain. Many global models however project a wetter main rainy season
with a slight delay in the onset of the rainy season by the end of the 21 century (CDKN, 2014).
Although Africa’s contribution to greenhouse gas emissions has not been as much as the
emissions by other regions of the world, the costs it faces, for example in terms of health issues,
will continue to be huge due to the low adaptive capacity (Boko et al., 2007). Due to the
projected mean changes in rainfall, temperature and increases in the frequency of extreme events
(Rosenzweig et al., 2002) climate change is expected to amplify the pressure on water
availability, affect food security and impact on human health significantly in the Africa region

(IPCC 2013, IPCC 2014b).

1.2.7. Land use/land cover change in West Africa and the Volta Basin
The West African land cover has seen some changes in the past forty years as a result of increase
in population, increases in the use of land for agriculture and economic development as well as
the spread of settlement (Braimoh and Vlek 2005; Abbas et al., 2010; Ouedraogo et al., 2010).
Land cover change analysis within the Volta Basin for the years 1990, 2000 and 2007/8, for
instance showed that 36% of the 400,000 km? Volta Basin area saw some changes over the 18

years (1990-2008), with 64% remaining unchanged (Liebe et al., 2010).



1.2.8. Climate Change effects on water-related disasters in the Volta Basin
The Volta Basin has experienced loss of lives, severe damage and large economic and societal
losses resulting from unexpected weather conditions in the region over the past 40 years.
Extreme weather or climate event, popularly termed extreme event, is one of the key
manifestations of climate change in a region or an area. It occurs when the “value of a weather or
climate variable exceed (or go below) a threshold value near the upper (or lower) ends (‘tails’) of
the range of observed values of the variable” (IPCC, 2012). The high spatial and temporal
variability of rainfall intensities and amount within and between the countries that share the
Volta River has greatly exacerbated local water shortages and competition in the basin. In the
past few decades, the region has recorded significant increases in the frequency of heavy rainfall
events and a common occurrence of droughts (Oyebande and Odunuga, 2010), resulting in
several instances of water-related disasters. In 2007, for instance, a massive rainfall in the Basin
caused severe flooding which resulted in the death of 56 people in Ghana (OCHA, 2007).
Severe flooding also occurred in Northern and Central Burkina Faso over a 30-year period
(1988,1992, 1994, 2007, and 2009) after drought events (World Bank, 2011), with the 2007 and
2009 floods inundating about 33,000 ha and 22,220 ha of farmlands respectively. In addition, the
2009 floods destroyed 15 dams and 42,000 homes (Burkina Faso Post-Disaster Needs

Assessment, 2010).

1.2.9. Water uses in the Volta Basin
The water resources of the Volta basin are used mainly for hydro-power generation, agriculture
and domestic water supply. Ghana, which is located downstream of the Volta basin relies heavily
on the Volta river for hydro-power production as opposed to Burkina Faso, which has invested in

water infrastructure upstream of the basin mostly for irrigated agriculture. The different uses can



lead to conflicts between countries if water infrastructure investments in the Volta basin are not
optimized for mutual benefits. Most often than not, Ghana blames upstream Burkina Faso when
there is too much or too little water downstream as is usually the case between riparian countries.
For instance, the 2007 flood in Northern Ghana which caused severe economic losses was linked

to the spilling of water from the Bagre dam in Burkina Faso (Armabh et al., 2010).

1.3. Research Questions

The main research questions addressed in this thesis included the following;

e What has been the trends in extreme rainfall and temperature events in the BVRB?

e How will the future climate (precipitation and temperature) of the BVRB change with
respect to the present?

e How can the SWAT model be adapted to simulate the flow and sediment yield of the
BVRB? and

e How will changes in climate and land use/land cover impact on streamflow and sediment
yields in the Black Volta River Basin?

1.4.  Thesis Objectives

1.4.1. Main Objective

The overall objective of the study is to contribute to the sustainable water resources management
and hydropower generation in the Black Volta River Basin by investigating the impacts of
climate change on streamflow and sediment yield and assessing the sensitivity of the basin’s

flow to land use/land cover change in the basin.

1.4.2. Specific objectives

The specific objectives were to:

1. Analyze historical trends in extreme rainfall and temperature events in the BVRB,;



2. Develop and analyze local climate scenarios through statistical downscaling of
projections from regional climate models;

3. Adapt the Soil and Water Assessment Tool (SWAT) hydrological model to simulate
streamflow and sediment yield in the BVRB;

4. Assess the impacts of climate change on streamflow and sediment yield; and

5. Assess the sensitivity of streamflow to changes in LULC in the BVRB.

1.5. Research Hypothesis

This research hypothesizes that change in climate and land use/land cover will impact negatively
on the streamflow and sediment yield in the BVRB, the largest sub-basin of the Volta River

Basin in West Africa.

1.6. Novelty

Climate change is expected to have severe impacts on both human and natural systems
worldwide and Africa in particular (Boko et al., 2007; Chinowsky et al., 2011). The Volta basin
of West Africa is by no means exempted from the impacts of climate change (Kankam-Yeboah
et al., 2013). Very few studies have been conducted to assess the impact of climate change on the
hydrology of the Volta basin and some of its sub-basins, namely, the White Volta, Black Volta
and Pru (Kankam-Yeboah et al., 2013; Sood, 2013; Obuobie et al., 2013; Obuobie et al., 2012;
Obuobie, 2008; Andah et al., 2004; Opoku-Ankomah, 2000). However, nearly all the studies
used climate projections from a single Regional Climate Model (RCM) driven by one Global
Climate Model (GCM) and based on one IPCC Scenario experiment. Therefore, these studies
were unable to adequately quantify the uncertainties associated with the climate projections used
in their analysis. To overcome this drawback this study makes use of a number of RCM/GCM

combinations. Regarding land use/land cover, its impact or sensitivity to streamflow in the



studied basin has not been researched. Such information is important for sustainable water

resources management including reliable hydropower generation in the Black Volta Basin.

1.7.  Scope of Thesis

The study covers analysis of trends in past extreme events in the BVRB and makes projections of
future precipitation and temperature. A detailed analysis of climate change impact on the basin’s
flow and sediment yield is carried out using the multimodel ensemble approach. The study does
not cover in-depth analysis of potential impact of land-use/-cover change on the basin’s

hydrology. Only sensitive analysis is conducted.

1.8. Expected Results and Benefits

This study will generate impact specific information and data for informing water management
decisions, climate change adaptation and land-use/-cover planning in the Black Volta Basin. The
results from the study can contribute to attaining the UN Sustainable Development goals 1, 2, 3,

6 and 7 which all have linkages to water.

1.9. Outline of the Thesis

This thesis has 8 chapters, each of which contains information, data, and knowledge that

contribute to addressing the overall objective of the research.

Chapter 1 provides a general introduction of the research. The chapter also contains review of
literature on the subject matter. Definitions and concepts of key terminology of the research have
been defined and explained in this chapter. The research background, problem statement,

objectives, hypothesis and significance of the study are presented in this chapter.

10



Chapter 2 describes the study area, starting with a general description of the main Volta River
Basin and narrowing it down to the Black Volta River Basin. The physical features, climatic

conditions, hydrology and surface water use and development are presented.

Chapter 3 deals with the data sets, materials and methodology used in achieving the objectives of
this research. The procedure used in analyzing the extreme events in the BVRB for the 1981-
2010 period is described. The details of the modelling process with the Soil and Water
Assessment Tool (SWAT) model are also provided. A description of the downscaling technique
and the bias correction methods used are presented, together with the procedure used in the
climate change projects. The methodology used in the sensitivity analysis of land use/land cover

change on the flow of the basin is also presented.

Chapter 4 presents and discusses the results of the extreme event analysis. The results of the
hydrological modelling with SWAT are presented and discussed in Chapter 5. In particular, the
model sensitivity analysis, calibration and validation results are discussed. The results of the
climate downscaling and bias correction aspect of this research are presented and discussed in
Chapter 6 together with the projected changes in rainfall and temperature. Chapter 7 discusses
the impact of climate change on streamflow and sediment yield in the basin as well as the

sensitivity of flow to changes in LULC.

Chapter 8 presents the conclusion and perspective of the study and provides recommendations
for the sustainable management of the water resources of the basin informed by the results of this

study.
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CHAPTER 2: THE STUDY AREA

2.1. Introduction

This chapter first presents a general description of the Volta River Basin (VRB) and goes further

to provide detailed description of the Black Volta River Basin where the study was conducted.

2.2. General overview of the Volta River Basin

The 400,000 km? Volta River Basin is located in West Africa and stretches between latitudes 5
°N and 14 °N and longitudes 2 °E and 5 °W. The Basin is shared by six West African countries,
namely, Benin, Burkina Faso, Céte d'lvoire Ghana, Mali, and Togo (Figure 2.1). The major part
of the Basin is shared by Burkina Faso and Ghana (about 82%) with the remaining 18% shared
by the other four countries (Rodgers et al., 2007). The basin had an estimated population of 18.6
million in 2000, projected to reach 33.9 million by 2025 (Biney, 2010). A highly variable
geographic distribution exists within the basin, with densities ranging from 8 to 104 persons/km?

(Barry et al., 2005).

The Volta Basin has 4 main sub-basins, namely, Black Volta (147,000 km?), White Volta (106,
000 km?), Oti (72,000 km?) and Lower Volta. The Lower Volta is formed through the joining of
the Black and White Volta Rivers in the north of Ghana. The Volta Basin is largely flat with a
mean elevation of about 257 m (Obuobie, 2008). The lowest point is found in the Lower Volta
(elevations of about 1 m) and the highest point in the Oti Basin (elevations of about 920 m)
(Barry et al., 2005). Agriculture is the main economic activity in the Volta basin with about 70 to
90% of the population depending on subsistence farming (Rodgers et al., 2006, cited in Obuobie,

2008). The population also exploits the natural resources for survival (Barry et al., 2005).
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Figure 2.1: Map of Volta River Basin showing the four major sub-catchments (Geoportal of Volta
Basin Authority, 2015)

2.3. Climate and hydrology

The climate of the Volta Basin is largely dependent on the movement of the dry North-East
Trade winds from the interior of the African continent and the moist South-West Trade winds
that blow from the seas (Amisigo, 2005 cited in Obuobie, 2008). The basin area has three climate
zones; the humid south, the tropical transition zone and the tropical zone. The humid south and
tropical transition zones each experience two rainfall seasons. While the rainfall seasons in the
humid south are strongly bi-modal (peaking in June and September), those in the tropical
transition zone are weakly bi-modal (Figures 2.2 and 2.3). The tropical zone on the other hand

has just one rainfall season (Figure 2.4) which peaks in August/September (Barry et al., 2005).
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Rainfall is distributed evenly in the humid zone throughout the year but poorly distributed in the
tropic north zone. Over 70% of the total annual rainfall in the tropic north zone falls between

June and September (Amisigo, 2005).

In general, higher rainfall amounts are experienced in some parts of the basin (e.g. 1600mm in
the south-eastern section in Ghana) with smaller amounts in other parts (e.g. approximately 360
mm in the northern part of Burkina Faso). There have been some changes in the rainfall patterns
in some of the Volta Basin’s sub-catchments since the 1970’s with a reduction in rainfall and
runoff (Opoku-Ankomah, 2000). The beginning of the rainy season has also become difficult to

predict (Obuobie, 2008).

Mean annual temperature in the Basin is higher in the northern half of the basin than in the
southern half. According to Oguntunde (2004), mean daily temperature is about 36 °C in the
north and 27 °C in the south. Humidity is between 6% and 83% (Barry et al., 2005). Mean annual
potential evaporation is about 1,500 mm in the south and above 2,500 mm in the north of the
Basin (Kasei, 2009). Annual mean potential evapotranspiration ranges from 1,800 mm in the
coastal zone to 2,500 mm in the northern portions of the Basin (Green Cross International, 2001).
Oguntunde (2004) estimated that about 80% of the rain which falls in the Basin during the rainy
season is lost to evapotranspiration. Potential evapotranspiration exceeds rainfall for most parts

of the year (Obuobie, 2008).
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Figure 2.2: Mean monthly rainfall and temperature (1970-2000) at Ejura-Ghana (Kasei, 2009)
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Figure 2.3: Mean monthly rainfall and temperature (1981-2010) at Kete Krachi - Ghana
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Figure 2.4: Mean monthly rainfall and temperature (1981-2010) at Dedougou, Burkina Faso

2.4. Geology and soils
The geology of the Volta Basin (Figure 2.5) is largely (over 90%) comprised of the Precambrian

basement crystalline formation that are related to the West African Craton and the Proterozoic to
Paleozoic consolidated sedimentary formation (Obuobie et al., 2016; Mul et al., 2015).
According to Key (1992) and MWH (1998), both cited in Mul et al. (2015), the basement
crystalline formation consists of igneous rocks, metamorphic rocks, granite-gneiss-greenstone
rocks, and anorogenic intrusions while the consolidated sedimentary formation consists of
shales, mudstones, arkose, limestones, sandstones and sandy and pebbly beds. Other geological
formation of importance in the basin is the unconsolidated sedimentary formation that consists of
the recent tertiary sandstones and thick layers of sandstones together with schists, conglomerate
and dolomite (Martin 2006; Obuobie and Barry 2012). Further information on the geology of the
Volta Basin can be obtained from Obuobie et al., (2016), Mul et al. (2015), Obuobie and Barry
(2012) and Martin (2006). The soils of the Basin (Figure 2.6) are derived from weathered parent

material of the mid Palaezoic age (Andah et al., 2005 cited in Obuobie, 2008) with the topsoil
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characterized by the buildup of organic matter (Kasei, 2009). The soils in the north of the basin
(Burkina Faso) are mostly of lateritic type while that in the south (Ghana) is mainly lixosols.
These weathered soils are mostly kaolinite clays high in iron, aluminium and titanium oxide. The
soils in the northern savannah part of the Basin have less organic matter and lower nutrient
content than the forest soils in the south (Kasei, 2009). The arenosols, mostly found in the arid
northern portion of the basin, constitute the other main group of soils in the basin (Jung, 2006).
These soils have high infiltration rates and are red in colour due to the sand being coated with

iron oxides (Jung, 2006).
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Figure 2.5: Volta Basin Geology (Glowa Volta Project, obtained from Mul et al.,, 2015)
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Figure 2.6: Volta River Basin soil map (Mul et al.,, 2015)

2.5.

Land cover in the Volta Basin is dominated by the savannah land cover (Figure 2.7), which
covers about 86% of the basin (Obuobie 2008). The remaining (14%) land cover is made up of
croplands and natural vegetation wetland, forest cover and urban/industrial areas (WRI, 2003
cited in Obuobie 2008). Cultivated crops include cereals such as maize and millet, root crops and
vegetables (Obuobie, 2008). Land cover type has a major influence on runoff processes

including infiltration (Chevallier and Planchon, 1993; Giertz, 2004).

Land cover and land use
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Figure 2.7: Land cover map of the Volta River Basin (Barry et al., 2005)

2.6. Surface water development and use

The Volta River Basin has a number of reservoirs constructed to mobilize water for agriculture,

energy generation and water supply. The basin houses one of the world’s largest man-made

lakes, the Volta Lake, which resulted from the construction of the Akosombo Dam in Ghana in

1964 for hydropower generation. The lake has a surface area of 8,500 km? and a storage capacity

of 148 km® (FAO, 1997b). The Kpong Headpond is a relatively smaller hydroelectric dam

constructed in 1981 at Kpong, 20 km downstream of Akosombo with an area of about 40 km?

(WRC, 2016). Together the Akosombo dam and Kpong headpond generate about 1,180 MW of

hydropower (Ghana Energy Commission, 2015). The ever increasing energy demands and high

energy costs in the country has, however, led to the establishment of a third dam, the Bui, located
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in the Bui Gorge of the Black Volta Basin, approximately 150 km upstream of Lake Volta
(Environmental Resources Management, 2007). The construction of the dam began in 2009 and

started operation in May 2013 with a hydropower generation of about 400 MW.

A number of other small and large dams have also been constructed by governments, local
populace and Non-Governmental Organizations (NGOs) in the other 5 riparian countries of the
basin. These constructions occurred after the severe droughts of 1970s and 1980s and are mainly
for irrigation and watering of livestock for food security. A typical example is the case of the
Nakambé (White Volta) sub-basin in Burkina Faso where more than 600 small dams have been
built (Barry et al., 2005). Power generating dams have also been constructed on the Oti River at
the border between Togo and Benin and in some of the Volta main tributaries (e.g., Bagre on
White Volta and Kompienga on Oti in Burkina Faso). The power generating capacities of the

Bagre and Kompienga dams are 16 MW and 14 MW, respectively (Mul et al., 2015).

The mean annual groundwater recharge of the Volta River system is approximately 5-13% of
annual rainfall (Martin, 2006). Since surface water is becoming increasingly insufficient for
many communities in the basin, most of the people have resorted to the use of groundwater for

everyday domestic purposes and for irrigation.

2.7. The Black Volta River Basin

2.7.1. Location and administrative boundaries

The Black Volta River Basin (Figure 2.8) is located between Latitude 7°00°00”N and
14°30°00”N and Longitude 5°30°00”W and 1°30°00”W (Annor, 2012). With a total area of about
142,056 km % (Kasei, 2009), it is the largest sub-catchment of the Volta River Basin. It is shared

by Ghana, Burkina Faso and Cote D’Ivoire.
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Figure 2.8: The Black Volta sub-catchment within the Volta Basin (Annor, 2012)

2.7.2. Rainfall, temperature and evaporation

The BVRB experiences two contrasting rainfall seasons: the rainy season and the dry season.
Rainy season spans from May to September during which over 76% of the total annual rainfall
occurs (Amisigo, 2005 cited in Obuobie, 2008) with the remaining months being dry and hot.
Mean annual rainfall ranges between 1,043 mm - 1,270 mm, with annual evapotranspiration of
about 1,450 mm/year to 1,800 mm/year. Mean monthly minimum temperature for the basin
ranges between 18 °C in December to 25 °C in April while mean maximum temperatures vary

from 30 °C in August to 37 °C in April (Figure 2.9). The spatial distribution of rainfall in the

BVRB is presented in Figures 2.10 and 2.11.
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Figure 2.10: Inter-annual rainfall (1981-2010) at 4 gauge stations in the north of the basin in

Burkina Faso
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Figure 2.11: Inter-annual rainfall (1981-2010) at 4 gauge stations in the south of the basin

in Ghana
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2.7.3. Vegetation and land use /land cover

The BVRB belongs to the Guinea and Sudan savannah agro ecological zones. The dominant
vegetation is savannah woodland. Majority of the land in the basin is used for agricultural
purposes, with most of the crops (e.g. millet, sorghum, rice and maize; cassava, beans,
groundnuts and yams) cultivated under rain-fed conditions. During the dry season, some farmers
in the region cultivate vegetables. Livestock grazing is usually done on free range. In the dry
season, however, herdsmen migrate with their animals in search of feed and water in nearby
communities (Barry et al., 2005). Usually, most herdsmen (commonly known as “fulani”)
migrate from Mali and Burkina Faso to the lower parts of the basin in Ghana (Annor, 2012)
where the grass is greener. As this movement places a lot of pressure and burden to Ghanaian

communities, there is often big strife between herdsmen and affected community members.

2.7.4. Geology and soil
The Black Volta Basin geology consists mainly of granite, Birimian, Voltaian and Tarkwaian
systems (Gordon and Amatkpor, 1999; Barry et al., 2005). The Birimian system is made of
gneiss, granite-gneiss, phyllite, migmatite, schist and quartzite (Gyau-Boakye and Tumbulto,
2006). The Voltaian system is made of Precambrian to Paleozoic sandstones, shale and
conglomerates. The Tarkwaian system consists of quartzites, phyllites, grits, conglomerates, and
schists. The underlying rocks of the basin are without inherent porosity and so groundwater is
stored only in fractures in the rocks (Barry et al., 2005). Based on the FAO claissification, the

soils of the BVRB are dominantly Luvisols and Gleysols (Figure 2.12).
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Figure 2.12: Dominant Soil types in the Black Volta River Basin (Annor, 2012)

2.7.5. Population
The population of the BVRB was around 4.5 million as of year 2000 and projected to reach 8
million by 2025 (Annor, 2012). The basin’s population density ranges between 8 and 123
people/km? (Allwaters Consult, 2012), with a population growth rate of around 3% per annum

(Green Cross International, 2001).

2.8. Conclusion

Due to the numerous services it offers, the Black VVolta River Basin in West Africa remains an

important resource especially for the four countries surrounding it.
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CHAPTER 3: DATA, MATERIALS AND METHODS

This chapter describes in detail the data, materials used and procedure followed in achieving the

objectives of the study.

3.1. Data
3.1.1. Soil and Water Assessment Tool (SWAT) input data

The input data used for setting up the SWAT model for the Black Volta basin included a digital
elevation model (DEM), the year 2000 land-use/land cover (LULC) map, soil map and data, data
on climate, plant growth, management and the Bui reservoir. The land use map for the year 1990
was used in the land use sensitivity analysis. Streamflow and sediment yield data covering a
period of eleven years (2000-2010) and eight years (2000-2007) respectively, were used for

calibrating and validating the model.

3.1.2. Digital elevation model (DEM)
The Shuttle Radar Topographic Mission (SRTM) Digital Elevation Model (DEM) provides
reliable global coverage of topography and stream network and was used in this study for
watershed delineation. The DEM (Figure 3.1) was obtained from the CGIAR-CSI Consortium
for Spatial Information server (http://srtm.csi.cgiar.org/index.asp) and had a resolution of 90 m.

All data voids had been filled when the DEM was obtained.
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Figure 3.1: SRTM DEM of the Black Volta Basin (Source: The CGIAR-CSI Consortium for Spatial
Information server - http://srtm.csi.cgiar.org/index.asp)

3.1.3. Land use/land cover map and data
The year 2000 land-use/-cover map (Figure 3.2) with a resolution of 250 m obtained from the
GLOWA Volta project of the Center for Development Research (ZEF), Germany, was used in
setting up the SWAT model. The original legend of the map was modified to allow for modelling
in SWAT as shown in Table 3.1. The existing SWAT look up table was also modified to include

land use/land cover types that were not already present (e.g. savanna) in SWAT 2012.
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Figure 3.2: Land use/land cover map used as input in SWAT (Data source: Glowa Volta project)
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Table 3.1: User-defined SWAT LULC classes for the Black Volta Basin

Land use
No. class Description
1 SAVA Savanna
2 FRSE Forest-Evergreen
3 SHRB Shrubland
4 GRAS Grassland
5 AGRL Agricultural Land-Generic
6 WETN Wetlands-Non-Forested
7 WEHB Herbaceous wetland
8 URMD Urban Medium Density
9 WATR Water Body
10 BARR Barren

3.1.4. Soil map and data

The BVRB soil map (Figure 3.3) used in this study was obtained from the FAO digital soil map
of the world and derived soil properties (FAO, 1995). Soil properties play an important role in
the hydrological process of watersheds. Soil physical characteristics determine the movement of
water and air within the HRU and are required for modelling in SWAT. In addition to the digital
soil map, the SWAT model requires information on the physical and chemical properties (e.g.
soil depth, soil texture, hydraulic conductivity and bulk density, and organic carbon) of each soil
layer modeled. These data were obtained from the FAO digital soil map of the world and derived
soil properties (FAO, 1995) and the Soil Research Institute (SRI) in Ghana. A user table specific
for the Black Volta River basin soil layers was appended to the existing soil table in the SWAT

database using Arc toolbox in ArcGIS since the soil types found in the study area are not
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included in the US soils database. A list of soil properties required for modelling in SWAT is

listed in Table 3.2.
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Figure 3.3: Soil map of the Black Volta Basin used as input in SWAT
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Table 3.2: Soil physical properties required for modelling in SWAT (Arnold et al,,
2012a)
Soil parameter | Description Unit
NLAYERS Number of layers in the soil (min 1, max 10) -
HYDGRP Soil hydrologic group (A, B, C, D) -
SOL_ZMX Maximum rooting depth of soil profile mm
Fraction of porosity from which anions are
ANION_EXCL | excluded -
Potential or maximum crack volume of the soil
profile expressed as a fraction of the total soil
SOL_CRK volume [optional] -
TEXTURE Texture of soil layer [optional] -
SOL Z Depth from soil surface to bottom of layer mm
SOL_BD Moist bulk density Mg/m”3 or g/cm”3
SOL_AWC Available water capacity of the soil layer mm H,O/mm soil
SOL_K Saturated hydraulic conductivity mm/hr
SOL_CBN Organic carbon content % soil weight
CLAY Clay content % soil weight
SILT Silt content % soil weight
SAND Sand content % soil weight
ROCK Rock fragment content % total weight
SOL_ALB Moist soil albedo -
0.013 (metric ton
Soil erodibility factor m”2 hr)/(m”~3-metric
USLE_K ton cm)
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3.1.5. Climate data
The observed daily climate data used in this study for the extreme event analysis and for setting
up the SWAT model were obtained from the Ghana Meteorological Agency and the Direction
Generale de la Meétéorologie, Burkina Faso. The data included daily rainfall and
minimum/maximum air temperature and were from 11 synoptic climate stations (Figure 3.4) in
the BVRB and covered the period 1981-2010. During the extreme event analysis, data for only 6
(Bobo-dioulasso, Bole, Boromo, Dedougou, Gaoua and Wa) out of the 11 stations were available
so these were used. For the SWAT modelling, all 11 climate station data were used. SWAT
requires climate data such as rainfall, maximum and minimum air temperature, solar radiation,
wind speed and relative humidity to calculate the water balance of a river basin. The SWAT
model reads the values for weather parameters directly from records but in cases where there is
missing data in any of the weather data, a weather generator incorporated in SWAT can be used
to fill in gaps in data and/or simulate data. Three climate stations (Bobo-Dioulasso, Bole and
Dedougou) in the BVRB, with almost complete (> 98%) climate data were used for generating

missing records in the data of the other stations (Annex 1).
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3.1.6. Discharge data

Monthly discharge data from the streamflow gauge at Bui on the main course of the BVRB
(Figure 3.5) was used for calibrating and validating the SWAT model. The discharge data,
covering a period of eleven years from 2000 to 2010 was obtained from the Ghana Hydrological
Services Department and the Water Research Institute (WRI) of Ghana. Bui has a drainage area

of about 127,926 km?.

Legend
Bui dam
@® Stream gauge_Bui
¥ Sediment sampling_Chache

Main stream network

‘:] Black Volta Basin

O Kilometers
0 2550 100 150 200

Figure 3.5: Location of sediment sampling site, Bui dam and Bui discharge station in the Black
Volta Basin.
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3.1.7. Reservoir data

The 400-megawatt Bui dam (Figure 3.5) is the main reservoir located on the main course of the

Black Volta River. The data required for reservoir water balance modelling in SWAT (shown in

Table 3.3) were obtained from literature, Water Research Institute in Ghana and the Bui Dam

Authority in Ghana.

Table 3.3: Characteristics of the Bui dam

Parameter Description Value Unit

MORES Month the reservoir became operational May _

IYRES Year of the simulation the reservoir became operational | 2013 _
Reservoir surface area when the reservoir is filled to the

RES_ESA | emergency spillway 44000 ha
Volume of water needed to fill the reservoir to the

RES_EVOL | emergency spillway 1257000*10E4 | m*
Reservoir surface area when the reservoir is filled to the

RES_PSA | principal spillway 35000 ha
Volume of water needed to fill the reservoir to the

RES_PVOL | principal spillway 772000%10E4 | m?®

RES_VOL | Initial reservoir volume 694800*10E4 | m®

3.1.8. Sediment data

Measured data on sediment yield are very limited in developing countries including the riparian

countries of the Black Volta River Basin. In Ghana, for example, sediment yield data is limited

due to the high cost associated with sampling and lack of logistics (Akrasi, 2011). The problems

of lack of continuous suspended sediment concentration records and hence sediment load data

can be overcome through development of sediment rating curves (e.g.,Walling 1977). In a

number of studies (e.g., Walling, 1977 and Zhang et al., 2012) suspended sediment load have
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been estimated using sediment rating equations. For this research, sediment yield data for
calibrating the SWAT model were generated from sediment rating curve established for the
Black Volta Basin at Chache. Chache is located on the lower course of the main BVRB (Figure
3.5) and was chosen for suspended sediment sampling because of the availability of historic flow
discharge data for the development of sediment rating curve for the Basin. Sediment (suspended)
sampling for laboratory analysis of sediment concentration was done once every month from
May 2014 to June 2015 using the depth integration procedure (Guy and Norman, 1970). Flow
measurements were also taken with the mobile OTT Qliner 2 each time sampling was done.
When maintained in a stationary location in a river, the Qliner measures the water depth and
velocities of water passing through the vertical axis of the instrument and calculates the average
flow velocity of each vertical as well as the partial discharge of a discharge segment in
accordance with the mid-section method (Rantz et al., 1982). The final stream discharge is
calculated as the total of all sub discharges when the measurement is completed. Details of the
operating principles and instructions of the OTT Qliner 2 can be found in the OTT Hydromet
2011 user manual. Following the evaporation method (Tilrem, 1979) suspended sediment

concentration was calculated using equation 3.1 below.

sediment weight (total weight of sand+clay+silt
Cs = Bt ( g S 06 e (3.1)

smple weight (weight of water+sediment)

Cs = sediment concentration (ppm, same as mg/l for sediment concentration between 0 - 15,900

parts per million)

The suspended sediment concentration was converted to values of tons/day using equation 3.2

below:



where Qs is sediment discharge (tons/day), Q. is water discharge (m®s), Cs is sediment
concentration (mg/l), and k is 0.0864

Suspended sediments move at a close velocity with flow velocity (McMahon et al., 2004)
making sediment load a function of water discharge. After obtaining the sediment discharge
(tons/day), the sediment rating curve was developed for suspended sediment load (Load) and

water discharge (Q) for Chache (see Annex 2) using equation 3.3.
Load = AQP ... o (3.3)
where a and b are empirical parameters.

The resulting sediment rating equation S = 1.1168Q*3*? (where S is the suspended sediment
load in tons/day and Q is the discharge in m®s) developed for Chache was used together with
historic streamflow data to generate historical suspended sediment yield data for the BVRB.
Bedload was estimated as 25% of suspended load using Maddock’s (1975) ratios for estimation
of bedload (Annex 3). The total sediment yield for Chache was obtained by taking the sum of

suspended sediment yield and bedload (Annex 4).

3.1.9. Other data
Other data e.g., plant-cover and land use factor, and potential heat unit that were used in setting

up the SWAT model for the Black Volta Basin were obtained from literature.

3.1.10. Scenarios data
The scenarios data used for climate change impact assessment were obtained from the archives
of the Coordinated Regional Downscaling experiment (CORDEX) for the West African region.
The data included daily rainfall and maximum and minimum temperature series for the 11

climate stations used in this study for the period 1981-2005 (control run) and 2051-2100 (future
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horizon). The data consisted of projection from 2 RCMs driven by 3 GCMs (Table 3.4) for two
of the IPCC Scenarios, RCP 4.5 and RCP 8.5 (Table 3.5). The choice of the RCMs was based on
data availability at the beginning of this study. Since majority of the CORDEX datasets consist
of control runs and projections based on RCP 4.5 and RCP 8.5, the dataset with these two

scenarios were chosen to enable a fair comparison of the results.

Table 3.4: Regional Climate models (RCMs) with driving Global Climate Models
(GCMs) used in this study (modified from Nikulin et al., 2012)

KNMI Regional
RCMs RCA4 (SMHI) ClimateModel RCA4 (SMHI)
(RACMO22T)
Swedish Koninklijk Netherlands | Swedish
Institute Meteorological and | Meteorologisch Meteorological
Hydrological Institute | Instituut (KNMI) | and Hydrological
Netherlands Institute
Short name RCA4 RACMO RCA4
Resolution 0.44° 0.44° 0.44°
Samuelsson et al. Samuelsson et al.
Reference 2011; Kupiainen et al. | van Meijgaard et al. | 2011; Kupiainen
2011; Strandberg et | 2008 et al. 2011
al., 2014 Strandberg et al.,
2014
Boundary MPI-ESM-LR (MPI- CCCma-
forcing M) ICHEC-EC-EARTH CanESM2 Chylek
(GCMs) etal., 2011
Stevens et al. 2013 Hazeleger et al. 2010
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Table 3.5: Characteristics of the IPCC Representative Concentration

Pathways (Moss

etal, 2010)
Name Radiative Forcing Concentration (ppm) Emissions Pathway
RCP85 | >8.5W/m”in 2100 >1370 eq-CO; in 2100 Rising
RCP6.0 |~6W/m” at the stabilization | ~850 eq-CO, at the stabilization | Stabilization without
level after 2100 level after 2100 overshoot
RCP4.5 | ~4.5W/m” at the stabilization | ~660 eq-CO, at the stabilization | Stabilization without

level after 2100 level after 2100 overshoot

RCP2.6 | Peak at ~3/Wm? before 2100 | Peak at ~490 eq-CO, before 2100 | Peak and decline

then decrease then decrease

3.1.11. Coordinated Downscaling Experiment (CORDEX)
The CORDEX initiative was founded by the World Climate Research Program of the World
Meteorological Organization with the aim of fostering international collaboration to produce an
ensemble of high-resolution historical and future climate projections at regional scales to be used
as inputs for impact and adaptation studies (Giorgi et al. 2009; Jones et al. 2011). By
downscaling different Global Climate Models (GCMSs) participating in the Coupled Model
Intercomparison Project Phase 5 (CMIP5) (Taylor et al. 2012) in combination with RCPs (Moss
et al., 2008, 2010), the CORDEX project has produced projected future climate data for several
regions in the world. Specifically, each climate model output from the CORDEX project is made
up of an ensemble of RCM runs each one of them based on the output of one CMIP5 multi-
model ensemble (Taylor et al. 2012), plus evaluation runs driven by ERA-Interim reanalysis
data. The dataset includes rainfall, solar shortwave radiation and minimum and maximum
temperature. These datasets are mostly made up of control runs and projections based mostly on
the emission scenarios RCP4.5 and RCP8.5. For the Africa domain, the RCM simulations are at

a grid resolution of 0.44°x 0.44° (Figure 3.6), approximately 50 km. Studies conducted over the
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entire African continent (e.g. Nikulin et al., 2012; Panitz et al., 2014 and Dosio et al., 2015) and
at the regional level (e.g. Klutse et al., 2014; Abiodun et al., 2015 and Endris et al., 2015) have
shown that CORDEX RCMs simulate well the spatial and temporal distributions of the West

African rainfall with some seasonal and sub-regional biases.
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Figure 3.6: CORDEX Africa domain 0.44deg, 50-km (Swedish Meteorological and Hydrological
Institute, 2016)

3.1.12. Representative Concentration Pathways (RCPs)
The Representative Concentration Pathways (RCPs) are the latest iteration of the scenario
process, superseding the second generation of projections, the Special Report on Emissions

Scenarios (SRES). The RCPs include four greenhouse gas concentration trajectories RCP2.6,
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RCP4.5, RCP6.0, and RCP8.5 (shown in Table 3.5) and derive their names from a possible range
of radiative forcing values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and

+8.5 W/m?, respectively) (van Vuuren et al, 2011a; Moss et al, 2010; Rogelji et al, 2012).

Representative Concentration Pathway (RCP) 2.6 scenario is compared to pre-industrial
conditions and hence designed to meet the 2°C global average warming target with a peak in the
radiative forcing at approximately 3 W/m? (~400 ppm CO,) before the year 2100. This peak is
followed by a decline to 2.6 W/m? (~330 ppm CO,) by the end of the 21st century (van Vuuren
et al., 2011b). RCP4.5 scenario includes long-term, global emissions of greenhouse gases, short-
lived species, and land-use-land cover which stabilize radiative forcing at 4.5 W/m? (~650 ppm
COy) in the year 2100. The third scenario, RCP 6.0 is a medium-end scenario in which
greenhouse gas emissions increase gradually, stabilizing radiative forcing at 6.0 W/m? (~670
ppm COy,) in the year 2100 (Moss et al., 2010; van Vuuren et al., 2011c). Compared to the total
set of Representative Concentration Pathways (RCPs), RCP8.5 assumes the highest greenhouse
gas emissions (business as usual) scenario, with a high rate of radiative forcing increase which
peaks at 8.5 W/m? (~940 ppm CO,) in year 2100 (Riahi et al., 2011). The RCP scenarios have
the primary purpose of providing time-dependent projections of atmospheric greenhouse gas
(GHG) concentrations (IPCC, 2007a) and are neither projections nor predictions but
representations of alternative, possible ways in which the future may unfold depending on how
much greenhouse gasses are emitted in the years to come. They were released in the year 2000

and have been used in the latest IPCC report - Assessment Report Five (AR5) in 2014.

3.2. Materials

As mentioned in section 3.1.10, the data used for the climate change impact assessment consisted

of projection from the RCMs the Rossby Centre (SMHI) regional climate model, RCA4 and the
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Regional Atmospheric Climate Model (RACMO). The RClimDex (1.0) software package was
used for the extreme event analysis, and the Soil and Water Assessment Tool (SWAT) model for
analyzing the impact of climate change on flow and sediment yield and assessing the sensitivity

of land use/land cover change on streamflow of the Black Volta River Basin.

3.2.1. The Rossby Centre (SMHI) regional climate model, RCA4
RCA fourth generation is based on the High Resolution Limited Area Model (HIRLAM), a
numerical weather prediction model (Undén et al., 2002). Earlier versions of the model include
RCAO, RCA1, RCA2 and RCAS3. Detailed descriptions of the earlier versions have been given
by Rummukainen et al. (1998, 2001); Raisanen et al. (2003, 2004), Jones et al. (2004),
Kjellstrom et al. (2005) and Samuelsson et al. (2011). The current version, the RCA4, is an
improvement of the RCA3 (Samuelsson et al. 2011) and has undergone physical and technical
changes to make it applicable for any domain worldwide. In addition, the improvement was
aimed at making the model easy to use (Strandberg et al., 2014). Within the CORDEX project
framework, the Swedish Meteorological and Hydrological Institute (SMHI) using RCA4
(Strandberg et al., 2014) has downscaled the ERA-Interim Reanalysis (1980-2010) and eight (8)
different GCMs from the CMIP5 archives over the African domain (Jones et al., 2011, Nikulin et
al., 2012). The data are available for RCP 2.6, RCP4.5 and 8.5 and cover the period 1951(1960) -
2100. The 8 GCMs employed by the SMHI for the dynamical downscaling are shown in Table

3.6.
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Table 3.6: GCMs employed by the SMHI for the dynamical downscaling with RCA4

NO. | GCM NAME INSTITUTE NAME

1 CanESM2 CCCma (Canada)

2 CNRM-CM5 CNRM-CERFACS (France)

3 HadGEM2-ES MOHC (UK)

4 NorESM1-M NCC (Norway)

5 EC-EARTH ICHEC (Europian consortium)
6 MIROC5 MIROC (Japan)

7 GFDL-ESM2M NOAA-GFDL (USA)

8 MPI-ESM-LR MPI-M (Germany)

3.2.2. The Regional Atmospheric Climate Model (RACMO)

The Regional Atmospheric Climate Model (RACMO) is a hydrostatic limited-area model
developed and maintained by the modeling group at the Royal Netherlands Meteorological
Institute (KNMI) (van Meijgaard et al., 2008). The first version of the model, RACMO1
combines the HIRLAM model with the physics of ECHAMA4. The second version, RACMO2,
was developed based on the ECMWF-NWP release cy23r4 and the Numerical Weather
Prediction (NWP) model HIRLAM version 5.0.6 (Lenderink et al., 2003). Climate change
simulations of the RACMO22T model, driven by the EC-EARTH for RCP 4.5 and 8.5 within the

CORDEX project are used in this study.

3.2.3. The RClimdex (1.0) software
The calculation of indices of climate extremes was done using RClimDex (1.0) software package
developed by Zhang and Yang (2004). The software is a Microsoft Excel based program
(ClimDex) under R 1.84 and provides a user friendly interface for computing indices of climate
extremes. It computes all 27 core indices (described in Annex 5) suggested by the CCI/CLIVAR

Expert Team for Climate Change Detection Monitoring and Indices (ETCCDMI).

45



3.2.4. The Soil and Water Assessment Tool (SWAT) model

Several hydrological models have been developed and used by a wide scientific audience for
studying the impacts of climate change on water resources. A hydrological model is a simplified
representation of the hydrological system for studying watershed hydrology. Examples of
hydrological models include the VIC model (Liang et al., 1994), HEC-HMS (Fleming and
Neary, 2004), SWAT (Arnold et al., 1998) model and WaSiM-ETH (Schulla, 1997). The SWAT
model is a physically-based medium- to large-scale watershed model developed by the United
States Department of Agriculture-Agricultural Research Service (USDA-ARS) and is used for
studying long-term impacts of climate, land use and agricultural management on water quality
and quantity (Neitsch et al., 2005; Arnold et al., 1998). It is a very flexible and robust tool that
can be used for simulating a variety of catchment problems. The model derives many of its
modelling processes from some earlier models like: Chemicals, Runoff, and Erosion from
Agricultural Management Systems (CREAMS) model (Knisel, 1980), the Groundwater Loading
Effects on Agricultural Management Systems (GLEAMS) model (Leonard et al., 1987), and the
Erosion Predictability Impact Calculator (EPIC) model (Arnold et al., 1998).

Over the past few years, the SWAT model has gained worldwide recognition for its strengths
compared to other hydrological models. It is considered a versatile model for water resource and
nonpoint source pollution problems for a wide range of scales and environmental conditions
(Gassman et al., 2007). Presently, more than 2,000 peer-reviewed articles on the model have
been published with hundreds more published in other formats such as conference proceedings
(Gassman, 2015). Globally, SWAT has been used in studying impact of climate change and/or
land use change on hydrology of watersheds. Schoul and Abbaspour (2006) used SWAT to
model river discharges of Niger, Volta and Senegal rivers in West Africa. Awotwi et al. (2015)

used the model to assess the impact of land cover changes on water balance components of the
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White Volta Basin and concluded that in such “a poorly gauged rural West African catchment,
the model could provide reliable results for stakeholders”. In assessing the climate change impact
on streamflow in selected river basins in Ghana, Kankam-Yeboah et al. (2013) successfully
calibrated and validated the SWAT model for Nawuni (on the White Volta River Basin) and
Twifo Praso (on the Pra River Basin). Other SWAT related studies in the Volta Basin includes

the works of Lumor (2017), Sood et al. (2013) and Obuobie et al. (2010) respectively.

3.2.5. Watershed simulation in SWAT
The first and basic step in setting up a watershed simulation is the partitioning of the watershed

into subunits. SWAT allows the following subunits to be defined within a watershed:;

v" Sub-basins

- unlimited number of Hydrologic Response Units (HRUSs) [1 per sub-basin required]
- Ponds [optional]

- Wetlands [optional]

v" Reach/main channel segments [1 per subbasin required]

v" Impoundments on main channel network [optional]

v" Point sources [optional]

Sub-basins are the first level of watershed subdivisions. They possess a geographic position in
the watershed and are related to one another spatially. Sub-basin delineation may be obtained
from watershed boundaries defined by surface topography. In this way the whole area within a
sub-basin flows to the sub-basin outlet. Another way to obtain sub-basin delineation is from grid
cell boundaries. Generally a sub-basin contains at least one HRU, a tributary channel and a main

reach. A wetland and/or pond may also be defined in a sub-basin as additional features.
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Hydrologic response units (HRUSs) are a further subdivision of the land area in a sub-basin and
possess unique land use/management/soil attributes. Since it is often not practical to simulate
individual fields with specific land use, management and soil, HRUs are used in most SWAT
runs to simplify a run by lumping together all similar soil and land use areas into a single
response unit. All calculations in SWAT are performed at the HRU level. The following section
provides a summary of SWAT hydrology as well as the sediment component since they are
important for this model application. The details of these and all the other components of the

model can be found in the SWAT Input/Output Documentation (Arnold et al., 2012a).

3.2.6. Hydrology component

Simulation of watershed hydrology can be categorized into the land phase of the hydrologic
cycle (Figure 1.2) and the routing phase of the hydrologic cycle. The routing phase involves
movement through the channel network. The water balance equation (3.4) is the basic driver of
the SWAT model hydrology. The model calculates daily water balances from meteorological,

soil and land use data (Arnold et al., 1998).

t
SW, = SW, + E ' 1(Rday = Qsurf — Ea = Waeep = Quu )ieeeevveeeiaiiiiiiiiiic, (3.4)
1=

where SWt is the final soil water content (mm); SWO is the initial soil water content on day i
(mm); t is the time (days), Rday is the amount of rainfall on day i (mm); Qsurf is the amount of
surface runoff on day i (mm); Ea is the amount of evapotranspiration on day i (mm); Wseep is
the amount of water entering the vadose zone from the soil profile on day i (mm), and Qgw is the

amount of return flow on day i (mm).
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Figure 3.7: Schematic diagram of the hydrologic cycle used in the SWAT Model (Neitsch et al.,, 2005)

3.2.7. Surface runoff
Surface runoff occurs each time water application rate to the ground surface exceeds infiltration
rate. The methods for surface runoff estimation in the SWAT model include the SCS curve
number procedure (Soil Conservation Service 1972) and the Green & Ampt infiltration method
(Green & Ampt 1911). Compared with the SCS curve number procedure, the Green & Ampt
infiltration method is data intensive. For instance, whereas the former uses daily rainfall data, the
latter needs hourly rainfall data. The SCS curve number method was thus used since the rainfall

data for the study area was available only at the daily timescale.

3.2.8. Percolation
The SWAT model categorizes soil into multiple layers. Percolation of water through these soil
layers is allowed when soil moisture content in a layer exceeds its field capacity. The rate of

percolation in each of the layers is highest at saturation and reduces to zero when the field
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capacity is reached. The flow from one layer to the underlying layer is modeled using the storage
routing technique aggregated with crack flow. For dry and cracked soils, percolation of water
occurs through the cracked layers without any impact on the water content of the soil. Percolated
water through all the soil layers forms part of the groundwater and contributes to a stream as part

of baseflow.

3.2.9. Lateral flow
The model uses a kinematic storage technique (Sloan et al., 1983, 1984) to compute lateral flow
through each soil layer as a function of soil layer properties (saturated hydraulic conductivity,

drainable porosity), soil slope and hill slope length.

3.2.10. Groundwater flow
The groundwater component in the SWAT model is simulated as two aquifers in each sub-basin;
a shallow (unconfined aquifer which contributes to the flow in the main channel of the sub-
basin) and a deep (confined) aquifer. Shallow aquifer recharge from percolation is also grouped
into two; a part that percolates into deep aquifer and never gets to the stream, and a remaining
part in shallow aquifer that adds to the stream as base flow and satisfies a portion of evaporative
demand in the root zone (revap). Arnold et al., (1993) presume that water that enters the deep
aquifer contributes to streamflow somewhere outside the watershed. Groundwater storage loses
water either by seepage to the deep aquifer, upward movement from the water table into the
capillary fringe or by discharging to rivers and lakes. The model simulates the contribution of
groundwater to streamflow by creating shallow aquifer storage rechargeable by percolation from
the unsaturated zone. The shallow aquifer storage is reduced by withdrawal, baseflow, deep

aquifer recharge and upward flows into the soil zone.
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3.2.11. Evapotranspiration

SWAT provides three methods for computing potential evapotranspiration (PET). These are the:
Penman- Monteith (Monteith, 1965), Hargreaves (Hargreaves et al., 1985) and Priestley-Taylor
(Priestley and Taylor, 1972). The model also provides an option to use daily PET values
computed with other methods. Due to the lack of long-term good quality data on relative
humidity, wind speed, and solar radiation, the Hargreaves method, which requires only minimum

and maximum temperature data was used for computing PET in this study.

3.2.12. Transmission loss
According to Lane (1982) many watersheds in the semiarid regions have ephemeral channels
that abstract large quantities of streamflow. SWAT calculates all transmission losses using the

method by Lane (1983).

3.2.13. Flow routing
Water can be routed though channel network in the SWAT model by selecting the variable
storage method or Muskingum River routing method using daily time step. The model estimates
the volume of water to be routed (surface runoff + lateral flow + baseflow— transmission loss)
first in each HRU and then sums the values up to calculate total volume of water to be routed
from a sub watershed. Apart from transmission loss, the channel can also loose water via
evaporation, which is a function of water surface area in the channel. Evaporation loss in each
channel segment is subtracted from total volume before routing the flow through the next

channel segment.

3.2.14. Erosion and sediment yield
The SWAT model estimates erosion and sediment yield for each hydrologic response unit

(HRU) using the Modified Universal Soil Loss Equation (MUSLE) (Williams, 1975). The
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MUSLE is a revision of the Universal Soil Loss Equation (USLE) developed by Wischmeier &
Smith (1965, 1978). The USLE uses the delivery ratios (the sediment yield at any point along the
channel divided by the source erosion above that point) since the rainfall factor represents energy
used in detachment only. In the MUSLE, the energy factor used in the USLE is replaced with a
runoff factor. As a result of this improvement, sediment yield prediction using the MUSLE
approach eliminates the need for delivery ratios since the runoff factor represents the energy for

detaching and transporting sediment. For comparison purposes SWAT computes the USLE.
The MUSLE (Williams, 1995) is given as:

SY = 11.8(Quurt * Gpeak * areanr) *>° * Kuste * Custe * Puste * LSuste *CFRG................ (3.5)
CRRG = & 0 e (3.6)

where SY is the sediment yield (t/ha), 11.8 is a unit conversion constant, Qs is the surface
runoff volume (mm), Qpeax is the peak runoff rate (m>/s), areanr is the area of the hydrologic unit
area (HRU) (in ha), Kusce is the USLE soil erodibility factor (0.013 tm? h/m® cm), Cusce is the
USLE cropping and management factor (dimensionless), Pys.e is the USLE erosion control
factor (dimensionless), and LSys e is the USLE slope length (in meter) and steepness factor (no
units), and CFRG is the coarse fragment factor (dimensionless) and rock represents the rock

fragments in the first soil layer (%).

3.3. Methods

3.3.1. Extreme Indices Calculation

The calculation of indices of climate extremes was conducted using the RClimDex 1.0 software
package (Zhang and Yang, 2004). Eleven (11) out of the 27 core indices devised by the joint

World Meteorological Organization Expert Team on Climate Change Detection Indices
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(ETCCDI) were considered. The selected indices included 5 temperature- and 6 rainfall- related

(Table 3.7) indices relevant for the BVRB. Data quality control was carried out using the quality

control procedure provided in the software.

Table 3.7: List of temperature- and rainfall- related indices used in this study

Index Indicator Name Definition Units
SU25 Summer days Annual count when TX (daily maximum temperature) >25 °C Days Days
TR20 Tropical nights Annual count when TN (daily minimum temperature) >20 °C Days Days

Warm spell . .
WSDI duration Annua! count of days with at least 6 consecutive days when TX >90th Days
. percentile
indicator
Diurnal
DTR temperature Monthly mean difference between TX and TN °C
range
Growing Season Annual (1 Jan-31 Dec in NH; 1 July-30 June in SH) count between
GSL Lenath g first span of at least 6 days with daily mean temperature T >5 °C and | Days
g first span after July 1st (January 1st in SH) of 6 days with T <5 °C
CDD dC:;SSGCUtIVE dry Maximum number of consecutive days with rainfall <lmm days
CWD g::;ssecutlve wet Maximum number of consecutive days with rainfall >Imm days
PRCPTOT Annua_l total wet- Annual total rainfall in wet days with rainfall >1mm mm
day rainfall
Rx5DAY M_ax 5-day Annual maximum 5 day rainfall mm
rainfall
SDII Simple daily Annual total rainfall divided by the number of wet days (defined as mm/da
intensity index PRCP >1.0mm) in the year y
R95p Very wet days Annual total PRCP when rainfall>95th percentile mm

3.3.2. Projected changes in precipitation and temperature over the BVRB

To project changes in precipitation and temperature over the BVRB, a stepwise approach

involving climate downscaling and bias correction, model scenario formulation and future

projections was followed.
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3.3.3. Climate downscaling and bias correction

Firstly, each of the RCM data was corrected using the Quantile-Quantile downscaling technique
and Quantile-Quantile transformation (Q-Q) (Maraun et al., 2010; Themel3l et al., 2011) to
obtain station-specific future climate scenario data with reduced RCM biases. This was to help
improve projections of the future rainfall and temperature (maximum and minimum) data. This
empirical statistical technique was applied to adjust the statistical distribution of the RCM data to
match the statistical distribution of the observed data. The Q-Q transformation procedure was
applied on a monthly basis on each of the data set as described by Amadou et al., (2015) and Sarr

et al., (2015), as follows;

The historical data set was split into two, one half for calibration and the other half for
validation. In order to avoid issues due to non-stationarity in hydrologic time series, the
calibration period consisted of every odd year starting from the beginning of the historical period
(i.e. years 1, 3, 5, etc.). The performance of the downscaling was tested on even years (years 2, 4,
etc.). The daily time series of the month were extracted for both calibration and validation

periods from both observation and RCM simulation data.

Two empirical cumulative distribution functions, F,,s and  Frcp , Were then developed. F,¢
was generated using observations on the calibration period and Fg;,, using RCM outputs on the
calibration period.Corrected RCM simulations, X.orr, Were generated on the validation period
and future periods using the transformation: X orr = F;b{q(FRCM(XRCM)), where Xpcp refers to

the variable extracted from raw simulated RCM data.

The probability mass function (PMF) of rainfall occurrence (i.e intensity greater than 1mm/day)

and probability density function (PDF) of rainfall intensity on wet/rainy days, maximum and
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minimum temperatures were built. The quantile-quantile transformation was applied to produce
improved (corrected) future RCM simulations of a variable if it was noticed that the PDF (or
(PMF) of a corrected variable was closer to the PDF of the observations than the PDF (or PMF)

of the raw non-corrected variable.

Assessment of performance of the models in simulating historical climate is the first and
necessary step for model projections. This is to help establish whether a model is credible
enough to be used for climate projections. In this regard, the performance of the individual
RCMs in simulating the historical (1981-2005) rainfall and temperature of the BVRB was
evaluated. The performance of the mean of the RCMs was also assessed. The historical period
was set from 1981 to 2005 to allow for comparison among the RCMs since some of the RCA4

generated historical data sets (e.g. rainfall) were only until the end of 2005.

3.3.4. Model scenario formation
The second step was to form sixteen model scenarios consisting of the individual RCM outputs,
the ensemble average of the RCMs and two future time horizons, 2051-2075 representing the
late 21" century (also the 2060s) and 2076-2100 representing the end of the 21% century (also the
2080s) (Table 3.8). The ensemble mean of the RCMs was considered to account for uncertainties
in the projections (especially rainfall) and for more robust results as recommended by several
authors (e.g. Owusu and Klutse 2013: Klutse et al., 2014; Panitz et al., 2014; Abiodun et al. 2015
and Endris et al. 2015; Dosio et al., 2015). There is a lot of disagreement in models regarding the
trend of change and variability in rainfall over West Africa and indeed the entire continent of

Africa (Hewitson and Crane 2006; IPCC-AR4, 2005).
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Table 3.8: Model scenarios for climate change impact assessment in the Black Volta
Basin

Scenario Number Model Scenarios

RACMO22T/ ICHEC-EC-EARTH (RCP4.5/Late 21st century)

RACMO22T/ ICHEC-EC-EARTH (RCP4.5/End of 21st century)

RACMO22T/ ICHEC-EC-EARTH (RCP8.5/Late 21st century)

RACMO22T/ ICHEC-EC-EARTH (RCP8.5/End of 21st century)

RCA4/CanESM2 (RCP4.5/Late 21st century)

RCA4/CanESM2 (RCP4.5/End of 21st century)

RCA4/CanESM2 (RCP8.5/Late 21st century)

RCA4/CanESM2 (RCP8.5/End of 21st century)

OO |INOO|O | |W|IN |-

RCA4/MPI-ESM-LR (RCP4.5/Late 21st century)

10 RCA4/MPI-ESM-LR (RCP4.5/End of 21st century)
11 RCA4/MPI-ESM-LR (RCP8.5/Late 21st century)
12 RCA4/MPI-ESM-LR (RCP8.5/End of 21st century)
13 ENSEMBLE (RCP4.5/Late 21st century)

14 ENSEMBLE (RCP4.5/End of 21st century)

15 ENSEMBLE (RCP8.5/Late 21st century)

16 ENSEMBLE (RCP8.5/End of 21st century)

3.3.5. Precipitation and temperature projections

Finally, projections of the direction of temperature and precipitation over the basin were made
using Microsoft Excel software and following the model scenarios formed. The Mann-Kendall
test (Mann, 1945; Kendall 1975; Gilbert 1987) was used in analyzing the trends of the
projected changes while the magnitude (slope) of the trends were estimated using the Sen’s
slope estimator (Sen, 1968). The details of the Mann-Kendall test and the Sen’s slope

estimator are presented in Annex 7 and 8 respectively.
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3.3.6. Hydrological modelling with SWAT
The processes followed to setup the SWAT model for the Black Volta included watershed
delineation, determination of hydrological response units, weather data definition and finally the

writing of input tables. The details of each of the processes is described below.

3.3.7. Watershed delineation
The SRTM DEM was used to delineate the BVRB watershed and to analyze the drainage pattern
of the land surface in ArcGIS with ArcSWAT extension. The BVRB watershed was divided into
167 sub-basins (Figure 3.8) to allow for capturing of the heterogeneity in the catchment’s

physical properties.
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Figure 3.8: SWAT-delineated sub-basins in the Black Volta Basin

3.3.8. HRU definition
To account for differences in hydrologic conditions and evapotranspiration, the delineated sub-
basins were further divided into 2,539 hydrologic response units (HRUSs) based on differences in
land use, soil and slope. To achieve this, the modified land use dataset was loaded and
reclassified based on the land use SWAT code assigned to the map. In a similar manner, the soil

map was also loaded and reclassified by linking it to the SWAT soil database information.
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Finally the the slope characteristics were identified based on the DEM. The reclassification
processes yielded 7 LULC classes (Table 3.9), 56 soil classes (Annex 6) and 3 slope classes
(Figures 3.9 and 3.10). The BVRB is largely flat resulting in over 50% of the watershed falling
within the slope class 0-2%. The overlay operation was carried out after the reclassification

process.

The final step in the HRU analysis was the definition of the HRU. In defining HRUs, the SWAT
model gives the option to have one or multiple HRUs per each sub-basin. For single HRUs per
sub-basin, the model uses the dominant land category, soil type and slope class within each
watershed for the designation process. For multiple HRUs in a sub-basin the user needs to select
a threshold percentage value of land use, soil and slope data that will be used to determine the
number and kind of HRUs in each watershed. In this simulation the multiple HRUs per sub-basin

was selected. Subsequently, unique HRUs with the following parameter values were created;

- land use percentage (%) over sub-basin area = 5%
- soil class percentage (%) over land use area = 5%

- slope class percentage (%) over soil area = 5%
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Table 3.9: Final land use classification of the Black Volta Basin used in the SWAT
modelling

Area [km?]
Watershed 135,003.18
Area[ha] | %Wat.Area
LANDUSE: | Shrubland --> SHRB | 1585.91 1.17
Grassland --> GRAS | 36542.37 | 27.07
Agricultural Land-Generic --> AGRL | 27273.91 | 20.2
Wetlands-Non-Forested --> WETN | 2396.40 1.78
Savanna --> SAVA | 60874.79 | 45.09
Water --> WATR | 2.89 0
Forest-Evergreen --> FRSE |6326.91 4.69

Note: This table is the resulting reclassification of the basin landuse in SWAT after defining the HRUs with a
minimum threshold of 5% coverage of landuse class in each sub-basin.

Legend
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Figure 3.9: SWAT slope classes in the Black Volta River Basin

60



6-9999, 4%

2-6,37%

0-2, 59%

Figure 3.10: Land slope categories in the Black Volta River Basin, in percentage watershed area

3.3.9. Model calibration and validation using SUFI-2 in SWAT-CUP

Model calibration involves the adjustment of sensitive parameters of the model so as to mimic
the hydrologic and other processes in a basin. The SWAT model has lots of parameters (physical
and process) that needed to be adjusted through calibration. During the calibration process,
model parameter values are selected and adjusted within recommended ranges and output
variables compared with observed data (Arnold et al., 2012b). After model calibration it is
important to verify that the model can make accurate simulations in different time period from
the period of calibration without further adjustment in the values of the model parameters
(Refsgaard, 1997). This verification process is termed validation. Prior to calibration and
validation, sensitivity analysis was done to identify the most sensitive model parameters. Model
uncertainty analysis was also undertaken to quantify the uncertainties in the modelling process.
The aforementioned processes were achieved using SWAT-CUP (SWAT Calibration

Uncertainty Programs: Abbaspour, 2007), which is a program developed at the Swiss Federal
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Institute of Aquatic Science and Technology (EAWAG) for the calibration of SWAT. Sensitivity
analysis, calibration, validation, and uncertainty analysis can be achieved using any of the five
algorithms present in the SWAT-CUP program (Abbaspour, 2015). The procedures are the
Particle Swarm Optimization-PSO (Eberhart and Kennedy 1995); the Sequential Uncertainty
Fitting-SUFI-2 (Abbaspour et al., 2007); the Generalized Likelihood Uncertainty Estimation-
GLUE (Beven and Binley, 1992); the Markov Chain Monte Carlo-MCMC (Vrugt et al., 2003)
and the Parameter Solution-ParaSol (van Griensven and Meixner, 2006) to SWAT. In this study
the SUFI-2 optimization algorithm for model calibration and validation was used since it
represents all the sources of uncertainties (Yang et al., 2008). The details of each of the processes
are described below. Further details of SWAT model calibration using the SWAT-CUP program

can be found in Abbaspour (2015).

3.3.10. Model parameter sensitivity analysis
Before model calibration, sensitivity analysis needs to be carried out to determine how model
outputs change when model input parameters are changed (Arnold et al., 2012b). Since the
SWAT model has a lot of parameters, it is necessary to carry out sensitivity analysis to identify
and select the most sensitive parameters for the calibration process. In addition to reducing
computation time, sensitivity analysis makes calibration much easier since one is left to deal with
a relatively small number of parameters. After pre-selection of parameters sensitive to flow
based on literature search and expert knowledge, the “global sensitivity analysis” of the SUFI-2
program was used in identifying the most sensitive parameters and the relative significance of
each of the parameters to flow output. A t-test which provides a t-stat summary and p-value
helped in ranking the model parameters after the sensitivity analysis. Larger t-stats indicate more

sensitivity while smaller P-values indicate higher significance of the parameter to the system and
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vice-versa. For this study eighteen parameters (shown in Table 3.10) were taken through

sensitivity analysis and the 13 most sensitive parameters to flow output used in model

calibration.

Table 3.10: Parameters selected for sensitivity analysis with respect to streamflow

No. = Parameter Name Description

1 R__CH_S2.rte Average slope of main channel along the channel length (m/m)

2 R_CN2.mgt SCS runoff curve number

3 R__SHALLST.gw Initial depth of water in the shallow aquifer (mm)

4 R SLSUBBSN.hru | Average slope length (m)

5 | R_SOL_AWC(..).sol | Available water content of soil layer (mmH,0/mm soil)

6 R__SOL_K(..).sol Saturated hydraulic conductivity (mm/hr)

7 | V_ALPHA BF.gw | Baseflow alpha factor (days)

8 |V__ALPHA BNK.rte | Baseflow alpha factor for bank storage (days)

9 V__CANMX hru Canopy storage (mm)

10 | V_CH_KZ2.rte Effective hydraulic conductivity in the main channel (mm/hr)

11 |V__CH_N2.rte Manning’s “n” value for the main channel

12 | V_ESCO.hru Soil evaporation compensation factor

13 | V_GW_DELAY.gw | Groundwater delay (days)

14 | V__GW_REVAP.gw | Groundwater revaporation coefficient

15 |V GWQMN.gw Threshold depth of water in the shallow aquifer required for return
flow to occur (mm)

16 |V__RCHRG_DP.gw | Deep aquifer percolation fraction

17 |V REVAPMN.gw Thrgshold (?‘epth OI water in the shallow
aquifer for “revap” to occur (mm)

18 | V_SURLAG.bsn Surface runoff lag time

Note: ‘r_ > — indicates relative change in the parameter value which implies multiplying the existing parameter

value by 1 plus a given value; ‘v

> — indicates replacement by a new value which implies substitution of a

parameter by a value from the givenﬁnge.

3.3.11.

Calibration and validation of flow and sediment

The model was calibrated on a monthly basis first for discharge and thereafter for sediment (also

on a monthly time step) as recommended by Abbaspour (2015). The model calibration for flow
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was carried out using six years (1995-2000) observed monthly discharge data at Bui, close to the
outlet of the modeled basin. A warm-up period of three years (1992-1994) prior to the calibration
period was allowed to stabilize the initial soil moisture content. The SUFI-2 program is iterative,
with around 200 to 500 simulations recommended per iteration. Parameter ranges were used in
achieving the calibration instead of single parameters. These parameter ranges were implemented
in two different ways: (i) multiplying the existing parameter value by 1 plus a given value
(represented by r_) and (ii) replacing the existing parameter value by the given value
(represented by v_). The calibration process was ended when satisfactory values of the objective
function (Nash-Sutcliffe efficiency-NSE), other goodness-of-fit parameters (coefficient of
determination — R?, percent bias — PBIAS, and RMSR observations standard deviation ratio -
RSR) and uncertainty parameters (P-factor and R-factor) used in this study were achieved.

After calibrating for streamflow, the model was calibrated for sediment by selecting (based on
literature and expert knowledge) and adding 2 parameters that affect only sediment: SPEXP
(Channel re-entrained exponent parameter) and SPCON (channel re-entrained linear parameter)
to the 13 calibrated runoff parameters. The sediment data also spanned a period of five years
(2000 to 2004). A total of 350 simulations resulted in a successful calibration of flow and total
sediment yield.

Thereafter the model was validated for flow and sediment yield by using the calibrated model to
simulate streamflow and sediment for periods other than those used for the calibration and
without any further changes to the model streamflow and sediment parameters. The streamflow
was validated with five years (2002-2006) monthly observed discharge data and the sediment

yield, three years (2005 to 2007) monthly sediment yield data.
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3.3.12. Model performance evaluation

Four (4) quantitative statistics were used in evaluating the performance of the SWAT model with
respect to streamflow and sediment yields in the calibration and validation periods. These were
the NSE (eqn. 3.7), R? (eqn. 3.8), PBIAS (egn. 3.9), and RSR (eqn. 3.10). The four statistics are
widely used for the assessment of the performance of the SWAT model and have been
recommended by Singh et al. (2004), Moriasi et al. (2007) and Duan et al. (2009), among others.
The NSE is said to be one of the best fit estimators and evaluation methods for monthly
comparison in SWAT hydrological studies (Coffey et al., 2004). Moriasi et al. (2007) describes it
as a statistic which “indicates how well the plot of observed versus simulated values fits the 1:1
line”. It ranges between -oo and 1.0 with 1 being the optimal NSE value. The R? describes the
strength between observed and simulated values and range from 0 to 1, with 1 being the optimal
value. PBIAS measures the average tendency of simulated data to be either on the higher or
lower side of the corresponding observed data (Gupta et al., 1999). Positive PBIAS values
represent model underestimation while negative values show overestimation. As such PBIAS
values of 0.0 are desired (Gupta et al., 1999). The RSR is computed as the ratio of RMSE and
the standard deviation of the observation data (STDEV), with values ranging from zero (zero
RMSE means perfect model) to large values (large RMSE means unsatisfactory model).

A summary of the general performance ratings of the quantitative statistics for flow and sediment

load on a monthly time step are shown in Table 3.11.
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where O is the measured data; P; is the simulated data; O is the mean of the measured data; P is

the mean of the simulated data; and N is the number of compared values.
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Table 3.11:

General Performance ratings for recommended statistics for flow and
sediment load on a monthly time step (Moriasi et al., 2007; Santhi et al., 2001).

PBIAS (%
Pe(formance RSR NSE R? (%)
rating
Streamflow Sediment
Very good 0.00<RSR < 0.50 | 0.75<NSE <1.00 PBIAS < +10 PBIAS < +15
+10 < PBIAS <
Good 0.50 <RSR <0.60 | 0.65<NSE <0.75 +15 +15 < PBIAS < +30
+15 < PBIAS <
Satisfactory 0.60 <RSR <0.70 | 0.50 <NSE < 0.65 | >0.6 +25 +30 < PBIAS < 455
Unsatisfactory RSR > 0.70 NSE <0.50 <0.6 PBIAS > 425 PBIAS >+55

3.3.13. Uncertainty analysis

Quantification of model uncertainty is highly necessary in hydrological modelling studies.
Experience from modelling studies has shown that proper model calibration and validation
reduce errors in model simulations, but does not necessarily guarantee error-free simulations
(Moriasi et al., 2007). For this reason, it was necessary to include uncertainty analysis in the
model evaluation of this study. The parameter uncertainty in the SUFI-2 program accounts for all
sources of uncertainties including that in the conceptual model, measured data, parameters and in
the driving variables. Two important factors, the P- and R-factors (Abbaspour et al., 2004, 2007)
were used in measuring uncertainties in the Black Volta SWAT model. The P-factor denotes the
percentage of measured data enveloped by a 95% prediction uncertainty (or 95PPU) and
measures the ability of a model to capture uncertainties. A P-factor of 1, means 100% bracketing
of measured data by the 95PPU which means that all the correct processes have been accounted
for. The R-factor gives the thickness of the 95PPU and is a measure of the quality of calibration.
It is the average width of the 95PPU divided by the standard deviation of the observed data
(Abbaspour, 2015). Ideally, R-factor value should be close to zero (matching with measured

data). A simulation which corresponds exactly to measured data will therefore have a P-factor of
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1 and an R-factor of 0. Based on how close or far away the P- and R-factors are to the ideal
corresponding values, one can judge the goodness of prediction uncertainty and calibration.
During calibration attention was paid to the P- and R- factors to ensure a good balance between

the two.

3.3.14. Impact of climate change on flow and sediment yield and the sensitivity of

streamflow to land use/land cover changes in the Black Volta Basin

The impacts of climate change on the flow and sediment yield of the BVRB was assessed by
driving the calibrated and validated SWAT model with the 16 sets of future climate scenarios
developed under section 3.3.4 and comparing the seasonal trend and annual magnitude of the
resulting stream flow and sediment yield with those of the baseline (1984-2010) period. Three

years of warm up (1981-1983) was allowed during the model runs.

Sensitivity analysis of changes in LULC on the flow of the BVRB was conducted through
further simulations using the 1990 LULC map. This was done using the calibrated SWAT model
after running the model with the 2000 LULC map. For this sensitivity analysis, all the input
variables (e.g. rainfall, temperature, soil data) with the exception of the LULC data set remained
unchanged. The 1990 LULC dataset was used instead of the 2000 dataset. Flow output at
Bamboi was compared with that from the 2000 LULC data, with the period of analysis spanning
from 1984 to 2010.

Prior to the sensitivity test, change detection of LULC of the BVRB was carried out based on the
1990 and 2000 LULC change maps obtained. Using the overlay function in ArcGIS 10.2.2 and
Microsoft Excel 2010, the percentage changes in land use/ land cover was calculated for the ten

(10) year period.
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3.4. Partial Conclusion
The chapter described in detail the research methodology including the data and software used in
this research. The use of the scientific methodology ensures that the results obtained are reliable

and also for reproducibility.
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CHAPTER 4: EXTREME EVENT ANALYSIS IN THE BVRB (1981-2010)

4.1. Introduction

In the last few decades, the tropics and subtropics have recorded surges in the number of heavy
rainfall events and a common occurrence of droughts. These extreme conditions constitute
significant threats to water resource, agriculture and public health management (Parry et al.,
2007). Understanding the current trends of changes in temperature and rainfall extremes in the
BVRB is of key importance to assessing the potential impacts of climate change on human and
natural systems. This section presents and discusses the results of the extreme events analysis for

the basin during the 1981-2010 period.

4.2. Temperature-based indices [SU25, TR20, GSL, WSDI, DTR]

The temporal patterns (Figure 4.1 and Table 4.1) of present day temperature-related indices show
warming in the Black Volta Basin. Generally, all the 5 temperature-based indices show positive
(increasing) trends in the basin. However, this trend is insignificant for the growing season
length (GSL) and warm spell duration indicator (WSDI) indices. The night time temperature
(TR20) depicts a coherent pattern of significantly positive trends at four (Dedougou, Boromo,
Bobo-Dioulaso and Wa) of the six climate stations used in the study. Increasing trend in summer
day counts (SU25) is significant at Dedougou and Wa. For the Diurnal temperature range (DTR),
the increasing trend is significant at Dedougou and Gaoua. The results show that the BVRB
experienced warming during the period 1981-2010. These findings of warming trends in the
region are consistent with the results from the study of New et al. (2006) which showed increases
in both daytime and nighttime hot extremes in the West African region over the period 1961
2000. Mouhamed et al. (2013) also suggests a general warming trend throughout the West

African Sahel region from 1960 to 2010.
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Figure 4.1(a) Figure 4.1(b)
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Figure 4.1 Averaged regional time series for temperature related indices: (a) SU25 (summer days),
(b) TR20 (tropical nights), (c) DTR (diurnal temperature range) and (d) WSDI (warm spell duration
indicator) for the period 1981-2010. The solid line shows the trend
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Table 4.1: Slopes of trends of present day temperature-based indices. Bold numbers represent slopes

are statistically significant at 95% level (p<0.05)

of trends which

Station Name SuU25 TR20 GSL WSDI DTR
Dedougou 0.056 0.604 0.066 0.242 0.030
Boromo -0.001 1.053 0.002 0.129 -0.009
Bobo-Dioulasso 0.041 1.352 0.002 0.184 0.013
Gaoua 0.037 -0.479 0.002 -0.148 0.028
Wa 0.056 1.715 0.000 0.111 -0.004
Bole 0.008 0.677 0.004 0.088 0.004
Number of stations with

5 5 6 5 4
positive trend
Number of stations with

1 1 0 1 2

negative trend
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4.3. Rainfall-based indices [PRCPTOT, R95, RX5DAY, CWD, SDII, CDD]

Time series analyses of extreme rainfall indices depicts overall positive (increasing) trend in the
basin for the 1981-2010 period (Figures 4.2 and 4.3). All the stations show increasing trends in
total annual rainfall (PRCPTQOT), consecutive dry day (CDD), and maximum 5-day rainfall
(RX5Day) as depicted in Table 4.2. However, the increases are significant at the Dedougou (in
the north) climate station alone. Five of the 6 stations show increases in trends of very wet days
(R95P) and simple daily intensity index (SDII). The remaining station, Bobo-Dioulaso, located
north of the basin, shows an insignificant decreasing trend. The increasing trend in R95P is
significant at Dedougou (in the north) and Wa (in the south) while the increasing trend in SDII is
insignificant at all the stations. For the consecutive wet days (CWD) index, half of the stations
show increasing trend (two in the north and one in the south) whiles the other half (one in the
north and two in the south) show decreasing trend, all of which are insignificant at the 95% level
(Table 4.2). In general, the analysis showed increases in total rainfall amounts and intensity
across the BVRB region during 1981 to 2010. Alexander et al. (2006) found that averaged across
the globe, extreme rainfall events have been increasing during the 1951-2003 period. Although
findings of Mouhamed et al. (2013) showed a general tendency of decreased annual total rainfall
for the West African Sahel and for Burkina Faso in particular during 1961-2010, increasing
trends of cumulated rainfall of extremely wet days and maximum number of consecutive wet
days were observed in their study for the late 1980s, compared to the 1961-1990 period. The
increase in maximum number of wet days observed in this study is in line with the findings by
Sarr (2011), which also showed that extreme rainfall events became more frequent in the West
African Sahel during the last decade, compared to the 1961-1990 period. In contrast to the
largely significant trends noticed in the extreme temperature events for the present day, most of

the trends in the extreme rainfall events were statistically insignificant at the 95% level.
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Figure 4.2(b)

Figure 4.2(a)

- 600¢
- ,00¢
- G00¢
- €00¢
- T00¢
- 6661
- L66T
- G661
- €661
- T661
- 6861
- /861
- G861
- €861
- 1867

1400 -

1200 -

1000 -

800 -
600 -
400 -

(wiw)

200 -

Year

Linear (PRCPTOT)

PRCPTOT

- 600¢
- ,00¢C
- G00¢
- €00¢
- T00C
- 6667
- 1667
- G667
- €667
- T66T
- 6867
- /86T
- G867
- €861
- 1867

200 ~

150 -

100 -+
50 -

sheq

Year

——Linear (CDD)

= CDD

Figure 4.2(d)

Figure 4.2(c)
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Figure 4. 2 Averaged regional time series for rainfall related indices: (a) CDD (consecutive dry days), (b) PRCPTOT (total annual rainfall),

(c) R95 (very wet days) and (d) SDII (simple daily intensity index). The solid line shows the trend
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Figure 4.3(a) Figure 4.3(b)
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Figure 4. 3 Averaged regional time series for rainfall related indices: (a) CWD (consecutive wet days) and (b) RX5DAY (maximum 5-day
rainfall), for the period 1981-2010. The solid line shows the trend
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Dedougou 1.290 0.000 1.089 0.071 4.204 7.172
Boromo 1.093 0.030 0.598 0.052 1.692 4.478
Bobo-Dioulasso 0.275 -0.016 0.973 -0.021 -0.344 0.790
Gaoua 0.029 0.007 0.605 -0.005 2.796 4.680
Wa 2.271 0.054 0.693 0.042 7.262 8.993
Bole 0.094 0.015 0.145 -0.001 3.424 0.663

Number of stations

with positive trend

Number of stations

with negative trend

Table 4.2: Slopes of trends of present day rainfall-based indices. Bold numbers represent slopes of trends which are

statistically significant at 95% level (p<0.05)
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4.4. Partial Conclusion

The extreme event analysis showed mostly increasing trends in the temperature based indices
(SU25, TR20, GSL, WSDI and DTR) at almost all the stations considered in the analysis. This
indicates that the basin experienced warming between the 1981 — 2010 period in line with reports
from other studies in the region. The extreme rainfall indices (PRCPTOT, CDD, RX5Day, R95P
and SDII) also showed increasing trends at majority of the stations. Fifty (50%) of the stations
showed increasing trends in the CWD index, with the remaining 50% showing a decrease. The
results indicate that although the consecutive dry days increased during the period, the amount

and intensities of rainfall events increased.
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CHAPTER 5: PROJECTED CHANGES IN PRECIPITATION AND TEMPERATURE
OVER THE BVRB

5.1. Introduction

The results of projected changes in rainfall and temperature over the basin for the late (2051-
2075) and end (2076-2100) of the 21% century are presented and discussed in this chapter. Prior
to that the downscaling and bias correction of the future datasets used in the study are presented

and discussed.

5.2. Assessment of model-simulated uncorrected and bias-corrected historical
climate of the BVRB

To establish the importance of bias-correction of RCM data for use in impact studies, plots of
mean monthly rainfall and temperature of the model-simulated uncorrected, model-simulated
bias-corrected and observed data were made for four of the 11 climate stations used in this study
(depicted in Figures 5.1 and 5.2) and analyzed to determine which of the two model simulated
dataset fits more closely to the observed. The analysis included the computation of annual mean
and standard deviation (Table 5.1) as well as probability of exceedence of rainfall thresholds
(Figure 5.3). It can be observed that the trend and monthly values of rainfall and temperature
computed with the bias-corrected projections fit much better to the observed data than those
computed with the uncorrected model output. The use of the uncorrected RCM projection data
resulted in an overall overestimation of peak rainfall at Bole. For BoBo-Dioulasso the
uncorrected model data underestimated rainfall. The uncorrected output from RACMO22T/ EC-
EARTH resulted in an underestimation of maximum temperature at Bui (Figure 5.2). The results
of the computed mean, standard deviation and probability of exceedence of rainfall thresholds
for the selected stations proved further that the corrected data was much closer to the observed

data than the uncorrected data was. The use of uncorrected modeled data for impact assessment
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may lead to wrong climate change projections. As shown in Figure 5.3b for example, the

probability of exceedence of rainfall events between 11mm and 50mm was underestimated by

the uncorrected modeled data for station Bole. The use of such data my lead to the missing of

flash floods.
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Figure 5.1: Uncorrected and bias-corrected RCM model simulations of historical (1981-2005)
rainfall of (a) BoBo-Dioulasso, RCA4/ CanESM2 (b) Bole, RACMO022T/ EC-EARTH
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Figure 5.2: Uncorrected and bias-corrected RCM model simulations of historical (1981-2005)
maximum and minimum temperature of (a) Bui, RACMO22T/ EC-EARTH (b) Dedougou, RCA4/

CanESM?2

Table 5.1:

historical (1981-2005) temperature and rainfall of the Black Volta Basin

Analysis of uncorrected and bias-corrected RCM model simulations of

Variables Clin.nate Mean Standard Deviation
stations
Observed | Corrected | Uncorrected | Observed | Corrected | Uncorrected
Bui 33.97 33.75 30.81 2.51 2.64 4.49
Temperature Dedougo
u g 21.76 21.68 22.32 2.20 2.17 2.92
Bobo-
) 2075.73 1985.02 2009.56 2256.24 2278.57 2039.16
. Dioulasso
Rainfall
Bole 2267.48 2252.74 2593.02 1853.43 1811.85 1988.75
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Figure 5.3: Probability of exceedence of rainfall thresholds for the bias-corrected and uncorrected
RCM model simulations of historical (1981-2005) rainfall of (a) BoBo-Dioulasso, RCA4/ CanESM2
(b) Bole, RACMO22T/ EC-EARTH

5.3. Evaluation of RCM performance in simulating of historical climate of the
BVRB
Results of the historical simulation of rainfall over the BVRB by the three RCM/GCM pairs and

their ensemble mean are presented in Figure 5.4. The intra-annual rainfall plots show that the
RCMs RCA4/MPI-ESM-LR and RACMO22T/ ICHEC-EC-EARTH replicated quite well the
rainfall pattern of the basin, capturing the beginning of the rainfall months (April-June; AMJ) as
well as the wet season (July-September; JAS). Unlike the other 2 models, RCA4/CanESM2 did
not capture the period May-July very well, and overestimated the rainfall amount for most parts
of the wet period (May-September; MJJAS). In mid-September and during the wet-dry transition
(October-December; OND) the model underestimated rainfall amounts. Since simulations by the
RCA4/MPI-ESM-LR performed quite well, the biases shown by RCA4/CanESM2 can be linked
to biases inherited through the lateral boundary conditions of the driving GCM (Hong and

Kanamitsu 2014) CanESM2.The simulated rainfall by the mean of the RCMs fitted much better
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to the observed than that by the individual models. This good performance may be attributed to
the counterbalancing of opposite-signed biases in the individual models (Nikulin et. al., 2012).
Several studies (e.g. Diallo et. al., 2012; Nikulin et. al., 2012; Paeth et. al., 2011) have reported
similar results of best performance by multi-model ensemble means. Historical temperature
simulations by the RCMs are displayed in Figure 6.5. Unlike the biases exhibited during rainfall
simulation, the RCMs simulated the historical tmax and tmin of the basin very well, capturing
the trends and peaks. The RCM RACMO22T/ICHEC-EC-EARTH slightly overestimated the

average maximum temperature for the months of February and August-September (Figure 5.5).
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Figure 5.4: Observed and simulated intra-annual rainfall over the Black Volta River Basin from
1981 to 2005
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Figure 5.5: Observed and simulated intra-annual maximum and minimum temperature (tmax and
tmin respectively) over the Black Volta River Basin from 1981-2005

5.4. Projected changes in rainfall over the BVRB

The analysis of average annual rainfall over the basin for the late- and end of the 21st century
showed high level of uncertainties, with mixed signals of increases and decreases in rainfall
amounts across the models (Table 5.2). Relative to the baseline, mean annual rainfall for the late
21st century ranged between -16% and +6%, with a mean of -2% under the RCP4.5 scenario and
between -27% and +14%, with a mean of -1% under the RCP8.5 scenario. The end of the 21%
century projection showed rainfall changes of between -23% and +2%, with a mean of -7%
under the RCP4.5 scenario. The high emission RCP8.5 scenario projects changes ranging
between -33% and +13%, with a mean of -4%. From the results, it is established that the
uncertainty in the projections increases with increasing RCP forcing and increasing time frames.
Similar observations were made by Sylla et al. (2016).

Figure 5.6 and 5.7 show the projected changes in intra-annual rainfall over the BVRB for the late

and end of 21st century, respectively. As shown in both graphs (5.6a and 5.6b), future rainfall
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projections by the models show high variability consistent with findings for the West African
region reported in the IPCC 5" Assessment report (IPCC, 2013). The variability is mostly
pronounced during the wet season. Rainfall amount for the month of July for example is
projected to range between +51mm and -16mm under the RCP 4.5 scenario and between +81mm
and -30mm under the RCP8.5 scenario in the 2060s. From the months of October through
December however, the variability is highly reduced, especially under the RCP4.5 scenario. The
end of the 21% century rainfall projections also shows substantial variability, in this case
especially in the months of February through September, which reduces from October through
December. Changes in rainfall for the dry (January-March) and wet (August-October) seasons
are presented in Figures 5.8 and 5.9. In the late 21 century, the ensemble runs project a change
in the range of +6% to -35% in the dry season rainfall, with a mean change of 11% for the
RCPA4.5 scenario. The change in wet season rainfall is projected to range from +4% to -10%,
with a mean of -3%. Under the RCP8.5 scenario, the change in dry and wet season rainfalls are
projected to range from +22% to -67%, with a mean of -26%, and +9% to -16%, with a mean of -
1%. Similarly, the dry and wet season rainfalls over the basin for the end of the 21% century are
projected to range between +20% and -48%, with a mean of -11% and from -2% to -16%, with a
mean of -8% for the RCP4.5 scenario. The high emission RCP8.5 scenario projections show a
rate of change in dry season rainfall ranging from +48% and -68%, with a mean of -18% while
for the wet season the projected changes are between +16% and -23%. The high variability in the
projections across the models and the opposing change in signals are indications of uncertainty
surrounding rainfall projections in the basin. Whereas a decrease in rainfall over the region may
cause droughts, affect agriculture development and cause a decline in hydropower generation,

increases in rainfall may cause floods in the basin.
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Table 5.2: Projected changes in rainfall for the late and end of 21st century in the Black Volta River Basin under RCPs

4.5 and 8.5
Baseline Late-Century (2051-2075) End-of-Century (2076-2100)
(1981-2010)
RCMs observed RCP4.5 RCP8.5 RCP4.5 RCP8.5
mean value Ave
% change | Ave (mm) % change | Ave (mm) % change | Ave (mm) % change
(mm) (mm)
RACMO22T/
ICHEC-EC-EARTH 1064.12 6.47 1091.52 9.21 999.37 -0.01 1126.88 12.75
RCA4/MPI-ESM-LR 999.48 1050.77 5.13 1136.19 13.68 1021.95 2.25 1094.23 9.48
RCA4/
CCCma-CanESM?2 836.55 -16.30 728.64 -27.10 767.69 -23.19 665.25 -33.44
ENSEMBLE 983.81 -1.57 985.45 -1.40 929.67 -6.98 926.12 -3.74
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Figure 5.6: Observed and projected intra-annual rainfall under (a) RCP4.5 and (b) RCP8.5 for the 2060s (2051-2075)
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Figure 5.7: Observed and projected intra-annual rainfall under (a) RCP4.5 and (b) RCP8.5 for the 2080s (2076-2100)
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Figure 5.8: Changes in mean seasonal rainfall for the 2060s (2051-2071) under (a) RCP4.5 and (b) RCP8.5 scenarios, relative to the
baseline (1981-2010).
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Figure 5.9: Changes in mean seasonal rainfall for the 2080s under (a) RCP4.5 and (b) RCP8.5 scenarios, relative to the baseline (1981-
2010).
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5.5. Projected changes in temperature over the BVRB

Consistent with the latest IPCC (2013) report, results of the temperature projections for the
BVRB (Table 5.3) indicate a warmer climate in the late- and end of the 21* century under both
RCP scenarios, relative to the baseline. The projected increase in temperature by all the ensemble
models as well as from the mean of the ensemble is statistically significant at the 5% confidence
level. As Table 5.3 shows, the magnitude of projected increase in mean temperature over the
basin is greater in the 2080s compared to the 2060s. As expected, the increase in temperature is
higher in the RCP8.5 scenario than in the RCP4.5 scenario. Possible rise in mean temperature for
the late and end of the 21% century under the two RCP scenarios ranges between 2.0 °C (RCP4.5)

and 3.7 °C (RCP8.5), in line with the projected range for West Africa (Sylla et al., 2016).

5.6. Trends in projected annual rainfall and mean temperature

The Man-Kendall trend test showed increases and decreases in future rainfall over the basin
(Table 5.4) with majority of the trends (about 67%) being in the positive direction. The projected
trend ranges from a decrease of 5.5 mm/year to an increase of 3.6 mm/year for the RCP4.5
scenario in the late century period. For the RCP8.5 scenario, the trend ranges from a decrease of
2.7 mm/year to an increase of 8.6 mm/year. The end of the century projected trend ranges from a
decline of 3 mm/year to an increase of 4.9 mm/year under the RCP4.5 and from a decline of 2.7
mm/year to an increase of 8.6 mm/year under the RCP8.5 scenario. All the trends were however
statistically insignificant at the 5% level of significance. Unlike temperature, rainfall projection
in the West African Region is in general associated with higher uncertainties (Rowell 2012;
Orlowsky and Seneviratne 2012). Trend analysis of temperature, revealed statistically significant
(5% level of significance) increases in agreement with the IPCC (2013) report. For the late

century increase in trends up to 0.03 °C/year is projected by both RCP4.5 and RCP8.5 scenarios.
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The projected trend for the end of the century ranges from a decrease Of 0.0 1 °C/year to an
increase of 0.02 °Clyear for the RCP4.5 scenario and from 0.02 °C/year to 0.06 °C/year for the

RCP8.5 scenario. The decreasing trends are however not significant at the 5% level as shown in

Table 5.5.
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Table 5.3: Projected changes in temperature (°C) for the late and end of 21st century in the Black Volta River Basin
under RCPs 4.5 and 8.5

2051-2075 2076-2100

Baseline

(1981-2010)
Observed mean RCP4.5 RCP8.5 RCP4.5 RCP8.5

RCMs

values
. Tmean (°C) Tmean (°C) Tmean (°C) Tmean (°C)

Tmean ("C)
Ave Change | Ave Change | Ave Change | Ave Change

RACMO22T/ICHEC-EC-

EARTH 30.0 2.1 30.7 2.8 30.2 2.3 31.4 35
RCA4/MPI-ESM-LR 279 29.9 2.0 30.6 2.7 30.1 2.2 314 3.5
RCA4/CCCma-CanESM?2 30.2 2.3 30.9 3.0 30.5 2.6 31.6 3.7
ENSEMBLE 30.0 2.1 30.7 2.8 30.2 2.3 314 3.5
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Table 5.4 Results of the Mann-Kendall test for annual rainfall (mm) for the late and end of 21st century in the Black
Volta River Basin under RCPs 4.5 and 8.5

Mann-Kendall Sen's
Model runs Statistic (S) slope p-value Trend
RACMO22T/ICHEC-EC-EARTH (RCP4.5/20605s) -50.00 -5.53 0.26 Not significant
RACMO22T/ICHEC-EC-EARTH (RCP4.5/2080s) -46.00 -2.96 0.30 Not significant
RACMO22T/ICHEC-EC-EARTH (RCP8.5/2060s) 18.00 2.53 0.70 Not significant
RACMO22T/ICHEC-EC-EARTH (RCP8.5/2080s) 18.00 2.54 0.70 Not significant
RCA4/CanESM2 (RCP4.5/2060s) 18.00 1.54 0.70 Not significant
RCA4/CanESM?2 (RCP4.5/2080s) 42.00 4.90 0.34 Not significant
RCA4/CanESM2 (RCP8.5/2060s) 74.00 8.56 0.09 Not significant
RCA4/CanESM2 (RCP8.5/2080s) 74.00 8.56 0.09 Not significant
RCA4/MPI-ESM-LR (RCP4.5/20605s) 28.00 3.55 0.53 Not significant
RCA4/MPI-ESM-LR (RCP4.5/20805s) 12.00 1.86 0.80 Not significant
RCA4/MPI-ESM-LR (RCP8.5/20605s) -28.00 -2.67 0.53 Not significant
RCA4/MPI-ESM-LR (RCP8.5/20805s) -26.00 -2.67 0.56 Not significant

94



Table 5.5 Results of the Mann-Kendall test for mean annual temperature (°C) for the
late and end of 21st century in the Black Volta River Basin under RCPs 4.5 and 8.5

Mann-Kendall | Sen's P-
Model runs Statistic (S) | slope | value Trend
RACMO22T/ICHEC-EC-EARTH Significant
(RCP4.5/2060s) 10400 1 003} 002 increase
RACMO22T/ICHEC-EC-EARTH Significant
(RCP4.5/2080s) 10800 | 002 001 increase
RACMO22T/ICHEC-EC-EARTH Significant
(RCP8.5/2060s) 15200 1 003 | 0.00 increase
RACMO22T/ICHEC-EC-EARTH Significant
(RCP8.5/2080s) 190.00 | 0.06 | <0.00 increase
RCA4/CanESM2 (RCP4.5/2060s) -4.00 -0.00 | 0.94 | Not significant
RCA4/CanESM2 (RCP4.5/2080s) -44.00 -0.01 | 0.32 | Not significant
RCA4/CanESM2 (RCP8.5/2060s) 130.00 0.02 | 0.00 Isn'gr”(;;‘;am
RCA4/CanESM2 (RCP8.5/2080s) 132.00 0.02 | 0.00 Isn'gr”;;‘;am
RCA4/MPI-ESM-LR (RCP4.5/2060s) 26.00 0.00 | 0.56 | Not significant
RCA4/MPI-ESM-LR (RCP4.5/2080s) -28.00 -0.01 | 0.53 | Not significant
RCA4/MPI-ESM-LR (RCP8.5/2060s) 164.00 | 0.02 | 0.00 Isr:grr'e';'szam
RCA4/MPI-ESM-LR (RCP8.5/2080s) 148.00 0.03 | 0.00 ISn'gr”e';'S‘;am
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5.7. Partial Conclusion

The quantile-quantile transformation method for bias correction of the rainfall and temperature
data proved useful in reducing the biases in the RCMs. In all the analysis, the corrected data
fitted much closer to the observed data than the uncorrected ones. The RCMs exhibited some
biases in reproducing the historical rainfall pattern of the BVRB. The historical temperature of

the studied basin was however well simulated.

The model projections of rainfall over the basin for the late- and end of the 21% century under the
low and high emission scenarios showed both positive and negative signals. These mixed signals
were statistically insignificant at the 5% level of significance. Unlike rainfall, the temperature
projections by the model runs showed mostly statistically significant increases. Warming of the
basin ranges between 2.0 °C (late 21* century under RCP4.5) and 3.7 °C (end of the 21% century

under RCP8.5).
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CHAPTER 6: HYDROLOGICAL MODELLING WITH SWAT

6.1. Introduction

This section presents and discusses the results of the hydrological modelling with the Soil and
Water Assessment Tool model. The model sensitivity analysis result is presented first, followed

by calibration and validation, then finally, the uncertainty analysis.

6.2. Model sensitivity analysis

Results of the model sensitivity analysis show that the most sensitive parameter to streamflow in
BVRB is the curve number (CN2), followed by threshold depth of water in the shallow aquifer
required for return flow to occur (GWQMN), and baseflow alpha factor for bank storage
(ALPHA_BNK) (Table 6.1). Canopy storage (CANMX) was the least sensitive of the eighteen

(18) model parameters analyzed.

Table 6.1: Global sensitivity analysis of flow parameters of SWAT for the Black Volta
Basin

Rank | Parameter Name t-Stat’ | P-Value®
1 r_CN2.mgt -13.57 | 0.05
2 v_GWQMN.gw 13.01 0.05
3 v_ALPHA BNK.rte -11.44 | 0.06
4 v_ REVAPMN.gw 10.68 0.06
5 v_GW_DELAY.gw 8.89 0.07
6 v _RCHRG_DP.gw -7.22 0.09
7 v_CH_N2.rte -6.85 0.09
8 v_ESCO.hru -6.33 0.10
9 r__ SHALLST.gw -5.77 0.11
10 r_ SLSUBBSN.hru 5.71 0.11
11 r_SOL_AWC.sol 5.00 0.13
12 r SOL_K.sol -4.58 0.14
13 v_ALPHA BF.gw 3.98 0.16
14 r_ CH_S2.rte 3.80 0.16
15 v__ CH_K2.rte 3.11 0.20
16 v__ GW_REVAP.gw 1.87 0.31
17 v_ SURLAG.hru -1.60 0.35
18 v__ CANMX.hru -0.29 0.82

* t-stat provides the sensitivity measure. The larger the absolute value the more sensitive the parameter.
2p-value determines a sensitivity’s significance. A value closer to zero indicates more significance.
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6.3. Calibration and validation results for streamflow and sediment yield

The final parameter value ranges used in SUFI-2 for the calibration and subsequently for
validation are presented in Table 6.2. Figure 6.1 presents results of the simulated monthly
streamflow with observed data for the calibration and validation periods. Performance
assessment via quantitative statistics during the calibration period resulted in R* of 0.86, RSR of
0.38 and NSE of 0.85 (Table 6.3), indicating that the model simulated the streamflow with
reasonable accuracy. The model was able to replicate the low flow fairly well and captured most
of the peak flows. In comparison with the general statistical performance ratings given by
Moriasi et al. (2007) and Santhi et al. (2001) and provided in Table 3.11, the overall discharge
calibration results indicate “very good” model performance. The flow validation results were
generally “satisfactory” (NSE; 0.60, R% 0.62, RSR; 0.64, PBIAS; 20.1%). The trend of the
simulation during both calibration and validation periods basically followed that of the measured
data, except for the discrepancies in some of the years. During the calibration period the model
underestimated the flows for September 1996, 1997, 1999 and 2000 and overestimated the flow
for September 1998. For the validation period, the discrepancies existed from September 2002 to
October 2002 and from July 2003 to October 2003. The differences in the model simulated and
observed flows basically existed during/after peak rainfall periods during both calibration and
validation periods, demonstrating that the SWAT model had problems simulating peak flows. A
number of studies worldwide have demonstrated the inability of the SWAT model to simulate
peak runoffs very accurately (e.g. Chu et al., 2004; Wang et al., 2015; Himanshu et al., 2017).
The PBIAS value of 8.1% and 20.1% obtained during the calibration and validation periods,
respectively, indicates that the model has the tendency to under-predict flows. According to
Phomcha et al. (2011), a possible reason for underestimation of surface runoff by the SWAT

model is the non-consideration of rainfall intensity and duration by the soil conservation services
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(SCS) curve number (CN) method (SCS, 1972). According to Wang et al. (2015) these effects
may be stronger during heavy rainfall events. Based on the results of their study, Borah et al.
(1999) indicated that SWAT had a limitation in evaluating peak monthly runoffs (mostly under-
estimations) recommending that the model be improved in storm event simulations to enhance its

peak and high runoff predictions.

The calibration and validation plots of total sediment yield are presented in Figure 6.2. In
general, the model simulated sediment yield matched the trends of the observed in both
calibration and validation periods. During the calibration period, the peaks were under-estimated
in September 2000 and June 2003 while in September 2001, September 2002 and August 2004,
the peaks were over-estimated. The PBIAS value of 27.5% obtained during the calibration period
shows a general under-prediction of sediment yield by the model. Overall, the evaluation results
(NSE; 0.68, R% 0.76 and RSR; 0.57) indicates “good” model performance. For the validation
period, the pattern of the sediment yield with the observed was maintained. However, the model
overestimated the sediment loads during September - November 2005. In September - November
2006 and in September-October 2007, the sediment simulation was under estimated. The
validation results obtained (NSE; 0.65, R% 0.74, RSR; 0.59 and PBIAS; 39.1) were satisfactory.
The results show that like the peak runoff, the SWAT model couldn’t simulate well the peak
sediment loads. A similar result has been reported by Wang et al. (2015). The overestimation of
sediment loads for some of the high-flow events might be because the SWAT model fails to
consider sediment deposition remaining on surface catchment, allowing all the soil that is eroded
by runoff to reach the river directly (Wang et al., 2015). On the other hand, the underestimation
of sediment load during some peak events may be a result of the very simple sediment routing

algorithm used in the model (ibid). According to Qiu et al. (2012), the SWAT model does not
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evaluate specific sediment load and peak flows very accurately because of its dependence on
different empirical and semi empirical models (for example SCS-CN and MUSLE). Among
other things, a possible reason for achieving satisfactory results during flow and sediment load
validation may be from the relatively short period of data used during these periods. A much
longer period of data would probably have led to better comparison between the observed and
simulated flow and sediment loads since a longer record will not be affected much by few high

or low values as will be evident in short records.

Table 6.2. Final parameter value ranges at calibration of discharge and total sediment
in the Black Volta River Basin via SUFI-2 of SWAT-CUP

Variable Parameter name Pfarameter value.
Fitted Min Max
FLOW r_ CN2.mgt -0.120 -0.168 -0.107
v_GWQMN.gw 1344.085 | 1261.467 | 1393.655
v_ALPHA BNK.rte 0.6705 0.649 0.683
v_ REVAPMN.gw 459.941 | 455.758 | 462.451
v_GW_DELAY.gw 483.756 | 482.813 | 484.798
v_RCHRG_DP.gw 0.041 0.040 0.100
v_CH_N2.rte 0.238 0.202 0.243
v_ESCO.hru 0.643 0.642 0.653
r _ SHALLST.gw 0.265 0.261 0.267
r_SLSUBBSN.hru -0.506 -0.543 -0.506
r__SOL_AWC.sol 0.542 0.534 0.556
r SOL_K.sol -0.660 -0.685 -0.650
v_ALPHA BF.gw 0.373 0.366 0.385
SEDIMENT |y spEXP.bsn 1.194 1.192 1.199
v__SPCON.bsn 0.007 0.007 0.007
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Figure 6.1: Plots of rainfall and comparison of observed and simulated discharges during (a) calibration and (b) validation of SWAT

for the Black Volta River Basin
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Figure 6.2: Plots of observed and simulated total sediment yield during (a) calibration and (b) validation of SWAT for the Black Volta
River Basin
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Table 6.3: Results of SWAT calibration and validation for streamflow and sediment
yield for the Black Volta River Basin

Component | Simulated RZ.  |RSR |NSE |PBIAS
period
Calibration 0.86 |0.38 0.85 8.1
Runoff

Validation 0.62 |0.64 0.60 20.1

Total Sediment | Calibration 076 |057 |0.68 |275

yield

Validation 0.74 10.59 0.65 39.1

6.4. Uncertainty analysis

The uncertainty analysis results for monthly discharge and sediment yield of the study basin
indicated that some levels of uncertainty existed in the model simulations. As shown in the
discharge and sediment yield calibration results (Figure 6.3), a very low proportion of the
observed discharge and sediment data were captured by the 95PPU band. The p-factor values
were 0.21 and 0.11 for discharge and sediment yield respectively. Desirable r-factor values (0.21

for discharge and 0.22 for sediment) were however achieved.

For validation, 25% of the observed discharge was captured by the 95PPU band while 14% of
the observed sediment was captured. Like the calibration results, these values are also low.
However, the r- factor values were good (0.19 for discharge and 0.10 for sediment). The
uncertainties existing in the discharge and sediment simulations may have resulted from errors in
the input driving variables such as rainfall, temperature and the streamflow data used in
generating the sediment rating curve. Uncertainties in SWAT modelling caused by poor

accuracy of input data have been reported in several studies (e.g Narsimlu, et al., 2015; Tanveer
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Abbas et al., 2016). Some levels of the uncertainties may also have stemmed from the SWAT

model itself.

(a) (b)

Discharge (m?/s)
Sediment (t/month)

Figure 6.3: Plot of 95PPU for (a) discharge and (b) total sediment yield at calibration in SWAT-CUP

6.5. Partial Conclusion

The results of the quantitative statistics (NSE, R?, RSR and PBIAS) through which the
performance of the SWAT model was assessed indicated that the model simulated streamflow
and sediment yield of the BVRB quite well. For flow calibration an R? of 0.86; NSE of 0.85;
RSR of 0.38; and PBIAS of 8.1 was obtained. Sediment yield analysis yielded an R? of 0.76;
NSE of 0.68; RSR of 0.57, and PBIAS of 27.5. The validation results for streamflow were R? of
0.62; NSE of 0.60; RSR of 0.64 and PBIAS of 20.1% while that for sediment yield were R? of
0.74; NSE, 0.65; RSR of 0.59, and PBIAS of 39.1%. The P- and R-factor values obtained during

the model calibration indicated the existence of low levels of uncertainties in the model.
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CHAPTER 7: IMPACT OF CLIMATE CHANGE ON STREAMFLOW AND SEDIMENT
YIELD AND THE SENSITIVITY OF FLOW TO LANDUSE/LANDCOVER CHANGES
IN THE BVRB

7.1. Introduction

This chapter discusses the projected changes in flow and sediment yield in the basin due to the
impact of climate change. The results of the LULC change analysis of the BVB and the
sensitivity of the basin’s flow to the changes in land use considered in the study are also

discussed.

7.2.  Impact of climate change on flow and sediment yield

The results of the seasonal change in streamflow and total sediment yield in the Black Volta
Basin during the late- and end of the 21% century are presented in Figures 7.1 - 7.4. Relative to
the baseline, the model scenarios projected an increase in flow and sediment yield during the dry
period for the 2060s under RCP45 scenario as shown in Figure 7.a. The increase in flow ranged
between +35% and +45% with a mean of +39% while that of sediment ranged between +51%
and +120% with a mean of +85%. For the wet period, the same pattern of general increase in
flow and sediment yield was recorded (Figure 7.1b). The range of change in flow was between
+28% and +37% with a mean of +35% while that for sediment yield ranged between +113% and
+195% with a mean of 143%. Under the high emission RCP8.5 scenario, all the models again
projected increases in flow (up to +163%) and sediment yield (+704%) for both dry and wet
period. The increase dry period flow ranged between +64% and +163% with a mean of +113%
and that of sediment between +169% and +704% with a mean of +473%. For the wet period, the
flow increase ranged between +35% and +146% with a mean of +80% while the sediment
increase ranged between +179% and +365% with a mean of 279%. The end of the 21* century

projection of streamflow and sediment yield for the RCP 4.5 and RCP 8.5 scenarios also showed
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increases (Figure 7.3a and b). The only exception to this pattern was a projected decrease in wet
period flow with increasing sediment yield by the RACMO22T/ICHEC-EC-EARTH. This
results of decrease in flow with increase in sediment yields is similar to the findings of Phan et
al. (2011) and Shrestha et al. (2013). Decrease in flows with corresponding increase in sediment
yield in river basins can sometimes occur with rainfall decrease and temperature increase
(Shrestha et al. 2013). According to Zhu et al. (2008) and Li et al. (2011), increase in
temperature with decreasing rainfall reduces plant growth, exposes the soil surface and results in
increasing erosion rates and sediment yields. Under RCP8.5 scenario, all the models projected
increases in both flow and sediment during the dry and wet periods. The increase in flow across
the models was projected to reach +309% (RCA4/CCCma/CanESM2) and 229%
(RCA4/CCCma/CanESM2) compared to the historical value, for the dry and wet periods
respectively. The projected increase in sediment was between approximately 112% and 750%
(Figure 7.4 a and b). High sediment yields following increases in streamflow in river basins can
occur from intense rainfall events, erosion and scouring at river banks. The banks of the BVB are
mostly sandy and might have contributed to the high sediment yields values obtained. In general,
the seasonal cycle of the sediment yield followed that of flow, with increasing flows resulting in

increasing sediment yield.

The results of the impact of climate change on the mean annual flow and sediment yield are
shown in Table 7.1. Relative to the baseline period, the change is projected to range between
+40% and +42% with a mean +41% of for flow and between +100% and +143% with a mean of
+139% for sediment yield during the late 21st century under the RCP4.5 scenario. By the end of
the 21st century, the change in flow is projected to range between -6% and +78% with a mean of

+22% while sediment yield will range from approximately 100% up to about 216% with a mean
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of +182%. Under the high emission RCP8.5 scenario, the projections showed that the change in
flow during the late century period will range between +48% and up to +148% with a mean of
+95% across the models. For sediment yield the projected change was from +249% to +335%
with a mean of +285. The end of century projections of flow ranged between +69% and up to
+243% with a mean of +130% while that of total sediment ranged between +358% and 412%
with a mean of +368% across models under this high scenario. In general, the trend analysis
results of streamflow and sediment yield (Table 7.2) indicated statistically significant increase
(p<0.05) in both streamflow and sediment yield under both emission scenarios during the late -
and end of the - 21st century. Increase in streamflow may result in floods in the basin region and
thereby affect livelihoods and food security. Sediment load increase in the basin may increase

the turbidity of the river and cause loss of reservoir storage (Walling, 2008).
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Figure 7.1: Changes in mean seasonal streamflow and sediment yield for the late 21st century (2060s) under RCP4.5 scenario compared
to the baseline period. (a) Dry period (January-March) and (b) Wet period (August-October).
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Figure 7.2: Changes in mean seasonal streamflow and sediment yield for the late 21st century (2060s) under RCP8.5 scenario compared
to the baseline period. (a) Dry period (January-March) and (b) Wet period (August-October).
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Figure 7.3: Changes in mean seasonal streamflow and sediment yield for the end of the 21st century (2080s) under RCP4.5 scenario
compared to the baseline period. (a) Dry period (January-March) and (b) Wet period (August-October).
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Figure 7.4: Changes in mean seasonal streamflow and sediment yield for the end of the 21st century (2080s) under RCP8.5
scenario compared to the baseline period. (a) Dry period (January-March) and (b) Wet period (August-October).
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Table 7.1: Projected changes in mean annual stream flow and total sediment yield, relative to the 1984-2010
period

% Change : 0/‘.) Change
RCMs Scenarios Streamflow in T_otal Sediment in '_I'otal
(m°/s) yield (t/month) Sediment
streamflow .
yield
Historical 309 0 155542 0
Late-Century RCP4.5 432 40 311288 100
RCA4/CCCma- Late-Century RCP8.5 769 149 676733 335
CanESM2 End-of-Century RCP4.5 551 78 424965 173
End-of-Century RCP8.5 1062 243 797398 413
Late-Century RCP4.5 434 40 311288 100
RACMO22T/ICHEC- | Late-Century RCP8.5 460 49 578270 272
EC-EARTH End-of-Century RCP4.5 289 -6 310308 100
End-of-Century RCP8.5 549 77 705923 354
Late-Century RCP4.5 440 42 379010 144
Late-Century RCP8.5 578 87 542214 249
RCA4IMPI-ESM-LR End-of-Century RCP4.5 382 24 492050 216
End-of-Century RCP8.5 523 69 682351 339
Late-Century RCP4.5 435 41 371349 139
MULTIMODEL Late-Century RCP8.5 602 95 599072 285
ENSEMBLE MEAN | End-of-Century RCP4.5 377 22 437976 182
End-of-Century RCP8.5 711 130 728557 368
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Table 7.2: Results of Mann-Kendall trend test for average annual streamflow and total sediment yield in the
BVB for the 2060s and 2080s under RCP 4.5 and RCP 8.5 emission scenarios.

Mann-Kendall's test
Model Scenarios p-value (two
Kendall's Tau tiled test) | alpha Trend

oG
?Q%%gzzggé)CHEc'Ec'EARTH 0,051 0597 | 0.05 | Notsignificant

i s

e
RCA4/CanESM2 (RCP4.5/2060s) -0.176 0.066 0.05 Not_ sign_ificant

RCA4/CanESM2 (RCP4.5/20805) -0.336 0000 | 0.05 Ségeﬂ'rfe'iﬁe” t

T RCAA4/CanESM2 (RCP8.5/20605) 0.683 <0.0001 1 0.05 S:ﬁQ:Z:;nt

RCAA4/CanESM2 (RCP8.5/20805) 0.624 <0.0001 1 0.05 S:ﬁQ:Z:;nt

RCA4/MPI-ESM-LR (RCP4.5/20605) 0.385 <00001 1 0.05 S:gg:g;nt

RCA4/MPI-ESM-LR (RCP4.5/20805) 0.210 0029 1 0.05 S:ggggfem

RCA4/MPI-ESM-LR (RCP8.5/20605) 0.440 <0.0001 1 0.05 Slﬁ?ﬁiﬁi”t

RCA4/MPI-ESM-LR (RCP8.5/2080s) 0.394 <00001 | 0.05 S:gg:gacsfaem

oy | ST CHEC SO AT

RACMO22T/ ICHEC-EC-EARTH 0.273 0004 | 005 | Significant
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(RCP4.5/2080s)

increase

e 0425 | <ooo01 | 005 | SPRUEH
e ke
RCA4/CanESM2 (RCP4.5/20605) 0.290 0003 | 0.05 S:ﬁQ:Z:;nt
RCA4/CanESM2 (RCP4.5/2080s) 0.121 0.210 0.05 Not_ sign_ificant
RCA4/CanESM2 (RCP8.5/2060s) 0.552 <00001 | 0% S:gggg;;m
RCA4/CanESM2 (RCP8.5/2080s) 0.531 <00001 ) 0.05 S:gggg;;m
RCA4/MPI-ESM-LR (RCP4.5/20605) 0.356 0000 1 005 S:ﬁQ:Z:;nt
RCA4/MPI-ESM-LR (RCP4.5/20805) 0410 <00001 ) 0.05 S:ﬁQ:Z:;nt
RCA4/MPI-ESM-LR (RCP8.5/20605) 0495 <00001 1 0.05 S:ﬁQ:Z:;nt
RCA4/MPI-ESM-LR (RCP8.5/20805) 0.475 <00001 1 0.05 Slﬁ?lﬁffem
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7.3. Land use land cover change analysis

The most visible change in LULC of the basin during the 10-year period (1990 to 2000) was an
increase in cropland and grassland and a decrease in savanna (Figures 7.5 and 7.6). Croplands
increased by 13,710 km?, representing a basin-wide coverage of 10% and grasslands by 8,633
km?, representing an increase of 6% in basin coverage. Savanna woodland decreased by 19,442

km?, a reduction from coverage of 57.0% to 42.6% (Table 7.3).

From 1990 to 2000, the average population growth rate in the Basin area occupied by Burkina
Faso and Ghana was 2.38% and 2.5% respectively (Barry et al., 2005). In Burkina Faso about
78% of the total population lived in the Volta Basin in the year 2000 and the cropped area
represented 82.5% of the total cropped land in Burkina Faso (ibid). The increase in cropland can
thus be attributed to the increase in population in the basin within that period since expanding
population demands more cultivation of crops for sustenance. In assessing the population and
land use/land cover dynamics in the Volta River Basin of Ghana, Codjoe (2004), found a
moderate to strong correlation between population size and agriculture land use, suggesting that
population growth might have contributed to the increase in agriculture land use in 1992 and
2000. Agriculture (cultivation of crops and rearing of cattle) is the main land use type in the
Volta Basin and plays a primary role in food security and poverty reduction by providing food
and household incomes. Livestock (cattle, sheep and goats) production is highly developed in the
Burkinabe and Ghanaian (Northern part) sides of the basin, with the animals being kept mostly

for prestige and security in times of economic crises (Codjoe, 2004).

Forest areas showed a slight decline (309 km?) between 1990 and 2000. The decrease can be

linked to the cutting down of vegetation for cultivation of grass to feed the livestock. The grazing
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method of the livestock in the basin, which is based on free mobility in all open forests, might
have also contributed to the decline in vegetation. In addition, agricultural practices such as slash

and burn technique which is widespread in the basin might have contributed to this decline.

Fuel wood is a cheap source of energy, and with rural population forming the dominant
population (64-88%) of the Volta Basin (WDI, 2003 in Barry et al., 2005) as at the year 2000,
dependence on savanna and forests for energy was commonplace. In big cities such as
Ouagadougou (Burkina Faso) woodlands are the primary source of firewood and charcoal
(Ouedraogo, 2006; Kramer, 2002). In Ghana, about 90% of households use charcoal or firewood
for cooking (Derkyi et al, 2011). Therefore, in addition to clearing woodlands for cropping, the
decline in savanna was most likely due to woodcutting for charcoal and firewood by the habitats
of the basin. According to FAO (2001), the ascendency in cutting down trees for fuelwood and

charcoal among others are responsible for deforestation in Africa.

Compared to all other land use/land cover types, shrublands showed the least changes (decrease
of 19 km?). Figure 7.7 shows the absolute difference in the different LULC classed during the 10
years. Despite all the changes however, savanna woodlands remained the dominant LULC
during the 10 years (Figure 7.8). This was followed by grasslands and croplands in decreasing
order of importance. As shown in Table 7.3, other minor changes included decreases in coverage
of barren land and herbaceous wetlands by 1,450 km? and 1,455 km? respectively. Infrastructure
development led to an increase in area (101 km?) of urban development. Shrublands, urban areas,
barren land, herbaceous wetland and water body covered less than 2% of the total watershed area

in both years.
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Figure 7.5: LULC maps for the Black Volta River Basin for the years (a) 1990 and (b) 2000
(source: Glowa Volta Portal)
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Figure 7.6: Most visible LULC changes in the Black Volta River Basin from 1990 to 2000
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Table 7.3: Changes in land use/land cover types in the Black Volta River Basin
between 1990 and 2000

Absolute
1990 2000 Difference
Land use types % % %
Area | Watershed | Area | Watershed | Area | Watershed
(km? Area (km? Area (km? Area
Savanna 76950 57.00 57508 42.60 19442 14.40
Forest-Evergreen 7417 5.49 7107 5.26 309 0.23
Shrubland 2302 1.71 2283 1.69 19 0.02
Grassland 26773 19.83 35406 26.23 8633 6.40
Agricultural Land-
Generic 12440 9.21 26150 19.37 13710 10.16
Wetlands-Non-
Forested 5286 3.92 5356 3.97 71 0.05
Herbaceous Wetland 1583 1.17 129 0.10 1455 1.07
Urban-Medium
Density 154 0.11 255 0.19 101 0.08
Water 41 0.03 201 0.15 160 0.12
Barren 2057 1.52 608 0.45 1450 1.07
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Figure 7.7: Absolute difference in LULC class in the Black Volta River Basin between 1990 and 2000
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Figure 7.8: Land use/land cover coverage in the Black Volta River Basin from 1990 to 2000
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7.4. Sensitivity of streamflow to land use/land cover change

The results of the annual and seasonal variability of streamflow in relation to changes in LULC
in the BVRB are depicted in Figure7.9 and Table 7.4 respectively. The total annual flows based
on the 1984-2010 simulation showed slight decreases in streamflow following the change in land
use from 1990 to 2000. The decrease ranged between 0.5% in 1992 and 5.7% in 1984. For the
seasonal analysis, whereas the change in land use resulted in a 1% increase in flow during the
dry season (Jan-Mar), a decrease of 4% flow was recorded for the wet season (Jul-Sep). The
analysis revealed no change in flow during the beginning of the rainfall season (Apr-Jun). The
mean annual streamflow for the period of simulation using the LULC of the year 1990 was
319.12 m®/s while that for the LULC of the year 2000 was 309.53 m®/s, representing a slight
reduction of -2% over the year 1990.This reduction is statistically insignificant. The coefficients

of variation were 1.20 and 1.18 for the 1990- and 2000-LULC simulations, respectively (Table
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Figure 7.9: Simulated changes in total annual streamflow of the Black Volta River Basin using
year 2000 land use map, relative to year 1990 land use map
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Table 7.4: Change in seasonal streamflow of the Black Volta River Basin due to LULC

change from 1990 to 2000

0,
Seasons LULC1990 (m®/s) | LULC2000 (m®/s) C/:Ohange
Dry season (Jan-Mar) 2,324.535 2,337.934 +1
Beginning rainfall season (Apr-Jun) 2,314.123 2,312.178 0
Wet season (Jul-Sep) 3,758.848 3,619.221 -4
Wet dry season (Oct-Dec) 3,391.906 3,445.026 +2

Table 7.5: Statistics of streamflow simulation (1984-2010) for the Black Volta River

Basin based on the LULC maps of the years 1990 and 2000

Statistical Parameter LULC1990 LULC2000
Mean (m%/s) 319.12 309.53
Maximum (m?/s) 2,173.00 2,137.00
Minimum (m®/s) 8.69 8.15
Standard Deviation (m®/s) 383.10 363.96
Coefficient of Variation 1.20 1.18

7.5. Partial Conclusion

Seasonal analysis of streamflow and sediment yield for the BVRB showed increases in both flow
and sediment for the dry and wet periods for the 2060s and 2080s under both RCP 4.5 and RCP
8.5 scenarios. Projected mean annual flow and sediment yield also showed mostly increases,

statistically significant at the 5% level of significance. The land use/land cover change analysis
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of the BVRB revealed that some changes occurred during the 1990/2000 period. Notable among
the changes were an increase in cropland and a decrease in savanna. Analysis of annual
streamflow for the years (1990 and 2000) showed decreases. With regards to seasonal flows an
increase of 1% was observed for the dry season while the wet season flow decreased by 4%. The
wet-dry season saw a slight increment. The statistics of the flow simulation however showed that

the observed changes were statistically not significant.
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CHAPTER 8: GENERAL CONCLUSIONS AND PERSPECTIVES

8.1. Conclusions

The extreme event analysis showed that the BVB got warmer and wetter (revealed through
increases in the amount and intensities of rainfall) during the 1981-2010 period.

The performance of the SWAT model in simulating the historical flow and sediment yield of the
BVB, assessed through the quantitative statistics NSE, R? RSR and PBIAS, during monthly
calibration and validation shows that the model reasonably simulates the two variables. The
calibration results for flow were R? of 0.86; NSE of 0.85; RSR of 0.38; and PBIAS of 8.1. For
sediment yield, the results were R? of 0.76; NSE of 0.68; RSR of 0.57, and PBIAS of 27.5. Both
results show “good” model performance. The validation results were “satisfactory” for both flow
and sediment yield, with R? of 0.62; NSE of 0.60; RSR of 0.64 and PBIAS of 20.1% for
streamflow and R? of 0.74; NSE, 0.65; RSR of 0.59, and PBIAS of 39.1% for sediment yield.
The PBIAS values show that the model has the tendency of underestimating flow and sediment
yield in the basin. Results of the sensitivity analysis show that the most sensitive parameter to
streamflow in basin is the curve number (CN2). The P-factor and R-factor values obtained
during the model calibration shows that the uncertainties which exist in the model should not be

ignored and must be taken into account when using the results for impact assessment.

The plots of mean monthly rainfall and temperature of the model-simulated uncorrected, model-
simulated bias-corrected and observed data showed that the quantile-quantile downscaling and
quantile-quantile transformation method performed well in reducing the RCM biases. The
analysis of the data further showed that the corrected data fit much better to the observed data

than the uncorrected data. The individual RCMs exhibited some biases in the simulation of
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historical rainfall of the basin. With regards to temperature, all the models simulations fit well to

the historical temperature of the basin.

Relative to the baseline, annual rainfall amounts showed positive and negative signals across the
models. Similar to the annual rainfall, the intra-annual and seasonal rainfall analysis also showed
high uncertainty in the future rainfall amounts, with higher variability in the wet season
compared to the dry season. Temperature projections by the models unanimously suggested
warming of the basin during the 2060s and 2080s with increases ranging between 2.0 °C (late
21% century under RCP4.5) and 3.7 °C (end of the 21% century under RCP8.5). Trend analysis of
annual future rainfall pointed in both positive and negative directions. The trends were however
statistically insignificant at the 5% level of significance. Trends in the annual mean temperature
however, showed mostly statistically significant (5% level of significance) increases in future
temperature over the basin. A few of the model runs showed statistically insignificant decreasing
trends. High temperatures may affect water availability and use in the basin. Since majority of
the basin’s population depend on agriculture for their livelihood, problems related to water
scarcity in the basin may worsen the poverty situation in the basin. Measures to cope with the
increasing temperature over the basin should therefore be explored and developed well ahead of

time.

Seasonal analysis of streamflow and sediment yield showed increases in flow and sediment
during the dry and wet periods for the late- and end of the 21* century under both RCP 4.5 and
RCP 8.5 scenarios. Analysis of the mean annual flow and sediment yield also showed mostly

statistically significant increases.
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The land use/land cover change analysis of the Black Volta Basin showed that between the
period 1990 and 2000, the coverage of cropland and grassland increased drastically, with
corresponding reduction in savanna. These changes could be linked to population growth and the
dependence on savanna for fuelwood in the basin. The sensitivity analysis of streamflow over the
basin with respect to the 10 year change in land use also showed only slight changes. The
statistics of the flow simulation showed, however, that the changes were not significant.
Considering the role of land-use/cover in flow, sensitivity analysis using different “extreme”
hypothetical scenarios can prove useful in concluding more robustly on the sensitivity or not of

the flow of the Black Volta to changes in land use.

8.2. Perspectives

Extreme events in the BVRB during the 1980 - 2010 period have been analyzed, and projections
of precipitation and temperature in the basin during the late- and end-of-the 21* century made. In
addition, the impact of climate change on flow and sediment yield of the BVRB has been
evaluated, and the sensitivity of the basin’s flow to changes in LULC changes assessed. Given
the high level of uncertainty in the precipitation projections for the basin, the use of more models
is recommended to increase the level of confidence in the projections. To enable better
simulation of sediment loads in the basin, future study should consider sampling sediments over
a longer period of time, other than the one (1) year period employed in this study. Finally, future
studies should consider developing hypothetical land use/land cover scenarios to allow for better

assessment of the sensitivity of LULC change on both flow and sediment loads in the basin.
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8.3. Recommendations

To reduce the vulnerability of the BVRB and indeed the entire VRB to the projected impacts of

climate change, the following recommendations are proposed:

1. A comprehensive flood management plan should be developed for the entire VRB.
This plan should include among other things the enhancement of existing reservoirs
to take up extra water and the development of flood early warning systems;

2. Development of flood early warning systems;

3. A drought management plan which includes having irrigation facilities for
supplemental irrigation in rainfed agriculture to offset the negative effect of drought
on agriculture and food security should be developed;

4. Integrated watershed management approaches, aimed at reducing erosion and
sedimentation in the basin should be explored and implemented:;

5. Establishment of a regulatory framework on sediment loads in the basin;

6. The use of alternative sources of energy such as solar and biogas should be explored.
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ANNEX 1

Table 1A: Weather generated input files for SWAT

STATION BOLE DEDOUGOU | BOBO-DIOULASSO
WLATITUDE 9.03 12.46 11.16
WLONGITUDE -2.48 -3.48 -4.31
WELEV - - -
RAIN_YRS 30 30 30
TMPMX1 35.21 33.35 32.60
TMPMX2 36.92 36.52 35.45
TMPMX3 36.83 38.99 37.18
TMPMX4 34.80 40.07 37.03
TMPMX5 33.11 38.65 35.00
TMPMX6 31.02 35.13 32.12
TMPMX7 29.56 32.47 30.13
TMPMX8 29.11 31.13 29.38
TMPMX9 30.17 32.80 30.61
TMPMX10 32.25 36.45 33.29
TMPMX11 34.13 36.85 34.48
TMPMX12 34.64 34.43 33.05
TMPMN1 17.73 17.47 18.83
TMPMN?2 20.83 20.64 21.80
TMPMN3 23.28 24.34 24.49
TMPMN4 23.82 26.86 25.14
TMPMN5 23.07 26.59 24.04
TMPMNG6 22.05 24.34 22.35
TMPMN7 21.47 22.87 21.54
TMPMNS8 21.31 22.14 21.23
TMPMN9 21.20 22.10 21.19
TMPMN10 21.24 22.45 21.85
TMPMN11 19.18 20.19 20.93
TMPMN12 16.84 17.90 19.15
TMPSTDMX1 1.93 2.88 2.61
TMPSTDMX2 1.75 2.79 2.39
TMPSTDMX3 2.16 2.39 2.15
TMPSTDMX4 2.44 2.31 2.42
TMPSTDMX5 2.08 2.69 2.45
TMPSTDMX6 1.81 2.83 2.31
TMPSTDMX7 1.65 2.35 2.01
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TMPSTDMX8 1.61 2.04 1.87
TMPSTDMX9 1.78 2.28 2.06
TMPSTDMX10 1.78 1.93 1.86
TMPSTDMX11 1.27 1.58 1.42
TMPSTDMX12 1.54 2.47 2.15
TMPSTDMN1 2.66 2.50 2.20
TMPSTDMN?2 341 2.65 2.30
TMPSTDMN3 2.25 2.59 1.86
TMPSTDMN4 1.59 2.08 1.82
TMPSTDMNS5 1.38 2.27 1.98
TMPSTDMNG6 1.20 2.20 1.76
TMPSTDMN7 1.01 1.60 1.34
TMPSTDMNS8 0.94 1.28 1.13
TMPSTDMN9 1.01 1.21 1.20
TMPSTDMN10 0.95 1.34 1.07
TMPSTDMN11 2.35 2.14 1.53
TMPSTDMN12 2.89 2.19 1.82
PCPMM1 2.46 0.05 0.22
PCPMM2 8.40 1.22 2.39
PCPMM3 49.53 6.32 15.08
PCPMM4 104.19 16.48 44.45
PCPMM5 131.18 68.60 99.11
PCPMM6 141.97 98.94 131.18
PCPMM7 143.73 172.30 195.08
PCPMM8 159.17 231.62 271.51
PCPMMS 207.30 134.25 175.35
PCPMM10 95.78 38.65 61.41
PCPMM11 18.07 1.89 7.49
PCPMM12 6.02 0.01 0.98
PCPSTD1 1.37 0.04 0.12
PCPSTD2 2.89 1.07 1.47
PCPSTD3 7.69 2.08 3.00
PCPSTD4 9.98 3.06 5.83
PCPSTD5 10.84 7.74 9.01
PCPSTD6 10.27 8.51 10.01
PCPSTD7 11.43 11.27 11.55
PCPSTD8 12.67 13.38 14.63
PCPSTD9 13.90 9.78 11.12
PCPSTD10 8.38 4.64 5.82
PCPSTD11 4.18 0.93 2.92
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PCPSTD12 2.19 0.01 0.62
PCPSKW1 22.99 26.52 18.30
PCPSKW?2 14.69 27.87 24.47
PCPSKW3 8.31 13.61 9.27
PCPSKW4 4.14 7.62 6.20
PCPSKW5 3.54 5.35 4.31
PCPSKW6 2.92 3.64 3.19
PCPSKW?7 4.10 2.75 2.42
PCPSKWS8 3.85 2.59 2.37
PCPSKW9 3.91 3.78 3.12
PCPSKW10 3.97 5.20 4.11
PCPSKW11 10.54 18.47 17.65
PCPSKW12 15.00 30.50 23.00
PR_W1_1 0.01 0.00 0.01
PR_W1 2 0.04 0.00 0.02
PR_W1_3 0.13 0.03 0.06
PR_W1_4 0.28 0.08 0.20
PR_W1_5 0.34 0.21 0.34
PR_W1_6 0.41 0.32 0.42
PR_W1_7 0.38 0.44 0.54
PR_W1_8 0.43 0.55 0.68
PR_W1_ 9 0.57 0.37 0.53
PR_W1_10 0.27 0.13 0.21
PR_W1_11 0.05 0.01 0.02
PR_W1_12 0.02 0.00 0.00
PR_W2_1 0.00 0.00 0.25
PR_W2_2 0.12 0.33 0.40
PR_W2_3 0.16 0.27 0.31
PR_W2_4 0.21 0.22 0.30
PR_W2_5 0.33 0.25 0.35
PR_W2_6 0.32 0.29 0.37
PR_W2_7 0.45 0.43 0.52
PR_W2_8 0.52 0.49 0.64
PR_W2_9 0.50 0.43 0.55
PR_W2_10 0.34 0.30 0.36
PR_W2_11 0.20 0.23 0.24
PR_W2_12 0.10 0.00 0.00
PCPD1 0.23 0.07 0.27
PCPD2 0.87 0.10 0.67
PCPD3 4.00 1.00 2.60
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PCPD4 7.97 2.57 6.63
PCPD5 9.90 6.17 10.40
PCPD6 11.00 9.03 12.07
PCPD7 11.93 13.50 16.23
PCPD8 14.07 15.93 20.30
PCPD9 15.67 11.90 16.27
PCPD10 9.07 5.03 8.03
PCPD11 2.00 0.43 1.10
PCPD12 0.67 0.03 0.10
RAINHHMX1 12.4 0.37 0.83
RAINHHMX2 19.9 10.23 13.37
RAINHHMX3 36.8 12.03 16.5
RAINHHMX4 27.1 12.07 26.87
RAINHHMX5 30.9 29.87 24.83
RAINHHMX6 27.2 26.87 25.67
RAINHHMX7 43.4 26.03 23.7
RAINHHMX8 40.7 31.83 31.43
RAINHHMX9 46.4 37.73 34.67
RAINHHMX10 26.2 13.43 16.67
RAINHHMX11 24.7 6.3 22.1
RAINHHMX12 15.1 0.07 5.57
SOLARAV1 21.75193548 | 21.11031183 21.88035484
SOLARAV2 21.82035419 | 23.25414404 23.13768595
SOLARAV3 21.58137634 | 24.24336559 22.42603226
SOLARAV4 20.91045556 | 23.52022222 20.33536667
SOLARAV5S 20.51666667 | 22.25516685 20.4888172
SOLARAV6 19.30751111 | 22.62063404 21.22778889
SOLARAV7 16.93456989 | 20.98801075 18.80260215
SOLARAVS 17.0021828 | 19.90676344 18.86547312
SOLARAVY 19.12341111 | 20.76876667 20.17678889
SOLARAV10 19.72076344 | 20.30930108 19.29926882
SOLARAV11 19.92984444 21.4456 20.98394444
SOLARAV12 20.96318478 | 20.50864425 20.85556522
DEWPT1 0.25916129 | 0.130096774 0.129978495
DEWPT2 0.366257379 | 0.113801653 0.16231405
DEWPT3 0.452483871 | 0.14027957 0.257741935
DEWPT4 0.527166667 | 0.220866667 0.371211111
DEWPTS 0.608741935 | 0.31467169 0.457096774
DEWPT6 0.675444444 | 0.37868743 0.516
DEWPT7 0.746075269 | 0.501354839 0.664010753

145




DEWPT8 0.792623656 | 0.622935484 0.74
DEWPTS 0.761444444 1 0.557188889 0.650033333
DEWPT10 0.642215054 | 0.381752688 0.476913978
DEWPT11 0.454777778 | 0.187088889 0.232544444
DEWPT12 0.254537634 | 0.140629067 0.143608696
WNDAV1 1.976010753 | 2.699204301 2.66455914
WNDAV?2 2.100330579 | 2.612916175 2.398807556
WNDAV3 2.474645161 | 2.331677419 2.26983871
WNDAV4 2.8106 | 2.166355556 2.586944444
WNDAV5 2.764763441 | 2.531776103 2.855290323
WNDAV6 2.740822222 | 2.742825362 2.915588889
WNDAV7 2.584043011 | 2.655784946 2.678645161
WNDAVS8 2.26244086 | 2.372537634 2.313354839
WNDAVS 2.012155556 2.19 2.181944444
WNDAV10 1.96183871 | 1.918397849 1.934150538
WNDAV11 1.7754 | 2.097022222 2.008322222
WNDAV12 1.821021739 | 2.539414317 2.559793478
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ANNEX 2
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Figure A2: Sediment rating curve for the Black Volta Basin at Chache
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ANNEX 3

Table A3: Maddock's classification for estimation of the bedload (Maddock, 1975)

% of Measured

consolidate clay

less

Concentration of | Type of Material Texture of
Suspended Load forming the Suspended Suspended Load that
. could be taken as Bed
(ppm) Stream Channel Material
Load
Less than 1000 sand Similar to bed | 5o 5,
material
Less than 1000 Gravel_, rock or | Small amount 5 0 12
consolidate clay of sand
1000 to 7500 sand Similar to bed | 1) 45
material
0
1000 to 7500 Gravel_, rock or | 25% sand or 510 15
consolidate clay less
Over 7500 sand Similar to bed | o\ 45
material
[0)
Over 7500 Gravel, rock or | 25% sand or 2108

(Source: http://www.fao.org/docrep/t0848e/t0848e-10.htm)
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ANNEX 4

Table A4: Estimated monthly total sediment load for Chache

Date Mean monthly 25% of suspended Total sediment load (tonnes)
suspended load (tonnes) load
Jan-00 2111.0 527.8 2638.8
Feb-00 876.5 219.1 1095.6
Mar-00 323.1 80.8 403.9
Apr-00 207.9 52.0 259.9
May-00 211.4 52.9 264.3
Jun-00 3816.4 954.1 4770.5
Jul-00 10248.5 2562.1 12810.7
Aug-00 59532.5 14883.1 74415.7
Sep-00 124933.7 31233.4 156167.1
Oct-00 81428.7 20357.2 101785.8
Nov-00 8424.0 2106.0 10530.0
Dec-00 1985.7 496.4 2482.1
Jan-01 405.6 101.4 507.1
Feb-01 75.4 18.8 94.2
Mar-01 47.4 11.8 59.2
Apr-01 98.8 24.7 123.5
May-01 1534.1 383.5 1917.6
Jun-01 6872.2 1718.0 8590.2
Jul-01 13996.9 3499.2 17496.1
Aug-01 32400.7 8100.2 40500.9
Sep-01 99393.9 24848.5 124242.4
Oct-01 26602.3 6650.6 33252.9
Nov-01 1786.1 446.5 2232.6
Dec-01 252.2 63.1 315.3
Jan-02 -99.9 -99.9 -99.9
Feb-02 12.5 3.1 15.6
Mar-02 41.6 10.4 52.0
Apr-02 152.6 38.2 190.8
May-02 1460.6 365.1 1825.7
Jun-02 2569.4 642.4 3211.8
Jul-02 9129.3 2282.3 11411.7
Aug-02 54971.7 13742.9 68714.6
Sep-02 69159.9 17290.0 86449.8
Oct-02 22304.1 5576.0 27880.1
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Nov-02 842.9 210.7 1053.7
Dec-02 148.1 37.0 185.2
Jan-03 70.4 17.6 88.1
Feb-03 53.1 13.3 66.4
Mar-03 51.7 12.9 64.6
Apr-03 140.7 35.2 175.8
May-03 1134.7 283.7 1418.4
Jun-03 9670.5 2417.6 12088.1
Jul-03 31521.7 7880.4 39402.2
Aug-03 -99.9 -99.9 -99.9
Sep-03 -99.9 -99.9 -99.9
Oct-03 -99.9 -99.9 -99.9
Nov-03 7396.9 1849.2 9246.2
Dec-03 2499.5 624.9 3124.4
Jan-04 929.7 232.4 1162.2
Feb-04 237.5 59.4 296.9
Mar-04 213.4 53.3 266.7
Apr-04 571.2 142.8 714.1
May-04 1938.0 484.5 2422.5
Jun-04 1978.6 494.6 2473.2
Jul-04 12596.8 3149.2 15746.0
Aug-04 103547.3 25886.8 129434.2
Sep-04 132493.5 33123.4 165616.8
Oct-04 10344.2 2586.1 12930.3
Nov-04 2101.9 525.5 2627.3
Dec-04 395.3 98.8 494.1
Jan-05 206.3 51.6 257.9
Feb-05 1142 28.6 142.8
Mar-05 62.7 15.7 78.3
Apr-05 186.5 46.6 233.1
May-05 -99.9 -99.9 -99.9
Jun-05 2451.2 612.8 3064.0
Jul-05 8920.5 2230.1 11150.6
Aug-05 13992.1 3498.0 17490.1
Sep-05 76261.8 19065.5 95327.3
Oct-05 31439.6 7859.9 39299.5
Nov-05 2044.4 511.1 2555.5
Dec-05 166.0 41.5 207.5
Jan-06 72.4 18.1 90.5
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Feb-06 48.9 12.2 61.1
Mar-06 57.3 14.3 71.6
Apr-06 41.2 10.3 51.5
May-06 495.2 123.8 619.0
Jun-06 9340.6 2335.2 11675.8
Jul-06 7810.6 1952.6 9763.2
Aug-06 15997.8 3999.5 19997.3
Sep-06 225778.5 56444.6 282223.1
Oct-06 161361.3 40340.3 201701.6
Nov-06 7807.3 1951.8 9759.1
Dec-06 1163.3 290.8 1454.1
Jan-07 709.7 177.4 887.2
Feb-07 329.8 82.5 412.3
Mar-07 295.2 73.8 369.1
Apr-07 1799.4 449.8 2249.2
May-07 3628.3 907.1 4535.3
Jun-07 566.4 141.6 708.0
Jul-07 9081.0 2270.2 11351.2
Aug-07 79846.2 19961.5 99807.7
Sep-07 341221.4 85305.3 426526.7
Oct-07 37136.1 9284.0 46420.2
Nov-07 3974.4 993.6 4967.9
Dec-07 1457.4 364.4 1821.8
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ANNEX 5

Table A5: List of ETCCDMI core Climate Indices

Indicator Indicator Name Definition Units
FI:[IZ))O Frost days Annual count when TN(daily minimum)<0°C Days
SuU25 Summer days Annual count when TX(daily maximum)>25°C Days
IDO Ice days Annual count when TX(daily maximum)<0°C Days
TR20 Tropical nights Annual count when TN(daily minimum)>20°C Days
GSL Growing season Length Annual (1st Jan to 31st Dec in NH, 1st July to 30th June in SH) | Days

count between first span of at least 6 days with TG>5°C and first
span after July 1 (January 1 in SH) of 6 days with TG<5°C
TXX Max Tmax Monthly maximum value of daily maximum temp °C
TNx Max Tmin Monthly maximum value of daily minimum temp °C
TXn Min Tmax Monthly minimum value of daily maximum temp °C
TNn Min Tmin Monthly minimum value of daily minimum temp °C
TN10p Cool nights Percentage of days when TN<10th percentile Days
TX10p Cool days Percentage of days when TX<10th percentile Days
TN90p Warm nights Percentage of days when TN>90th percentile Days
TX90p Warm days Percentage of days when TX>90th percentile Days
WSDI Warm spell duration indicator Annual count of days with at least 6 consecutive days when | Days
TX>90th percentile
CsDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when | Days
TN<10th percentile
DTR Diurnal temperature range Monthly mean difference between TX and TN °C
RX1day Max 1-day rainfall amount Monthly maximum 1-day rainfall Mm
Rx5day Max 5-day rainfall amount Monthly maximum consecutive 5-day rainfall Mm
SDll Simple daily intensity index Annual total rainfall divided by the number of wet days (defined | Mm/day
as PRCP>=1.0mm) in the year
R10 Number of heavy rainfall days Annual count of days when PRCP>=10mm Days
R20 Number of very heavy rainfall days Annual count of days when PRCP>=20mm Days
Rnn Number of days above nn mm Annual count of days when PRCP>=nn mm, nn is user defined | Days
threshold
CDD Consecutive dry days Maximum number of consecutive days with RR<1mm Days
CWD Consecutive wet days Maximum number of consecutive days with RR>=1mm Days
R95p Very wet days Annual total PRCP when RR>95th percentile Mm
R99p Extremely wet days Annual total PRCP when RR>99th percentile mm
PRCPTOT Annual total wet-day rainfall Annual total PRCP in wet days (RR>=1mm) mm

152




ANNEX 6
Table A6: Distribution of BVRB soil in the SWAT model

Area [ha] Arealacres]
13500318 | 33359960.88

Watershed Area [ha] Area[acres] | %Wat.Area
SOILS: | Qc1-1598 217000.946 | 536220.1885 1.61
QI1-1a-1614 1087540.85 | 2687367.819 8.06
Re35-1a-1684 | 131711.628 | 325466.0189 0.98
I-Re-b-1294 248117.525 | 613110.8111 1.84
Re24-1665 9265.1669 | 22894.6908 0.07
Re34-1a-1680 | 369320.956 | 912610.548 2.74
Re35-1a-1685 | 11819.0526 | 29205.4699 0.09
Re36-1a-1687 | 115620.819 | 285704.8238 0.86
Re33-1674 365365.156 | 902835.5675 2.71
\/c8-1729 67540.672 | 166896.3776 0.5
Re33-1a-1677 | 1143927.81 | 2826702.812 8.47
Lg5-2a-1515 729801.882 | 1803376.94 5.41
Lgl1-1495 67491.0817 | 166773.8374 0.5
\/c1-3a-954 169574.344 | 419026.6814 1.26
Jel-1359 55674.012 | 137573.2675 0.41
\/c9-1730 65610.7041 | 162127.3305 0.49
Lf18-1434 162087.09 | 400525.3038 1.2
Vp9-1960 29241.9174 72258.24 0.22
Lg3-2a-786 450080.162 | 1112170.585 3.33
Lgl-3a-1496 426913.301 | 1054924.113 3.16
I-Lf-1255 33689.3193 | 83247.9924 0.25
Re33-1a-1676 | 33711.7079 | 83303.3158 0.25
Lf30-1a-1450 341530.784 | 843939.6436 2.53
Lf37-1463 536260.01 | 1325125.297 3.97
Lp4-1532 299777.365 | 740764.8575 2.22
Lp7-1541 501403.865 | 1238994.02 3.71
Lg12-1501 142863.997 | 353024.0797 1.06
Bv6-1145 69194.6528 | 170983.4469 0.51
Lp5-1a-1536 191432.844 | 473040.1291 1.42
Lp6-1a-1540 493122.552 | 1218530.481 3.65
Lp8-1542 543159.067 | 1342173.212 4.02
Nd1-1544 144817.64 | 357851.6294 1.07
\Vcll1-1718 39975.6052 | 98781.7193 0.3
Be25-1083 670887.617 | 1657796.845 4.97
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I-Rd-79 24285.7662 | 60011.3425 0.18
Lf31-a-1453 1570695.52 | 3881267.161 11.63
Lg11-1500 2734.1508 6756.2232 0.02
Lg8-1520 156160.112 | 385879.4459 1.16
Lf30-132 85295.0389 | 210768.3059 0.63
I-Lp-1274 18989.4628 46923.912 0.14
Lf32-1a-1457 89666.9571 | 221571.5343 0.66
Lp9-1543 194098.814 | 479627.8745 1.44
Lf38-1464 16177.9967 | 39976.6388 0.12
Lp10-1a-1527 11860.1009 | 29306.9024 0.09
Lg28-1a-1513 735697.44 | 1817945.159 5.45
Lp5-1534 42881.9623 | 105963.4729 0.32
Nd3-1565 41056.102 | 101451.6807 0.3
Lf26-a-1442 5745.6396 | 14197.7627 0.04
Ap22-2a-1074 | 93970.6552 | 232206.1876 0.7
Be42-2-3b-1093 | 3210.8951 7934.2823 0.02
Lf12-b-1431 95813.9524 | 236761.0671 0.71
A046-a-1058 146311.616 | 361543.3178 1.08
Bf5-2-3ab-1102 | 57658.4234 | 142476.8472 0.43
Af18-1a-1024 22944.9135 | 56698.0286 0.17
Be7-1b-1096 1819.834 4496.9009 0.01
A059-3-1063 117710.586 | 290868.7425 0.87
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ANNEX 7
The Mann-Kendall trend test

The Mann-Kendall test statistic (S), is calculated according to:
§=Yr 7=i+1 sgn(xj — xi) 1)
Where, x; x, x5 x, represent n data points and x; represents the data point at time j.

with
+1if (x]- —xk) >0

sgn (xi_x;)) =| 0if (xj —x,)= 0 (2)
-1if (xj —xk) <0

The test statistic (S) is assumed to be approximately normal, with E(S) = 0 for sample size n > 8
and variance as follows:

nn—-1)(2n+5)-Y: t(t—1)(2t+5)
= 3)

Var (S) = [

Where t represents the number of ties up to sample i. The standardized MK test statistics (Zmk)
is estimated as follows:

S-1
W lfS >0

Zomk= 0isS+ 0 4)
S+1
W lfS <0

The standardized MK test statistics (Zmk) follows the standard normal distribution with a mean

of zero and variance of one. A positive (negative) value of Zmk indicates an ‘upward trend’

(downward) trend.
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ANNEX 8
The non-parametric Sen’s slope estimator

In this test, the slope Qi estimates N pairs of data values which are computed using

__ xj—xk

= ©)

Qi

where xj and xk are data values at time j and k respectively, and j>k. The Sen’s estimator of the
slope is the median of these N values of Qi. The N values of Qi are ranked from the smallest to
the largest and the Sen’s estimator is computed by:

Omea = Q["52],if Nis odd ®)
or
Qmea = Zl(Q g +0Q [(nTH)D ,if N is even @)

Qmmea 1S then tested with a two-sided test which is carried out at 100(1 — a))% confidence interval
to obtain the true slope for the non-parametric test in the series. The positive slope Qi is obtained
as an increasing trend and the negative slope Qi as a decreasing trend.
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Abstract;

The Black Volta River Basin (BVRB) in West Africa plays a vital role in supporting the life in
and around it. The availability and use of the water resource of the basin is however threatened
by population growth, changes in land use/land cover (LULC) and climate change. This study
investigated the impacts of climate change on river flow and sediment yield and assessed the
sensitivity of LULC changes on flow in the Basin using the Soil and Water Assessment Tool
(SWAT) model. Prior to the impact study, trends in historical (1981-2010) extreme events over
the basin were analyzed using the RClimDex 1.0 software package. The results of the extreme
event analysis showed a warming trend in temperature, and increasing trends in amounts and
intensity of rainfall events over the Basin during the historical period. The study also showed that
climate change will cause changes in flow and sediment yield in the basin. Sensitivity analysis
of streamflow in the basin based on a 10-year land use/land cover change showed statistically
insignificant changes.
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