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“Notre génération peut étre la premiere a mettre fin a la pauvreté et
la derniere génération a lutter contre le changement climatique avant
qu’il ne soit trop tard."

— Ban Ki-moon, Décembre, 2014

“Le changement climatique est 1’un des plus grands défis de notre
temps. Il change déja nos vies quotidiennes, a 1“échelle mondiale.
Chacun d’entre nous est impacté. Et si nous ne faisons rien, nos
enfants vont connaitre un monde de migrations, de guerres, et de
pénuries. Peu importe ou nous vivons, nous partageons la méme
responsabilité : Make our planet great again ! "

— Emmanuel Macron, Septempre, 2017
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Résume de la these

Changement Climatique, Agriculture et Sécurité Alimentaire dans le Sahel

Cette these traite de I'impact du changement climatique sur l'agriculture et la sécurité
alimentaire dans la zone du Sahel que nous définissons comme une région comportant
12 pays et 52 zones agroécologiques a l'intérieur de ces pays. La zone d’étude couvre le
Burkina Faso, la Djibouti, I’Erythrée, I’Ethiopie, le Mali, la Mauritanie, le Niger, Nigéria,
Sénégal, la Somalie, le Soudan et le Tchad. La situation de cette partie du monde est
fortement impactée par le changement climatique car l’agriculture, largement pluviale, y
joue un role économique important. Il est alors attendu que le changement climatique aura
un impact sur la production alimentaire, ce qui rendra encore plus difficile la disponibilité
et I’acces aux aliments.

D’un point de vue théorique, cette these vise a alimenter la littérature sur le changement
climatique et ses effets sur les secteurs agricoles dans le monde, particulierement dans le
Sahel, en mettant un accent sur les zones agroécologiques. D’un point de vue empirique
et en mobilisant notamment les techniques statistiques et économétriques, cette these
prend en compte les caractéristiques agricoles et climatiques de chaque pays et zones
agroécologiques du Sahel.

Dans le premier chapitre, nous traitons la question du changement et de la variabilité
climatiques en se basant sur les précipitations et la température durant les différentes
saisons des pays et zones agroécologiques du Sahel. En s’appuyant sur un modele de
régression linéaire et un modele de changement structurel endogéne, nous montrons
que les pays et les zones agroécologiques sont effectivement affectés par le changement
climatique et que I'année 1980 est un point essentiel dans I’explication de ce phénomene
aux deux échelles. Nous montrons également que les zones désertiques et arides ont subi
un grand nombre de chocs de 1901 a 2016, a I'exception du Nigéria, ou les zones humides
et les zones non désertiques ont subi plusieurs chocs.

Dans le deuxieme chapitre, nous étudions la relation entre le changement et la variabilité
climatiques, mesurés par les conditions de température et de précipitations pendant les
saisons des pluies, et la production agricole au niveau des pays et au niveau des zones
agroécologiques du Sahel. En se concentrant sur un indice de production agricole et cinq
céréales (mais, mil, sorgho, blé et riz), nous étudions cette relation a ’aide d’une base de
données originale avec des variables socio-économiques et climatiques. Sur la base d’une
fonction de production agricole estimée pour la période 1961-2016, nous montrons que
les précipitations et les températures moyennes pendant la saison de croissance ont des
effets tres hétérogenes sur la production agricole selon la zone céréaliere et agricole, en
fonction des besoins spécifiques et du stress liés aux conditions céréalieres et agronomiques



et climatiques de chaque zone.

Dans le troisieme chapitre, nous analysons le lien entre changement climatique et la sécurité
alimentaire dans les pays du Sahel. En se basant sur une analyse multidimensionnelle de la
sécurité alimentaire et un modele de données de panel avec les variables climatiques
d’intérét rétardées, nous montrons que la sécheresse et les inondations affectent
négativement la sécurité alimentaire. En présence de ces catastrophes climatiques,
les inondations causent davantage de dommages a la sécurité alimentaire. Les facteurs
socioéconomiques jouent également un role important dans la sécurité alimentaire. Nos
résultats montrent ainsi que le faible niveau de développement économique, la croissance
démographique et I'inflation des prix des denrées alimentaires ne permettent pas d’assurer
la sécurité alimentaire. En outre, 'absence des conflits et la stabilité politique sont des
leviers importants d’amélioration de la situation de sécurité alimentaire des populations.

Mots clés: Changement climatique, Production agricole, Sécurité Alimentaire, Sahel,
Zones Agroécologiques, Econométrie.

Climate Change, Agriculture and Food Security in the Sahel

This thesis deals with the impact of climate change on agriculture and food security in the
Sahel zone that we define as a region comprising 12 countries and 52 agroecological zones
within these countries. The study area covers Burkina Faso, Djibouti, Eritrea, Ethiopia,
Mali, Mauritania, Niger, Nigeria, Senegal, Somalia, Sudan and Chad. The situation in
this part of the world is strongly impacted by climate change because agriculture, largely
rainfed, plays an important economic role there. Climate change is then expected to have
an impact on food production, which will make food availability and access even more
difficult.

From a theoretical point of view, this thesis aims to feed the literature on climate change
and its effects on agricultural sectors in the world, particularly in the Sahel, by focusing on
agroecological zones. From an empirical point of view and by using a range of statistical
and econometric techniques, this thesis takes into account the agricultural and climatic
characteristics of each country and agroecological zones of the Sahel.

In the first chapter, we deal with the issue of climate change and variability based
on precipitation and temperature during the different seasons of the countries and
agroecological zones of the Sahel. Using a linear regression model and an endogenous
structural change model, we show that countries and agroecological zones are indeed
affected by climate change and that the year 1980 is an essential point in explaining this
phenomenon for both scales. We also show that desert and arid areas suffered a large
number of shocks from 1901 to 2016, with the exception of Nigeria, where wetlands and
non-desert areas suffered several shocks.

In the second chapter, we study the relationship between climate change and variability,
measured by temperature and precipitation conditions in the rainy seasons, and agricultural
production at country level and at the level of agroecological zones in the Sahel. Focusing
on an agricultural production index and five cereals (corn, millet, sorghum, wheat and
rice), we study this relationship using an original database with socio-economic and climate



variables. On the basis of an estimated agricultural production function for the 1961-2016
period, we show that precipitation and average temperatures during the growing season
have very heterogeneous effects on agricultural production according to the cereal and
agricultural zone, depending specific needs and stress linked to the cereal and agronomic
and climatic conditions of each zone.

In the third chapter, we analyze the link between climate change and food security in
the Sahel countries. Based on a multidimensional analysis of food security and a panel
data model with delayed climate variables of interest, we show that drought and floods
negatively affect food security. In the presence of these climatic disasters, floods cause more
damage to food security. Socioeconomic factors also play an important role in food security.
Our results show that the low level of economic development, population growth and
inflation of food prices do not guarantee food security. In addition, the absence of conflicts
and political stability are important levers for improving the food security situation of the
populations.

Keywords: Climate Change; Agricultural Production; Food Security; Sahel; Agroecological
zones; Econometrics.
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Introduction générale

Le changement climatique se manifeste sous de nombreuses formes : la hausse des
températures moyennes mondiales, une plus grande variabilité des températures et des
précipitations et la plus grande occurrence des événements extrémes tels que la sécheresse,
les inondations et les vents violents. La liste des chocs climatiques s’allonge au fil des
années (Masih et al., 2014; Yobom, 2020).

Méme si les causes naturelles ne sont pas négligeables (Caminade and Terray, 2010;
Dai, 2011, 2013), les différents types d’activités humaines génerent des émissions de gaz
a effet de serre provoquant le changement climatique, avec des implications négatives
importantes pour I’économie, le bien-étre des populations et I’environnement (Stern, 2008;
Desboeufs et al., 2010; Touchan et al., 2011). Pour Stern (2008), les émissions de gaz a effet
de serre (GES) sont des externalités dont les impacts sont catastrophiques pour le globe.
Par conséquent, le changement climatique peut étre appréhendé économiquement comme
étant la conséquence d’une externalité négative mondiale indissociable au mode et rythme
de la croissance et du développement économique actuel mettant en danger un bien public
global qui est le « climat » (Nordhaus, 1999; Grasso, 2004).

Cependant, les responsables de ces émissions ne sont pas appelés a supporter les
couits économiques, permettant ainsi de considérer le changement climatique comme étant
la plus grande défaillance de marché que le monde n’ait jamais connu (Stern, 2008). Le
climat est un bien accessible a tous les Etats du monde qui n'ont pas nécessairement intérét
a le produire. Autrement dit, le climat est un bien dont le cotit marginal de fourniture a un
agent économique supplémentaire est nul, et dont il est impossible ou coliteux d’interdire
l'acces a un agent économique (Nordhaus, 1999). Du fait de ses caractéristiques, aucun
Etat n’a ainsi intérét a financer la protection du climat, en attendant que d’autres le fassent
pour en bénéficier sans frais. Face a la double défaillance des marchés et des Etats, il est
nécessaire de recourir a la coopération internationale.

Le mode idéal de gestion des biens publics globaux est un régime coopératif, ou les
nations négocient des accords contraignants permettant d’assurer un niveau de fourniture
efficace de bien public (Nordhaus, 1999). Dans cette optique, la volonté des Ftats a
conduit a la mise en place de la Convention cadre des Nations Unies sur les changements
climatiques (CCNUCC) qui est une institution de coordination (Rhodes, 2016) permettant
aux Btats de disposer d’une réponse internationale. Ainsi, la conférence des Parties de la
Convention cadre des Nations Unies sur les changements climatiques fournit annuellement
des bilans et propose des mesures dans la lutte contre le changement a I’échelle mondiale
en se basant également sur des directives et stratégies nationales.

La derniere en date est la COP25 qui s’est tenue a Madrid et dont l'objectif était
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I'accomplissement de l’laccord de Paris (COP21), elle succede la COP24 en Pologne qui a
permis l'adoption et la validation des directives de mise en oeuvre de l’accord de Paris.
La COP21 de Paris a été 'une des plus importantes rencontres dans la lutte contre le
réchauffement climatique : 195 nations se sont réunies pour la définition des mesures
permettant de lutter contre le changement climatique. Les signataires de ce traité ont
convenu de limiter le réchauffement climatique en contenant la hausse de température
en dessous de 2°C par rapport a l'ere préindustrielle avec une volonté de continuer
les efforts afin de la limiter en dessous de 1,5 °C dans le long terme (Rhodes, 2016). Au
final, I'accord historique de Paris a été ratifié par 183 sur 195 pays ayant adopté le dit accord.

Bien que la COP25 n’ait pas permis aux participants d’aboutir a un consensus sur les
régles des marchés carbone internationaux, elle a permis aux Etats de faire une annonce
importante qui devrait ouvrir la voie pour la COP26 & Glasgow ol les Etats signataires
de l'accord de Paris doivent annoncer leurs contributions nationales a l'atténuation du
réchauffement climatique, plus ambitieuses selon les parties prenantes que celles présentées
en 2015. Cette rencontre de Madrid a également permis aux scientifiques de réflechir sur
la maniere dont les pays peuvent conduire l'agriculture dans un monde de changement
climatique et ce programme s’achevera a la prochaine COP26 de 2020 prévue a Glasgow.

Si la lutte contre les changements climatiques représente le cas parfait d’un bien public
global, I’élaboration et la mise en place d’une action internationale concertée demeure
extrémement complexe et ardue. Cette premiere tentative souffre en effet de lacunes
structurelles et d’un contexte conjoncturel qui vont jusqu’a remettre en cause son entrée en
fonction. Par exemple, la sortie des Etats-Unis de I’Accord de Paris, le pays responsable des
plus grandes émissions de gaz a effet de serre, représente d’ailleurs le plus grand obstacle
auquel fait face la lutte aux changements climatiques a 1’heure actuelle. L’incertitude
plane ainsi sur la réalisation de ces accords et le respect de ces mesures compte tenu
des colts financiers des mécanismes d’atténuation. En outre, il y a des fortes incitations
au comportement de "passager clandestin’ susceptible d’étre adopté par certains Etats
signataires pouvant mettre en échec la réalisation des différents accords (Rhodes, 2016;
Nordhaus, 1999).

Le réchauffement climatique cause d’énormes dommages économiques sur les populations
humaines, 1’écosysteme et les différents secteurs économiques. L'évaluation et ’estimation
de ces cotts ont fait I'objet de plusieurs études catégorisées en deux approches : globale et
partielle. La premiere s’intéresse a 1’évaluation globale du changement climatique, tandis
que la seconde ne s’intéresse qu’a un seul secteur.

Les approches globales ont été menées par Nordhaus (1994) et Stern (2008) dans leurs
différents travaux sur 1’évaluation des cotts liés aux politiques d’atténuation et les cotts
de l'inaction. La plupart des approches actuelles globales de modélisation utilisent
des fonctions de dommages pour paramétrer une relation simplifiée entre les variables
climatiques, telles que les changements de température et les pertes économiques (Diaz
and Moore, 2017). Par exemple, Nordhaus (1994) introduit une fonction de dommage
climatique qui perturbe l’économie. Cette fonction de dommage lie la hausse de la
température au PIB, la température étant elle-méme fonction du niveau de concentration
en gaz a effet de serre.

D’autres auteurs (Hanemann and Dale, 2006; Ali, 2012; Diaz and Moore, 2017; Auffhammer,
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2018) ont également évalué les dommages économiques causés par le changement
climatique en se penchant sur le montant des cotts, et donc le potentiel économique
de l'attenénuation, en s’opposant dans une certaine mesure aux travaux de Nordhaus
(1994) et Stern (2008). Par exemple, Diaz and Moore (2017) estiment que ces modéeles
sont incomplets et que 1’adaptation, la vulnérabilité et les résultats empiriques pourraient
améliorer considérablement la modélisation des dommages et la robustesse du cott social
des valeurs de carbone produites. De plus, Hanemann and Dale (2006) estiment que
la moyenne excessive des changements dans les variables climatiques, que la moyenne
soit temporelle, spatiale ou sectorielle, tend a sous-estimer les dommages causés par le
réchauffement climatique.

Dans la littérature, on trouve également une multitude d’approches partielles complétant
I’approche globale tantot sur I'agriculture (You et al., 2009; Rowhani et al., 2011; Chen et al.,
2016; Brown et al., 2017), tantot sur la sécurité alimentaire (Celia Reyes and Calubayan,
2014; Furuya et al., 2015; Eric and Kinda, 2016).

Parmi ces secteurs, 'agriculture est le secteur le plus étudié en raison de son importance
économique et de sa forte dépendance aux conditions climatiques avec un effet mitigé car
certaines régions du monde bénéficieront du réchauffement climatique. Néanmoins, la
production alimentaire mondiale devrait étre signitivement affectée par le changement
climatique (Lobell et al., 2011).

Cette theése se situe dans une approche partielle, contribuant ainsi a cette littérature
existante, en évaluant I'impact du changement climatique sur l'agriculture et la sécurité
alimentaire au Sahel. Elle n'a pas pour objectif d’évaluer les colits économiques du
changement climatique mais se base sur un modéle statistique et met également en exergue
I'existence du changement climatique en apportant des preuves suppplémentaires quant
a la situation climatique du Sahel. Elle s’ intéresse a la zone du Sahel qui est une partie
du monde ou les problémes climatiques constituent un enjeu majeur pour la population et
spécialement la population agricole pauvre.

Dans ce contexte, nous adoptons une nouvelle définition du Sahel que nous appelons
"Sahel élargi" qui est composé des 12 pays du Sénégal a la Corne de I’Afrique (Burkina
Faso, Tchad, Djibouti, Ethiopie, Erytrée, Mali, Mauritanie, Niger, Nigeria, Sénégal, Somalie
et le Soudan). A partir des informations de la FAO, nous avons également identifié¢ 52
zones agroécologiques au niveau de ces pays dont la répartition varie d’'un pays a autre.
Ici, nous adoptons la définition de la FAO qui définit une zone agroécologique comme
étant "une unité cartographique de ressources en terres, définie en termes de climat, de
géomorphologie et de sols, et/ou du couvert végétal et possédant un éventail spécifique de
potentiels et de contraintes pour 'utilisation des terres".

Apres la définition de la zone d’étude et l’identification des zones agroécologiques,
nous avons mené plusieurs travaux pour la construction du volet empirique de cette
these. D’un point de vue géographique, nous les avons cartographié afin d’obtenir leurs
coordonnées grace aux techniques de la géomatique. D’un point de vue agronomique et
climatique, nous avons effectué un travail de collecte d’information permettant de décrire
les caractérisques agricoles et climatiques des zones agroécologiques tout en établissant des
calendriers agricoles de chaque zone agroécologique en fonction de chaque céréale. Nous
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avons également fait un travail pour décrire le stress et les besoins des principales céréales
étudiées (mais, mil, sorgo, riz et blé) dans cette these. Toutes ces informations ont permis
de construire des variables climatiques utilisées dans les analyses empiriques de la these.

Alors que la plupart des études scientifiques (Nicholson, 2005; Nyong et al., 2007;
Giannini et al., 2008; Lebel et al., 2009; Mahe and Paturel, 2009; Ozer et al., 2010; Sissoko
et al., 2011; Bayala et al., 2015; Nicholson, 2013) se sont intéressées au Sahel Ouest africain
(du Sénégal au Tchad), nous intégrons tous les pays de ’Afrique de I'Est car ces pays
ont des confirgurations climatiques similaires a ceux de I’Afrique de 1’Ouest. Les pays
de ce "Sahel" élargi ont les mémes caractéristiques et sont confrontés aux problémes de
variabilité des précipitations et de la hausse de la température (Yobom, 2020). Tous ces
pays font face a une variation de leur production agricole, a une croissance démographique
et sont confrontés de maniere cyclique aux situations d’insécurité alimentaire. En plus des
problémes socioéconomiques, ces pays sont affectés de maniere réguliére aux conflits liés
aux guerres civiles et au terrorisme. Notre étude porte a la fois sur les zones agroécologiques
et les pays du Sahel.

Cette these fournit des élements de réponse visant a alimenter le débat scientifique
sur l'existence du changement et de la variabilité climatique et ses conséquences sur les
secteurs agricoles, notamment l’agriculture et la sécurité alimentaire, en placant le Sahel
au milieu des débats. Actuellement, le Sahel est la zone la plus sensible dans le monde
en raison de sa forte vulnérabilité climatique, ses problemes économiques et les guerres
(migrations, conflits civils et terrorisme). Plus précisement, cette these a un triple objectif.

Premiérement, elle définit un nouveau Sahel et montre l’existence du changement
climatique au niveau des pays et des zones agroécologiques. Autrement dit, elle cherche a
répondre aux questions suivantes : le changement climatique existe-t-il au niveau de ces
deux échelles d’analyse ? Si oui, a partir de quelle période ce phénomene séculaire a t-il
débuté ? En outre, y a-t-il une hétérogénéité entre les zones agroécologiques et entre les
pays du Sahel ?

Deuxiemement, elle évalue I'impact du changement climatique sur la production agricole.
En d’autres termes, le changement climatique a travers les précipitations et la température
a-t-il eu des effets sur la production agricole des pays et des zones agroécologiques du Sahel
? Cet impact est-il similaire entre les différentes régions ?

Troisiemement, elle étudie le lien entre changement climatique et sécurité alimentaire
dans les pays du Sahel. Elle cherche a répondre aux questions suivantes : le changement
climatique, notamment a travers 'occurence des sécheresses et des inondations, affecte-t-il
la sécurité alimentaire ? En outre, les déterminants socioéconomiques jouent-ils un role
dans I'amélioration de la sécurité alimentaire ?

Afin de répondre a ces questions et en se basant sur des méthodes économétriques
et statistiques, la these est organisée en trois chapitres couvrant différentes études et
échelles géographiques, pays et les zones agroécologiques identifiées a 1’échelle des pays.
Globalement, toutes les analyses et les choix de période sont effectuées en raison de la
disponibilté des données. Une annexe générale fournit également un point détaillé de la
situation économique et agronomique des pays de I’échantillon.
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Le reste de l'introduction propose un état de lieux sur les principales thématiques de
cette these. Une analyse des enjeux du changement climatique est présentée dans la section
0.1, avec un focus mondial et sahélien. La section 0.2 présente de maniere succincte les liens
du climat avec l'agriculture (0.2.1) et propose un bref apercu avec la situation alimentaire
(0.2.2). Enfin, la section 0.3 décrit la structure de la these.

0.1 Mise en évidence du changement climatique

Selon le Groupe d’Experts Intergouvernemental sur 1’Evolution du Climat (GIEC), le taux
actuel d’émissions de gaz a effet de serre devrait entrainer une hausse des températures
moyennes de 0,2°C par décennie, atteignant d’ici 2050 le seuil de 2°C au-dessus des niveaux
préindustriels. Ces résultats sont également partagés par Stern (2008) qui estime que le
stock de gaz dans 'atmosphere actuel est de 430 ppm, contre un niveau de 280 ppm avant
I’époque industrielle. Cette augmentation a entrainé une hausse de température de 0,5°C,
en présence d’un scenario d’action d’atténuation elle augmentera de 0,5°C supplémentaire.
Dans le méme contexte, le stock pourra atteindre le double de la période préindustrielle
soit (550 ppm) d’ici 2035, et le réchauffement pourrait atteindre 2°C avec un seuil de risque
de 99%.

Le changement climatique est un fait patent et historique dont les impacts sont incertains
et susceptibles de ne devenir de réels enjeux que dans un avenir lointain (Nordhaus, 1999).
Bien que différentes régions et pays sont déja affectés, les effets tardent a apparaitre dans
certains endroits et régions du monde. Dans son rapport, Stern (2008) estime qu’une
action forte et précoce sur le changement climatique I'emportera sur les cotits. Une action
collective permettra d’éviter les pires effets susceptibles du changement climatique et
espérer avoir une bonne croissance. En outre, il faut des a présent investir dans la maitrise
des effets du changement climatique en adoptant un accord global avec toutes les parties
prenantes. En revanche, tout retard exigera des efforts supplémentaires et réduit le risque
de résorber la concentration des gaz a effet de serre dans 'atmosphere.

Aujourd’hui, les effets sont visibles. Le Centre de recherche sur 1’épidémologie des désatres
(Kihl and CRED, 2020) indique qu’en 2019, le monde a connu plusieurs catastrophes
naturelles et la plupart d’entres elles étaient dévastatrices. Tous ces événements sont liés
au changement climatique, causant d’énormes dégats matériels et humains. Par exemple,
la derniere catastrophe liée aux effets du changement climatique est I'incendie de la saison
2019-2020 en Australie (March et al., 2020). Ces feux de brousse se sont distingués par
leur intensité et durée. Elle est due a la sécheresse, a la chaleur et les vents violents. Selon
I’ONU, cette catastrophe a causé 'endommagement d’environ 18 millions d’hectares, 5900
batiments et la perte humaine d’au moins 34 personnes (March et al., 2020; Colvin et al.,
2020).

Au Sahel, 'ONU estime qu’environ 80% des terres agricoles sont dégradées et que les
températures augmentent 1,5 fois plus rapide que la moyenne mondiale. Par ailleurs, les
sécheresses et les inondations sont de plus en plus longues et fréquentes.

Bien que le changement climatique soit mondial, ses impacts négatifs ne sont pas
uniformément repartis (Stern, 2008). Par ailleurs, les pays pauvres souffriront plus tot et
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plus séverement que les pays développés. De fait, ils sont plus vulnérables en raison de leur
forte dépendance a 1’égard des secteurs agricoles et de leur faible capacité et moyen a faire
face a la variabilité et aux événements climatiques extrémes (Haile, 2005; Sissoko et al.,
2011).

La plupart des études sur le changement climatique au Sahel (Hote et al., 2002; Hastenrath
and Polzin, 2011; Adeniyi, 2016; Rajaud and de Noblet, 2017; Frankignoul and Hasselmann,
1977; Pascual et al., 2006; Nicholson et al., 2012) se font uniquement a 1’échelle des pays
et sont limités au Sahel ouest africain. En plus de prendre en compte les pays de ’Afrique
de l'est, cette thése fournit des preuves sur l'existence du changement climatique a ’échelle
des zones agroécologiques car ces terres sont utilisées pour les activités agricoles. L'essentiel
des productions agricoles proviennent des zones agroécologiques cultivables et connaitre
leur potentiel climatique et montrer 1’existence du changement climatique a cette échelle
est important.

Dans la littérature, les travaux utilisent différentes variables et approches pour montrer
I'existence du changement climatique, explication du changement climatique avec la
sécheresse (Brooks, 2004; Ozer et al., 2010; Masih et al., 2014; Giannini et al., 2008),
inondations (Dittrich et al., 2016; Di Baldassarre et al., 2010), avec la précipitation ou
température (Hote et al., 2002; Hastenrath and Polzin, 2011; Adeniyi, 2016; Rajaud and
de Noblet, 2017; Frankignoul and Hasselmann, 1977; Pascual et al., 2006; Nicholson et al.,
2012).

Contrairement aux travaux de (Adeniyi, 2016; Frigg et al., 2015; Hulme et al., 2009;
Paturel et al., 1997; Sylla et al., 2018) qui ont utilisé des méthodes de calibration pour
expliquer l'existence du changement climatique, cette these contribue a la littérature
empirique en montrant l’existence du changement et la variabilité climatique en utilisant
des variables climatiques (précipitations et température) saisonnieres et un modele de
régression linéaire (Fahrmeir et al., 2013; Bingham and Fry, 2010) couplé a un modele a
changement structurel (Bai and Perron, 1998, 2003).

Dans ce contexte, notre chapitre vise a contribuer a la littérature en s’appuyant sur
une base originale construite en prenant en compte les configurations climatiques de
chaque pays. Pour connaitre la dispersion en termes de dispersion tendance, nous utilisons
la moyenne, la médiane et le maximum de la température et précipitation durant la
saison seche et pluvieuse. Le modele linéaire estimé par la méthode des Moindres Carrés
Ordinaires (MCO) a permis d’évaluer 1’évolution de nos variables climatiques en niveau et
en termes de tendance sur la période de 1901 a 2016. L'utilisation du modele a changement
structurel a permis de détecter des ruptures endogenes dans l’évolution des variables
climatiques, montrant ainsi la période des chocs climatiques dans les pays et zones
agroécologiques.

L'intérét de cette analyse est de mettre en exergue l'existence du changement et variabilité
a la fois a I’échelle des pays et zones agroécologiques. Les résultats montrent également
qu’au méme moment ou les pays de I’Afrique de I’Ouest faisaient face au changement
climatique, les pays de ’Afrique de l'est du Soudan a la Somalie, subissaient les mémes
effets néfastes du réchauffement climatique. Les résultats de ces deux modeles sont
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unanimes. Le changement climatique a bien commencé au niveau des pays et zones
agroécologiques du Sahel, I'année 1980 reste une année importante dans l’explication du
changement climatique dans le Sahel. Cependant, les résultats indiquent également une
forte hétéorgéneité entre les pays, et entre les zones agroécologiques.

0.2 Changement climatique et secteurs agricoles

0.2.1 Effets du changement climatique sur I’agriculture

Les précipitations et la température sont les principaux inputs dans un systéme agricole
pluvial, induisant une forte dépendance au climat de l’agriculture. De part leurs effets, les
changements climatiques ont des incidences de plus en plus marquées sur les conditions
climatiques et la production alimentaire des différentes régions (Sissoko et al., 2011; Muller,
2013; Ward et al., 2014), bien que certaines régions disposent des conditions climatiques
propices aux activités agricoles.

Les céréales et les différents végétaux dépendent fortement du climat et leur cycle de
croissance dépend des conditions climatiques appropriées. Chaque céréale nécessite une
température optimale et des exigences propres en eau (Agu and Palmer, 1997; Porter and
Gawith, 1999; Sanchez et al., 2014). Dans certaines régions, la hausse des températures peut
entrainer le développement de certaines cultures. Toutefois, si les températures dépassent
le niveau optimal pour la croissance d’une culture donnée ou si les quantités en eau et en
nutriments sont insuffisantes, les rendements vont baisser (Karim et al., 2000; Schlenker
and Roberts, 2009; Lobell et al., 2011; Mendelsohn, 2014).

En outre, les rendements des cultures peuvent baisser avec 'accroissement des sécheresses
et inondations qui ont des effets néfastes sur les cultures et réduit leurs rendements. La
sécheresse peut bruler les feuilles des cultures et les inondations risquent d’endommager
les cultures et les champs (Abaje et al., 2013; Zhang et al., 2015; Winkler et al., 2017).
Les pays et régions arides ont des difficultés a gérer la sécheresse car ils font déja face a
la fois a une baisse prononcée des précipitations et la hausse des températures moyennes.
Un grand nombre d’insectes nuisibles et de maladies se développeront dans des climats
plus chauds et plus humides et avec une plus grande concentration de gaz carbonique
dans l'atmosphere (Stange and Ayres, 2001; Ward and Masters, 2007) pouvant affecter les
productions céréalieres.

Leffet cumulé des températures plus extrémes et d’une pluviométrie plus faible peut
rendre la croissance de certaines cultures totalement impossible. En d’autres termes, la
culture de certaines variétés céréaliéres va disparaitre dans les prochaines décennies. Cette
situation conduit les scientifiques a développer d’autres variétés, comme le cas actuellement
avec les tentatives d’une nouvelle variété de blé au Sénégal.

Bien qu’il soit difficile d’évaluer et de prévoir les effets précis du changement climatique
sur l'agriculture, Chen et al., 2016; Mendelsohn et al., 1994; Liu et al., 2004; Cui et al.,
2019; Antle and Stockle, 2017 ont évalué ce lien en se basant sur différentes approches, en
montrant de maniere globale que les effets du climat varient en fonction des régions et des
cultures.
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Pour Mendelsohn and Dinar (2009), il existe plusieurs approches utilisées dans la
littérature empirique pour évaluer le lien changement climatique et agriculture. Par
exemple, le modele ricardien est developpé par Mendelsohn et al. (1994), qui se base sur
la valeur de terre. D’autres approches telles que les modeles de simulation des cultures
(Rosenzweig and Parry, 1994) et fonctions de production agricole ou de rendement (Lobell
et al., 2011; Chen et al., 2016) sont également utilisées dans cette partie de la littérature.

En utilisant une fonction de production agricole, Ward et al. (2014) montrent que les
rendements céréaliers en Afrique subsaharienne diminuent avec l'augmentation de la
température et augmentent avec des précipitations totales élevées tandis que Liu et al.
(2004) indiquent qu’une température plus élevée et davantage de précipitations auront un
impact global positif sur l’agriculture chinoise. Rowhani et al. (2011) et You et al. (2009)
indiquent que la variabilité des précipitations et des températures augmente pendant la
saison de croissance et a un effet négatif sur les céréales.

Contrairement aux travaux de Muller, 2013; Bayala et al., 2015; Sissoko et al., 2011;
Wood and Mendelsohn, 2015a; Ward et al., 2014; Kotir, 2011, qui se sont focalisés a
I’échelle des pays, cette theése évalue I'impact du changement climatique sur la production
des cinq principales céréales (mais, mil, sorgo, blé et riz) du Sahel et l'indice net de
production agricole a la fois au niveau des pays et zones agroécologiques du Sahel en
explorant une fonction de production agricole de 1961 a 2016.

Ainsi, elle contribue a la littérature empirique en adoptant également la version statistique
de 'approche de la production agricole car ce cadre suppose que les conditions climatiques
(précipitations et température) sont des facteurs incontrolables et donc des variables
exogenes nécessaires dans le cadre des activités agricoles. En outre, le modéle est estimé
avec un modele a effet fixe avec robustesse, permettant de mesurer l'effet de ’utilisation de
chaque input dans les productions agricoles dans les pays et dans les zones agroécologiques
du Sahel.

Au niveau des zones agroécologiques, la stratégie empirique prend uniquement en
compte celles dans lesquelles ou la céréale est cultivée, ce qui permet de connaitre le
potentiel agricole de chaque zone agroécologique et d’évaluer I’hétéorogénéité entre les
zones agroécologiques.

Nos résultats montrent que les précipitations et la température ont des effets hétérogenes
sur la production des différentes céréales entre les pays et les zones agroécologiques du
Sahel et confortent bien la plupart des travaux dont ceux de Rowhani et al. (2011) et You
et al. (2009) qui indiquent l'effet differencié du changement climatique sur les céréales et
les régions.

0.2.2 Reépercussions sur la sécurité alimentaire

La sécurité alimentaire et l'agriculture entretiennent des liens étroits. Bien que les
événements météorologiques extrémes réduisent les revenus des populations et leur acces
a la nourriture, l'agriculture, en raison de son importance économique, apparait comme le
secteur principal par lequel le changement climatique affecte toutes les dimensions de la
sécurité alimentaire (Kotir, 2011).
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Les effets du changement climatique sur les moyens d’existence s’intensifient et varient
selon les pays et régions. Le changement climatique influence la disponibilité d’aliments.
Ses effets néfastes affectent considérablement les rendements des cultures et les stocks
alimentaires. Cette situation sévit principalement en Afrique subsaharienne et en Asie
du Sud, ou on trouve le plus grand nombre des personnes souffrant de malnutrition et
d’insécurité alimentaire. Globalement, une baisse de la productivité agricole aurait de
lourdes conséquences pour la sécurité alimentaire (Wheeler and Von Braun, 2013).

Les effets du changement climatique sont plus prononcés chez les populations vulnérables,
donc tout accroissement des chocs climatiques aura des impacts plus intenses chez les
meénages pauvres agricoles dont les principales activités se focalisent essentiellement sur
l'agriculture. Autrement dit, les pertes de revenus provoquées par la sécheresse et les
inondations affaiblissent cette catégorie de population tout en limitant leur capacité future
a disposer des revenus et des conditions financiéres pour des nouvelles activités agricoles
(Ashley, 2016; Haile, 2005).

La baisse de la disponibilité alimentaire crée de la rareté donc une augmentation des
prix des denrées alimentaires. L'inflation touche toutes les populations pauvres n’ayant pas
des revenus importants, car les ménages pauvres ont tendance a consacrer la plus grande
partie de leurs revenus aux dépenses de consommation (Lovendal et al., 2007).

L’évolution de l'utilisation de la nourriture affectera la situation des populations pauvres et
vulnérables en matiere de nutrition. La hausse des températures favorise le développement
d’agents pathogénes et la pénurie d’eau affecte la qualité de l’eau et les habitudes d’hygiene.
Par exemple, les diarrhées provoquées par la mauvaise qualité de 1’eau affectent les
populations les plus démunies qui seraient les plus gravement touchées, a commencer par
les enfants pauvres (OMS, 2003; FAO, 2016).

Le changement climatique a travers ses différents effets néfastes nuira a la stabilité
des disponibilités alimentaires, de l’accés aux aliments et de leur utilisation en raison
des changements de saisonnalité, des fluctuations plus marquées de la productivité des
écosystemes, et d'une augmentation des risques doublée d’une baisse de la prévisibilité en
matiere d’approvisionnement.

Le changement climatique ne sera qu’un facteur parmi d’autres dans les tendances
futures qui se dessinent en matiere de pauvreté et de sécurité alimentaire. Ces tendances, et
la mesure dans laquelle elles seront influencées par le changement climatique, dépendront
essentiellement du développement socioéconomique des années a venir.

Pour évaluer les impacts du changement climatique sur la sécurité alimentaire, nous
utilisons un modele multidimensionnel qui se focalise sur les quatre dimensions de la
sécurité alimentaire, contrairement aux études de Eric and Kinda, 2016; Ringler et al.,
2010; Masipa, 2017; Ahmad Munir and Igbal, 2015; Karfakis et al., 2011. Dans le cadre de
cette these et en se basant sur des données climatiques et socioéconomiques allant de 2000
a 2016, nous utilisons un modéele en données de panel avec effets fixes pour estimer cette
relation.
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Les résultats montrent que l'insécurité alimentaire dans les pays du Sahel ne peut
pas étre expliquée uniquement par 'occurence des chocs climatiques tels que la sécheresse
et les inondations. Les bonnes conditions socioéconomiques des Etats sahéliens peuvent
contribuer a améliorer la situation de sécurité alimentaire des populations. Par exemple,
la stabilité politique et 'absence des violences et un niveau de PIB par téte élevé jouent un
role important dans la définition des quatre dimensions de la sécurité alimentaire dans le
Sahel.

0.3 Plan de la these

Cette these vise ainsi a alimenter le débat existant sur le changement climatique, la
production agricole et la sécurité alimentaire. Elle est organisée en trois chapitres.

Le premier chapitre intitulé "Climate change and variability in Sahel" présente une
revue de littérature sur le changement climatique et son impact économique et propose un
examen de l’existence du changement climatique a la fois au niveau des pays et des zones
agroécologiques du Sahel.

Le chapitre 2 intitulé "Climate change and agriculture : empirical evidence for
agroecological zones and countries of the Sahel" utilise les résultats du chapitre 1 comme
un point de départ: des effets hétérogenes du changement et variabilité climatique entre les
zones agroécologiques et les pays pour évaluer le lien climat et agriculture dans le Sahel.

Le chapitre 3 intitulé "Climate change and food security: a multidimensional analysis
in the Sahel for the period 2000-2016" propose une revue de littérature de ce lien et
I’analyse en se basant sur les quatre dimensions de la sécurité alimentaire : disponibilité,
accessibilité, utilisation et stabilité.
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Chapter 1

Climate change and variability in
countries and agroeological zones of the

Sahel

This article statistically evaluates the extent of climate change and variability in the Sahel
countries since 1901. We perform a statistical analysis based on a linear regression model
estimated by Ordinary Least Squares (OLS) and on a structural change model using two
databases at different scales (countries and agroecological zones) that provide information
on temperature and precipitation. The first database from the World Bank provides
temperature and precipitation data from 1901 to 2012 and pertains to a country level.
The analysis of agroecological zones is based an original database from 1901 to 2016
constructed with data provided by the Royal Netherlands Meteorological Institute. The
results suggest that climate change has indeed started in all the countries of the Sahel
with 1980 being a turning point of global warming. They also suggest that agroecological
zones are experiencing climate change and variability, with turning points in 1940 and
1980. Thermal shocks in agroecological zones are more numerous than those caused by
rainfall. Desert and arid areas have experienced a large number of shocks from 1901 to 2016,
with the exception of Nigeria, where wetlands and non-desert areas experienced several
shocks. Several extreme events (natural or anthropogenic) causing enormous damage have
occurred around this year. The results also indicate that weak countries enormously suffer
in consequence of extreme events such as drought and floods.

Note: A short version of this chapter has been published:
Yobom O. (2020) Climate change and variability: empirical evidence for countries and

agroecological zones of the Sahel, Climatic Change, forthcoming.

It was also the subject of a presentation "Change and variability in the Sahel" during
the PhD students day of the Dynamics and Regional Planning axis, CESAER (2017).

32



1.1 Introduction

Projection by the Intergovernmental Panel on Climate Change (Smith et al., 2014; Pachauri
et al., 2014) based on all proposed emission scenarios indicate an increase in surface
temperature during the 21st century. Changes will be observed in air temperature, water
cycle and sea level. The average global increase in surface temperature for the period
2016-2035 will be between 0.3 and 0.7°C. Changes in precipitation will not be uniform in
the world with decreasing average precipitation in arid subtropical regions and in most
mid-latitude regions, while an increase will be observed in Wetlands following sea-level
rise at the end of the 21st century. Climate change is a threat to the development of the
entire planet, although in some countries the effects seem slow to appear.

The political response to climate change has evolved over time. Prior to the Paris
2015 (COP21) and Marrakech 2016 (COP22) meetings, several international climate
summits and conferences have been organized, but COP21 is considered to be the only
agreement of a universal and global nature. It is also historical because of its content, as
this agreement recognizes climate justice through the principle of differentiation between
countries (developed countries, emerging and polluting countries, developing countries
and Island states). On the other hand, COP22 is an action conference whose aim is to
contribute to the implementation of the results of COP21 by increasing the mobilization
of state and non-state actors. All parties pledged to respect the Paris agreement, but the
exit of Donald Trump announcing the withdrawal of the USA constitutes an important
turning point in the fight against global warming. For the current US president, the
Paris agreement, the key of which is to limit global warming to 2°C by 2100 (COP21),
is a brake for economic growth (decline in employment and US economic recovery). For
the World Meteorological Organization, 2016 was the warmest year ever and the years
ahead will be warmer if there is no quick reaction. In response, European countries, other
economic powers and other signatory countries are organizing and remain united for the
implementation of the Paris Agreement, under the slogan advocated by French President
Emmanuel Macron, "Make Our Planet Great Again". For instance, the United Nations
Framework Convention on Climate Change (UNFCCC) is an institution characterized by
a balance of power between States, but observers and actors struggling to implement the
Paris agreement hope that a consensus will be reached and that the United States will
return in the game as they represent the second largest CO2 emitter in the world. COP24
was held from 2 to 15 December 2018 in Katowice, just after Brazil refused to organize
COP25 because of President Bolsonaro’s position in the fight against global warming. One
of the most important achievements of COP24 is the finalization of the text on the full
implementation of the Paris Agreement, in accordance with the decisions adopted in Paris
and Marrakech. In addition, the specificity of COP24 is to have included the "facilitation
dialogue" whose purpose is to facilitate the implementation of national commitments.
Overall, this COP24 helped to endow the Paris agreement with tools, especially a clarity on
financing, but the limit is that the international community has not committed to do more
and faster against global warming. To general surprise, the COP25 held in 2019 in Madrid
is a total failure compared to the previous ones. During this conference, the stakeholders
failed to reach a consensus on the rules of international carbon markets, the last part of the
user manual of the Paris Agreement of 2015 (COP21). The ambition thus turns to COP26
which will be held at the end of 2020 in Glasgow.
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In this context, this chapter addresses the issue of climate change and variability in
the economies of the Sahelian belt. Like other African countries, the countries that form the
Sahelian belt are confronted with an extremely variable and uncertain climate (Lumbroso
et al.,, 2015). The Sahel is known for its fragility due to climatic variability (CILSS, 2010).
The Sahel is a strip located between the isohyet 200 mm and the isoshyet 600 mm, sometimes
150 mm and 500 mm (CILSS, 2010) and a small difference with the Midlands of Sudan
which were between the isohyet 200 mm and the 800 mm isohyet (Kassas, 2008b). Thus,
we have adopted the following definition of the Sahel: it is composed of the countries of
Burkina Faso, Chad, Djibouti, Eritrea, Ethiopia, Mali, Mauritania, Niger, Nigeria, Senegal,
Somalia, and Sudan. The Sahelian population is mainly rural, its agriculture depends
heavily on weather conditions. Then, any climatic variation affects the agricultural and
financial performances of this segment of the population. The lack of water is the main
problem of the Sahel countries.

Earlier work has already been done in West Africa specifically in the West African
Sahel (Ozer et al., 2003, 2010; Mahe et al., 2001; Hote et al., 2002; Adeniyi, 2016) but
is now dated and confined to the West African Sahel: ten years ago, it was thought that
climate change would only affect these countries. It was even thought that droughts were
statistically over at the level of these countries, but that the rainfall deficit would remain
persistent until the end of the 2000s (Ozer et al., 2010). However, the frequency of droughts
has increased in some East African countries that are part of our current definition of the
Sahel. Their effects in the 1970s and 1980s were catastrophic for the West African Sahelian
population. All other things being equal, these effects are also valid for the countries of
East Africa. Mahe et al. (2001) analyzed the rainfall of 23 countries of Central and West
Africa over the period 1910 to 1989. The results showed that a first rupture appeared
in the 1950s in several units of West Africa. The main break-up period is between 1968
and 1970, followed by a second in the early 1980s. Hote et al. (2002) also analyzed the
annual rainfall index in the West African Sahel from 1896 to 2000 using data provided by
the Agrhymet Regional Center of Niamey. They find that the drought began in the 1970s
and was not over until the late 2000s, although the years 1994 and 1999 brought some
humidity. Failing to stop, climate change through its effects is spreading and affects the
entire Sahelian band. Based on IPCC scenarios, Adeniyi (2016) shows that the projected
rainfall increase over West Africa is based on average rainfall as he estimates that extreme
precipitation is expected to decrease significantly.

Accordingly, it is important to focus today on the extended Sahel. To the best of our
knowledge, such a study has never been done and it is important to know whether the
changes detected in West Africa 10 years ago are starting to be seen in East Africa today,
thus justifying this new definition of the Sahelian band as part of this work. Our analysis is
also unique because it is the first to be interested in climate change and variability at a more
disaggregated level, that of agroecological zones. Although the West African Sahel has been
the subject of several studies, its agroecological zones have not been explored in details
yet. This disaggregated analysis is important as agroecological zones represent consistent
areas from an agronomic point of view, where the agricultural practice of these countries is
determined by the characteristics of these areas. To do so, we have constructed an original
database including temperature and precipitation at the agroecological zone level.
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This chapter presents the phenomenon of climate change and all the elements that
enable us to understand the problem of climate variability in the world in general and in
the Sahel in particular. We undertake a general theoretical examination and an empirical
examination based on data from the Sahel countries and their respective agroecological
zones. In the theoretical part, we present a recent literature review to describe and explain
climate change at global level. Next, we address the causes of climate change and the
impacts of global warming on economies. In the empirical part, we carry out a statistical
analysis on the Sahel countries and the agroecological zones while presenting the variables
and the study area, the framework of the analysis and the results obtained.

1.2 Climate change: definitions, measures and models

In this first section, we discuss and define the climate and global warming, their measures
and the models used to measure climate and climate change.

1.2.1 Definitions
Climate

In order to link climate change to the economy, we first need to understand climate and
the phenomenon of climate change Stern (2008). In the scientific literature and public
discourses, there is no single definition of climate and global warming. Climate experts
are not unanimous on the definition of climate, global warming, climate trends or other
fluctuation (Werndl, 2016). However, the issue at stake is important as a poor definition of
these terms leads to confusion and incomprehension of the climate system. We therefore
provide here some key aspects that can provide a conceptual definition of climate and
climate change.

Pachauri et al. (2014) define the climate, climate change and the various phenomena
that can result. The intergovernmental body provides a definition in the strict sense of the
climate, according to which "climate generally refers to average time or more precisely to a
statistical description based on averages and variability of relevant quantities over periods
ranging from a few months to thousands, the standard period, as defined by the World
Meteorological Organization, is 30 years. These quantities are usually surface variables
such as temperature, precipitation height and wind. In a broader sense, climate refers
to the state of the climate system, including its statistical description”. According to this
definition, we argue that the global climate is a "statistical distribution” of all terrestrial
atmospheric conditions in the world over a period of time.

The traditional definition of climate is that of the statistical properties of the meteorological
conditions observed at the time and at the place of the year, and these statistical properties
are determined from observations made over a certain reference period (Stone et al., 2009).
Indeed, the climate varies from one place to another, depending on latitude, distance to
the sea, vegetation, presence or absence of mountains or other geographical factors. The
climate also varies over time; from one season to another, from one year to another, from
one decade to another or from a much longer time scale, such as Ice Age (Lead, 2000).

35



To these definitions of climate, we must also add that of the weather which is defined by
Lead (2000) as "the fluctuating state of the atmosphere that surrounds us, characterized
by temperature, wind, precipitation, clouds and other meteorological elements". Thus,
the knowledge of the weather makes it possible to have an idea on the distribution of the
climate in which we live.

The Koppen climate classification system lists five types of climate based on monthly and
annual averages of precipitation and temperature. Each type of climate is indicated by a
capital letter: wet humid climates (A), dry climates (B), mid-latitude climate with mild
winters (C), wet climates in mid-Latitude with cold winters (D) and polar climates (E) with
very cold winters and summers (Pidwirny and Jones, 2006).

The spatial and temporal aspects must be taken into account Stone et al. (2009) in
the definition of climate. When discussing the climate of a country or region, we need
to consider climate variables or factors on the same scale. In general, they are dynamic
meteorological variables such as surface air temperature or surface pressure describing
the state of the atmosphere at a given time (Werndl, 2016). In other words, climate is a
set of weather conditions, a distribution of climatic variables that can appear for a certain
configuration of the climate system (Bradley et al., 2017).

A distinction must be made between weather and climate. Allen (2003) quotes Edward
Lorenz (indefinite) who states that "climate is what you expect, time is what you get". Allen
(2003) argues that climate is "time" and that statistics are defined by the statistician as the
"expected time" and its variability for a given time, taking into account all the properties of
the oceanic atmospheric system, emissions Current greenhouse gas emissions, solar activity,
etc.

Based on these definitions, variables of interest are dynamic climatic variables (Stone
et al., 2009). On the other hand, in the literature, several variables can explain climate,
for example the temperature of the ocean (Werndl, 2016). The list of climatic variables is
long, it can group the variables describing flora and fauna, but they are not often taken
into account in the literature. Furthermore, temperature and precipitation are also relevant
variables that may explain the climatic situation of a given geographic or geographic area.

Figure 1.1 displays Koppen’s climate classification. The climatic conditions can be
different at the level of a continent, a country and even at the level of a country. They
vary temporarily and spatially. Thus, the climate system is the sum of all climates
in each geographical area. For example, the tropical climate is characterized by high
and constrasted temperatures, which vary according to the season, the temperature in
summer is around 23°C and the winter temperature is around 35°C (Paturel et al., 1997).
Climatic conditions may be unfavorable for desert areas (African and Arab countries) with
temperatures up to 46°C and rainfall often low and abnormal (Al-Mebayedh, 2013). Being
a long-term phenomenon, climate can vary according to regions, countries and continents.
It is important to see how it can change over a period so we define climate change in the
next section.
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Figure 1.1Koppen’s climate classification

Tropical Dry Temperate Cold Polar

Source: FAO-SDRN-Agrometeorology Group 1997

Climate change

Being a global phenomenon, global warming is generally characterized by an increase in
the average temperature of the oceans and the atmosphere. In other words, this would
result from a sharp increase in the concentration of greenhouse gases (NAZA, 1998), such
as carbon dioxide, methane and nitrogen dioxide. Indeed, these gases are responsible for
climate change (Muller, 2013).

Climate change is also considered as the variation in the state of the climate, which is
detectable by statistical tests (Pachauri et al., 2014; Werndl, 2016). This variation translates
into changes in the mean and / or variability of climatic properties over a long period of
time, decades or more. In other words, climate change can be assimilated to the variation
over time of meteorological factors (Stone et al., 2009).

In its first article, the UNFCCC defines climate change as "climate change that is directly
or indirectly attributed to human activity that changes the composition of the global
atmosphere and adds to the natural climatic variability observed under comparable
conditions". According to this definition, the UNFCCC distinguishes between climate
change caused by human activities on the atmosphere and those caused by natural
problems.

Indeed, the natural greenhouse effect creates habitable climatic conditions in which
humankind can aspire to live in relatively benign conditions, otherwise the earth would
be a very icy and unbearable place. An increased greenhouse effect, however, refers to the
possible rise in the average temperature of the earth’s surface that is greater than that due
to the natural greenhouse effect due to an increase in greenhouse gas concentrations caused
by human activities (NAZA, 1998).

Such global warming as a result of an increase in the greenhouse effect would likely lead
to other, sometimes harmful changes in the climate for example, changes in precipitation,
thunderstorms and the level of the oceans (NAZA, 1998).

For Stone et al. (2009), climate change refers to any change in climate whether it is forced
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naturally or anthropologically.

Werndl (2016) lists five criteria for a rigorous definition of climate change. The first criterion
suggests that the definition of climate must be empirically applicable, i.e. the definition
must allow an estimation of the past and future climate. The second criterion indicates that
the definition of climate must correctly classify the different climate over different periods.
The third criterion stresses that the climate must not depend on our knowledge, i.e. it does
not take into account the speculations made on the climate. The fourth criterion indicates
that the definition of climate must apply to the past, present and future. Finally, the fifth
criterion emphasizes that a definition of climate must be mathematically well defined. In
general, the criteria defined must lead to a definition that must be empirically applicable
and that takes account of past and future climate. This definition should also make it
possible to classify the different types of climate over time. Thus, Werndl (2016) defines
climate as a finite distribution over time resulting from the regime of variable external
conditions. In other words, actual external conditions over a period of time are subject
to a certain regime of varying external conditions. This definition is new and is not yet
shared in the climate literature. With this in mind, Werndl (2016) speaks of climate change
when there are different climates for two successive periods of time, and that there may
be external and internal climate change due to different initial values. For Werndl (2016),
this definition is specific because it is empirically applicable, the actual climate system is
subject to a certain regime of variable external conditions over a sufficiently long period,
so the climate of this period coincides with the distribution in time of the actual evolution
of climate variables. This definition is also unique because it makes it possible to make an
immediate link with the observations.

Focusing on Africa and the Sahel, climate change is perceived differently. For Ouédraogo
et al. (2010), climate change leads to environmental degradation. Thus, Sahelian peasants
perceive changes in precipitation through its direct effects on soils and vegetation cover. For
instance, according to Ouédraogo et al. (2010), climate change in Burkina Faso is perceived
by farmers through rainfall changes as agricultural activities depend on precipitation.
Climate change results in decreased and increasing irregularities in rainfall, a deregulation
of the winter season, and a high frequency of drought (Ouédraogo et al., 2010).
Summarizing, climate change measures depend on the climate variables used, the
perception of farmers and people with activities dependent on climate change. If climate
change can be observed over a long period of time, the local population aged in a given
region is better placed to testify. The climate is variable over time, it can be explained by
several indicators that can translate this variation on the different systems that are linked to
the climate to a certain extent.

1.2.2 Measures

Climate change is a disruption of the climate system and climate measurement involves
comparing the results of the climate variable to its equilibrium value. It is measured by
the standard deviation or the average absolute deviation of the distribution of a variable
from its mean or long-term trend. Moreover, it should be noted that the standard deviation
weighs and evaluates better the extreme events (Badolo and Kinda, 2014). Climate change
indicators may vary according to geographic and climatic zones. At the global level,
IPCC observations are made through land temperature, ocean heat content, sea level, and
atmospheric water value. Recent observations have shown that these indicators are high,
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and are considered by scientists to be evidence of climate change (Smith et al., 2014). The
high frequency of droughts over the last 50 years can explain and also measure the effects of
climate change on the economies of the five continents. Based on the Center for Research on
the Epidemioligy of Disasters database, Masih et al. (2014) report that the world experienced
642 droughts worldwide during the period from 1900 to 2013. These events killed over 11
million people, affected more than two billion and estimated economic damage to more than
100 million for the whole world.

Klos et al. (2015) conducted surveys of natural resource professionals to list biophysical
indicators to obtain indicators or local factors to assess climate change in Idaho and
provide relevant information to decision makers to measure climate change. They argue
that changes in water resources and risk of forest fires are the most important issues
for the professionals interviewed. They listed indicators that included direct climate
measurements (air temperature, rainfall, stream temperature, snowpack, streamflow,
drought, plant phenology) and indicators partially influenced by climate (fire disturbance,
human activities, species viability and productivity, biotic disturbance, animal phenology).
These indicators are classified into two dimensions according to their relationship with
the climate and their involvement in the triggering of the climate change process. Other
variables that are partially influenced by climate can be strongly controlled by other
mechanisms such as land management, ecological stressors (Klos et al., 2015).

Climate change measures may also vary from one area to another depending on climatic
characteristics. In the Sahel, agricultural practices are mostly rainfed and climatic variables
such as precipitation and temperature can determine climatic variability. Farmers perceive
climate change as rainfall decreases because the quantity and distribution of annual and
decadal rainfall is highly variable (Branca et al., 2013) and are the main constraints to
agricultural development (Sissoko et al., 2011). For example, Eric and Kinda (2016)
argue that climate change translates into rainfall variability, drought, floods and extreme
temperatures. According to these authors, climate change is measured by the standard
deviation of the rate of growth of the water balance (the difference between precipitation
and evaporation) and extreme events (drought, floods and extreme temperatures). It
should also be noted that, in the Sahel, environmental variables such as desertification
and dwindling water supplies are pointed out as threats and it should be added that lack
of resources and soil depletion are due to climate change (Heinrigs, 2010). Consequently,
changes in rainfall patterns, temperature and / or frequency or severity of extreme events
will have direct impacts on crop yields (Sissoko et al., 2011).

1.2.3 Models

Definitions of climate and climate change cover statistical aspects, suggesting the existence
of climate models to measure these climatic variations (Stone et al., 2009). Thus, scientists
use mathematical and statistical models to analyze the distribution of climate variables.
The call to mathematics solves the complex equations derived from these laws. For ?,
the characteristics and the particularity of climate processes leave no room for laboratory
experiments, the only way is mathematical modeling, hence the complexity of the definition
of climate change. This approach is also shared by Hulme et al. (2009) who argue that the
climate can not be measured by our senses or by our instruments such as wind and water.
They also support that the climate has several interpretations because it contains a physical
definition (the Amazonian climate is more humid than that of the Sahara) and cultural (the
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meaning of the climate of the Sahara is totally different for a bedouin than a berliner).
Before enumerating the climatic models developed in the climate literature, we define and
describe a climate model. The aim of the section is not to detail climate models in general
but we provide a theoretical analysis while evoking the debates built around the modeling
of the climate. The IPCC defines a climate model as a numerical representation of the
climate system based on the physical, chemical and biological properties of its components,
interactions and feedback processes, and the recognition of some of its known properties
Pachauri et al. (2014). Currently, there are about 20 climate models that are continually
being developed by national modeling centers such as NASA, the UK Met Office and the
Beijing Climate Center Bradley et al. (2017). Old climate models were based on moisture
and cloud processes, whereas the new models take into account the role of vegetation,
forests, grasslands and crops in measuring and controlling the amount of dioxide Carbon in
the atmosphere (NAZA, 1998). According to Parker (2006), these models may be competing
or compatible, while emphasizing that pluralism in climate modeling combines an ontic
competitive pluralism with an integrative pragmatic pluralism. In other words, the ontic
dimension concerns the compatibility of hypotheses on what is "the world", whereas the
pragmatic dimension concerns the compatibility of models in practice.

Climate models are used as a research tool to study and simulate climate for operational
purposes, including monthly, seasonal and interannual climate forecasts (Pachauri et al.,
2014). In addition, models can also describe the state of the climate system. For example, the
empirical study of climate requires observations and models that provide such data. While
the data show that the hottest temperatures have been observed since the 20th century, the
models also allow scientists to prove the existence of climate change and to detect the causes
of this temperature rise Bradley et al. (2017). In other words, models are relevant tools for
characterizing and evoking the causes of climate change.

The models also seek to identify the origin and factors responsible for climate change.
Human activities have long been indexed and are considered the main sources of climate
change. For that reason, questions about the existence of climate change and its attribution
raise problems Bradley et al. (2017), known as the detection problem (Pachauri et al., 2014).
Thus, the detection of climate change is defined by the IPCC as a process by which scientists
demonstrate that the climate or a climate system has changed, without giving the reason
for this change. Moreover, the identified change is detected in the observations if it is
established that its probability of occurrence by chance arising only from internal variability
is low (Pachauri et al., 2014).

According to Bradley et al. (2017), this definition is inadequate with that of Werndl (2016)
which defined climate as a finite distribution over a relatively short period of time. However,
this definition is reported by climatologists and scientists to set up statistical tests and
hypotheses to detect climatic variation. Climate change is detected when observed values
fall outside a predefined range of internal variability (Pachauri et al., 2014). Thus, the
tests carried out allow scientists to know whether the detected climate change is due to
human activities or other causes. Climate change attribution is a mechanism to assess the
contribution of different factors to climate change detected with a statistical confidence level
(Pachauri et al., 2014). However, the representation of the climate system can be made
differently and by models of different complexity, i.e. they can use a single component or a
combination of several components (Pachauri et al., 2014).

For Goosse (2015), climate models should use at least the physical behavior of the
atmosphere, ocean and sea ice. In addition, terrestrial carbon cycles, vegetation and Ice
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cap are also taken into account, thus giving models of the terrestrial system. This analysis
is also shared by Parker (2006) who argue that climate scientists use an approach based on
a multitude of models to represent the climate system.

According to Pachauri et al. (2014), climate models are differentiated by the number of
spatial dimensions, how physical, chemical or biological processes are considered and their
empirical parameterizations. For Rial et al. (2004), the Earth’s climate system is non-linear
because of the disproportion of inputs and outputs. To this end, climate change corresponds
to a sequential process or to episodes where multiple equilibria are the norm. They also
consider that the climate system is not really a stationary process, but is subjected to natural
and anthropogenic variations in forcing. For Parker (2006), climate models are opposed to
one another because of the assumptions made and scientists are unable to announce that one
model is better than the other models in a study of future climate change. This difficulty can
be explained by the uncertainty that conditions the climate and the difficulties encountered
during the assessment of climate models.

To understand and predict climate change, NAZA (1998) proposes the following models.
First, socio-economic models that predict the future use of fossil fuels and the use of
alternative fuels. These models depend on technology, public policy and social attitudes,
economic development, standard of living and the habit of people to resort to energy and
chemicals. Then, the psycho-chemical models of the terrestrial system that give an idea
of the amount of gas released into the atmosphere. The chemicals and natural processes on
the surface of the earth affect the release. Finally, coupled ocean atmosphere models provide
information on how the climate system (temperature, humidity, clouds and precipitation)
responds to climate change in the composition of the atmosphere (NAZA, 1998; Stone et al.,
2009). In addition to these models, others are proposed in the climate literature. We
mention here the main ones. Energy balance models (EBMs) or simple models (Stone et al.,
2009) were introduced by Budyko (1969) whose objective is to estimate climate change from
the energy balance of the earth, considering that the earth as a flat surface with a layer at the
top (Bradley et al., 2017). In addition to their simplicity, these models only provide average
global values for the calculated variables and provide a good qualitative understanding of
the greenhouse effect (Bradley et al., 2017).

Among the models, there are also models of intermediate complexity (EMICs), which are
called models of reduced complexity (Stone et al., 2009). They complete the niche between
the EBMs and the GCMs. They are simple (Stone et al., 2009) but they always include
a geographical representation of the earth (Goosse, 2015; Stone et al., 2009). In other
words, these models provide more than averages over the entire land or more vague areas.
Furthermore, they include much more degrees of freedom than EMB models (Goosse, 2015)
and are used in paleo-climatic applications because of their effectiveness (Stone et al., 2009).
On the other hand, EMICs have parameters that are difficult to adjust to reproduce the
observed characteristics of the climate system, for example some simpler models, for which
reason the level of approximation is chosen considerably between the different EMICs (Stone
et al., 2009).

In addition, there are also general circulation models (GCMs) that provide a more accurate
and complex description of the climate system (Goosse, 2015). Currently, they are the most
commonly used for projections reported in IPCC assessment reports (Stone et al., 2009).

In previous years, the GCMs models only consisted of a representation of the atmosphere,
the land surface, sometimes ocean circulation, and a more simplified version of sea ice
(Stone et al., 2009). Currently, they take into account several components, and many

41



newly developed models include sea ice, carbon cycle, ice sheet dynamics and atmospheric
chemistry (Stone et al., 2009).

All climate models require several components, and consideration of these components
depends on the modeler’s goal (Stone et al., 2009). The main components of global studies
can be the atmosphere, ocean, sea ice, land surface, marine biogeochemistry, ice sheet and
possible coupling between components and Models of terrestrial systems. The effects of
climate change are diverse and affect all of humanity. Human, animal and plant species
are the main victims of climate problems. They also affect economies and threaten human
activities. After elucidating the models assessing climate change, we must identify the main
causes and consequences of global warming.

1.3 Climate change and economic activities

In this section, we explain the link between climate change and human activities. First, we
explain how human activities and nature affect the climate. Next, we address the effects
of this change on human economic activities. Climate change has a significant impact on
human health, economic activity and the environment. Finally, we address the channels
through which climate change affects a country’s economy by delaying economic activity in
countries whose agriculture represents an important economic resource.

1.3.1 Causes of climate change

The causes of climate change can be natural (the presence of greenhouse gases in the
atmosphere) and / or anthropic (land-use change, the combustion of fossil fuels, sulfate
aerosols and black carbon). The discussion will focus on Africa and the Sahel, because
according to our research, Africa is the only continent with a high number of droughts and
heavy human consequences.

Natural Causes of Climate Change

Climate change can be caused by natural factors such as the El Nino phenomenon, droughts,
floods, volcanic eruptions and other natural factors that could alter the climate system. The
natural causes of climate change are often caused by water. Scientists are certain of the link
between climate change and rainfall variability (Stern, 2008). For example, the majority
of the disastrous effects of climate change are manifested through water: glacier melt and
floods, droughts, storms, rising ocean levels. Since the 1950s, many changes have been
unprecedented for millennia. The atmosphere and ocean have warmed, snow and ice cover
has decreased, and sea levels have risen (Pachauri et al., 2014). However, the causes may
vary from one geographical area to another.

Natural causes causing drought in Africa have been studied in several studies (Caminade
and Terray, 2010; Dai, 2011, 2013; Giannini et al., 2008; Manatsa et al., 2008; Nicholson
et al., 2000). These authors have focused on anthropogenic factors to try to explain the
causes of drought in Africa. For them, climate change, aerosol emissions, land-use practices,
and land-atmosphere interactions are mechanisms for drought induction (Desboeufs et al.,
2010; Hwang et al., 2013; Masih et al., 2014). There are also other factors that can lead to
drought conditions such as El Nino-Southern Oscillation (ENSO) and SST due to their strong
influence on the continent as a whole. These two factors and land-atmospheric feed-back
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are the main factors that determine and explain rainfall variability in Africa (Nicholson
et al., 2000). The atmosphere is a determining factor in explaining the situation of the
terrestrial climate system. For Nicholson et al. (2000), these factors alone or in combination
can change atmospheric dynamics and patterns of circulation. For example, they cause
changes in Hadley and Walker flows or higher-level stream flows. The results coincide with
the work of Rouault and Richard (2005) who have done similar studies but using data on
the Normalized Precipitation Index from 1900 to 2004 in South Africa. The results obtained
show a strong correlation between droughts and El Nino mechanisms. This is reinforced by
the fact that 8 of the 12 droughts that occurred in Southern Africa coincide with the years
of the El Nino phenomenon.

By studying the correlation between precipitation and ENSO Nicholson and Kim (1997)
asserted that the ENSO mechanism is causing precipitation and on the continent. Moreover,
it is at the origin of numerous anomalies in Equatorial and Southern Africa. They also
indicate that precipitation is negatively correlated with El Nino in the southern part of
Africa. This correlation study was confirmed by Phillips et al. (1998), which showed that
during the El Nino Southern Oscillation passage precipitation decreased, thus affecting
agricultural production in Zimbabwe.

In southern Africa, droughts occur mostly during the warm El Nino Southern Oscillation
Phillips et al. (1998). However, the El Nino mechanism is not the only factor causing drought
in Southern Africa, as was the case in the 1970-88 period, there are other explanatory factors
(Manatsa et al., 2008; Collier et al., 2008a). For example, droughts from 1950 to 1969
originate in the oceanic and atmospheric anomalies registered in the region.

In analyzing droughts from 1950 to 1988, Richard et al. (2001) argued that the droughts of
1970-1988 were severe and differed from those of 1950 to 1969 and that El Nino was not
responsible for the 1925-1926 and 1997-1998 droughts in Southern Africa. As previously
discussed, El Nino Southern Oscillation has two phases, one cold and the other warm. In the
preceding paragraphs, it is clear that the hot phase that tends to affect Southern Africa. The
main cause of drought (2010-2011) in East Africa was the Nina Dutra et al. (2013), which is
the cold phase of the mechanism.

In trying to identify the cause of drought, Lott et al. (2013) found that human activities had
no effect on short rains and that this drought was exclusively the work of the Nina in the
Pacific (Haile, 2005; Tierney et al., 2013). The deficit in precipitation in West Africa is due
to the warming of the Indian Ocean and the rise in greenhouse gas and aerosol emissions
after the Second World War (Desboeufs et al., 2010; Funk et al., 2008; Williams and Funk,
2011).

Human causes of climate change

Climate change can also be caused by human activities related to logging, agriculture,
industrial activities and all other activities that have an impact on the environment.

For Stern (2008), human activities generate greenhouse gas emissions and an increase in
the stock of these gases causes global warming, and consequently a change in climate, itself
causing serious effects on the economy, human life and the environment. Since the pre-
industrial period, population and economic growth have been the two factors that have
favored the growth of anthropogenic greenhouse gas emissions reaching a very high level,
leading to atmospheric concentrations of carbon dioxide, methane and nitrous oxide for at
least 800,000 years. For IPCC, increases in atmospheric concentrations associated with other
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anthropogenic factors have been detected throughout the climate system and are highly
likely to have been the main cause of warming since the mid-20th century (Pachauri et al.,
2014).

Since the 1950s, many changes have been unprecedented for millennia. The atmosphere and
ocean have warmed, snow and ice cover has decreased, and sea levels have risen (Pachauri
et al., 2014).

From the perspective of economic theory, Stern (2008) argues that greenhouse gas emissions
are the cause of climate change and represent "externalities" whose costs are not being paid
today and in the future. In other words, climate change is a major market failure, the biggest
known to date, and a unique challenge for the global economy.

In addition to greenhouse gas emissions, human activities may also cause a change in
precipitation by forcing by aerosol which tends to modulate regional precipitation (Sarojini
et al., 2016). Indeed, humans through their various activities, emit greenhouse gases,
increasing the stock of gas in the atmosphere and thus causing a rise in temperature (Stern,
2008).

According to Funk et al. (2008) the anthropogenic warming of the Indian Ocean in the late
twentieth century has probably already produced extremely dangerous climatic changes by
causing droughts and social disruption in some of the world’s most fragile food economies.
Interactions may be complex. For instance, sahelian precipitation drops when the Atlantic
Ocean north of the equator is cold and the south of the equator is hot (Caminade and Terray,
2010).

Many studies (Caminade and Terray, 2010; Lebel and Ali, 2009a) noted that the most recent
and severe droughts in the Sahel have been caused by warming of the ocean (Atlantic Ocean
and Indian Ocean) and a southward shift of inter-tropical convergence zone. Furthemore,
Zheng and Eltahir (1997) have shown that there is a particular link between vegetation
and climate in the Sahel. They claim that land and atmospheric fallout through natural
vegetation and land cover change are also important factors.

Monsoon simulations of West Africa with a simple zonally-symmetric model, Zheng and
Eltahir (1997) have argued that "that the potential impact of human induced change of
land cover on regional climate depends critically on the location of the change in vegetation
cover". The authors also obtained results on the impact of deforestation depending on
the geographic location. They argue that desertification at border with the Sahara leaves
a relatively minor impact on monsoon circulation and regional rainfall and this situation
concerns Chad, Niger, Mali and Mauritania. However, deforestation along the southern
coast of West Africa is likely to result in a complete collapse of moonsoon circulation and
a significant reduction in regional rainfall, and includes Nigeria, Ghana and Coéte d’Ivoire
(Zheng and Eltahir, 1997) .

The relationship between climate and vegetation explains why atmospheric circulation,
and therefore precipitation, on West Africa may be sensitive to changes in vegetation
cover near the desert border (Zheng and Eltahir, 1997). Furthemore, human activities
inducing greenhouse gas emissions are considered a contributing factor to global warming
Dai (2013) and also cause drought in Africa (Touchan et al., 2011). Haile (2005) argue that
the precipitation model in sub-Saharan Africa is influenced by the high variability of the
intra-seasonal and inter-annual climate, including occasional El Nino events in the tropical
Pacific, often resulting in extreme weather events such as droughts and floods.

In an attempt to identify the chemical composition of rainfall in Niger, Desboeufs et al.
(2010) indicated that biogenic emissions have a strong influence on the composition of
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rainfall on the Sahel during the rainy season. They also indicate that there is a strong
influence of dust and a limited marine or anthropogenic contribution. The anthropogenic
cooling of aerosols in the northern hemisphere is the main cause of change in the
atmosphere (Hwang et al., 2013).

The climatic changes induced by natural and anthropological causes that we have
mentioned have multiple and difficult consequences.  Climate change is causing
considerable changes to the environment, the economy and human life, and other climate
variables. The economic consequences are variable at the regional and global levels. We
provide some details on this issue in the following paragraph.

1.3.2 The economic consequences of climate change

This section aims to explain how climate change can affect the economy of a country or
region. The consequences of climate change may vary depending on the situation and level
of development of a country. For example, the number of drought listed by Masih et al.
(2014) had negative effects but the severity is different on the five continents.

In this section, we focus on the impact of droughts and floods, which have the most
catastrophic climatic consequences (human losses, material and economic damage). On the
one hand, flooding is defined by the IPCC (2012) as the overflow of normal boundaries of
a watercourse, or the accumulation of water over areas that are not normally submerged.
On the other hand, two types of drought are to be distinguished, a meteorological drought
that is considered a period with an abnormal precipitation deficit while a megadrought is
a very long and pervasive drought that lasts much longer than normal, usually a decade or
more. Then, we will link climate change, human health and economic activity. There is a
strong link between the three aspects. Human activity is conditioned by good health and a
enabling environment.

Impact of floods and droughts on the economy

Floods and droughts are the consequences of climate change (water-related), which have
significant effects on economies, agricultural production (Haile, 2005), infrastructure and
on the population of a country. While it is difficult to quantify the damage caused by
climatic shocks, the typical shock in a developing country reduces annual GDP by about
0.4 percent (Collier et al., 2008a; Pachauri et al., 2014).

Flooding has serious repercussions on infrastructure, particularly on the road network,
which is currently unpaved and therefore particularly vulnerable to flooding erosion
(Collier et al., 2008a). Consequently, the poor state of the road infrastructure hinders the
movement of goods and people within a country. With sea-level rise, IPCC forecasts indicate
that most coastal and low-lying areas will be highly vulnerable to flooding and erosion in
the 21st century and beyond (Pachauri et al., 2014). In addition, the IPCC (2012) defines
drought as an abnormally dry period of time leading to severe hydrological imbalance. It is
also defined by Masih et al. (2014) as a repetitive climatic phenomenon affecting the world
by causing loss of life, crops, food shortages. These effects can lead to famine in many
regions and countries, malnutrition, human mortality, health problems and mass migration.
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The available scientific studies do not provide sufficient geospatial and long-term
temporal coverage of past drought events at the global and continental levels. Drought
impacts are observable at different geographical scales and the damage depends on the
initial situation of the region or country concerned (Masih et al., 2014) .

In examining droughts and aridity around the world, Dai (2011) reported that large-
scale droughts occurred during the last century worldwide, causing considerable human
and economic damage. North America and China also experienced severe and multi-year
droughts from 1900 to 2013, causing enormous damage, affecting families or individual
communities, resulting in loss of life 12 million people died and 2 billion (Masih et al.,
2014). Africa has also experienced many severe long-term droughts, such as the drought
of 1999-2002 in northwest Africa, droughts of the 1970s and 1980s in West Africa (Sahel),
the drought of 2010-2011 in East Africa (Horn of Africa) and 2001-2003 in drought
in the south and south-east of Africa, and many other droughts (Masih et al., 2014).
Drought losses include livelihoods and water sources, and cause enormous damage to
water resources (acute food shortage) and, during these periods, the health status of the
population deteriorates due to lack of nutrition (Masih et al., 2014; Muller, 2013). Many
regions of Africa will suffer from droughts and floods as global warming is likely to increase
their frequency and intensity. For example, the Sahel countries may be more humid or dry
(Collier et al., 2008a) and the Sahel has recorded several droughts several decades since the
last glaciation (Brooks, 2004).

Droughts are one of the main causes of migration in developing countries and the Sahel in
particular. The severe droughts of the Sahel in the 1910s, 1940s, 1960s, 1970s and 1980s
caused enormous socio-economic and environmental impacts in this semi-arid region,
resulting in massive migration, famine and desertification (Masih et al., 2014).

Touchan et al. (2011) argue that changes in precipitation and the frequency and duration of
drought may be characteristic of anthropogenic climate change that directly affects human
populations. This idea is shared by Funk et al. (2008) who argue that rural development
in Africa has stalled and African rural poverty has developed in the 1990s. Over the
past decades, Africa has experienced significant population growth and the population
is unable to addressing climate change issues. Africa’s progress towards the Millennium
Development Goals is limited (Haile, 2005). For example, water demand is increasing,
water sources are limited and climate change and climate models exacerbate the effects of
drought around the world (Masih et al., 2014; Pachauri et al., 2014). It is also considered by
the IPCC (2012) as a period marked by a rise in temperature and a decrease in precipitation.
Many crops in Africa are grown near their thermal tolerance limits. A rise in temperature
at the approach of flowering may affect crop yields such as wheat, fruit trees, peanuts and
soybeans (Challinor et al., 2007).

Such extreme weather risks becoming more frequent with global warming, creating a
high annual variability in crop production. However, higher temperatures and prolonged
periods of drought will force large areas of marginal agriculture out of their production.
Corn harvesting over most of southern Africa is already experiencing drought stress every
year Collier et al. (2008a). Precipitation plays a major role in determining agricultural
production and thus the economic and social well-being of rural communities (Haile, 2005)
and the poor distribution of precipitation has considerable economic effects.

Being an indicator of climate change, drought can be explained by the number of human
losses, crop failures, manulification, health problems and migration (Masih et al., 2014).
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Climate change, human health and economic activities

While the effects of droughts and floods seem to predominate, there are also other significant
effects of climate change. Climate change has significant economic costs and economic
impacts on vulnerable countries and economic sectors, slowing economic growth, impeding
poverty reduction efforts and increasing food insecurity (Pachauri et al., 2014). Haile (2005)
estimates that extreme events can have long-term adverse effects on households ability to
have sustainable access to food and the environment.

For example, agriculture is the most important activity in Africa. The sector employs more
than 60% of the population and can account for more than 50% of GDP in some regions.
Although agriculture accounts for a small share of GDP in the United States, the United
States continues to be the largest producer and exporter of agricultural products in the
world (Schlenker and Roberts, 2009). The difference between these two continents lies in
the level of economic fundamentals and the degree of economic diversification. Indeed,
the consequences of climate change on agriculture result in lower agricultural incomes,
unemployment of the agricultural population and economic loss at the country level. All
these consequences are linked to the decline in agricultural production (Sissoko et al.,
2011). For example, over the last decade, anthropogenic climate change has led to rising
temperatures and some rainfall irregularities with increases in precipitation in northern
Europe and decreases in parts of southern and eastern Europe (Olesen et al., 2011).

The economic impacts of climate change are enormous because African economies are not
diversified and a large part of the population is active in agriculture. This trend is not
favorable when the agricultural sector is affected by climate change. At the macroeconomic
level, the reallocation of factors across sectors has been more limited than in other
regions of the world. Africa remains heavily dependent on the same narrow range of
commodity exports as other sectors do not offer opportunities (Collier et al., 2008a). At
the microeconomic level, technical progress has been slower than in other regions, both on
farms and in manufacturing (Collier et al., 2008a). The intersectoral issue is that climate
change will detract Africa’s comparative advantage from agriculture (Collier et al., 2008a).
Agriculture remains rainfed and traditional in most African countries and to address
climate change (Collier et al., 2008a; Haile, 2005), transferring agricultural resources from
sectors or activities that are less vulnerable to climate change. Menawhile, the industry
sector is weakly developed with less developed domestic markets. Collier et al. (2008a)
finds that African economies have not shown a high degree of adaptability even though
households have considerable experience in tackling temporary shocks, this defensive
flexibility has not been combined with sustained capacity at adapt to new circumstances
or adopt new technologies. Higher temperatures and higher maximum temperatures will
also affect health (Collier et al., 2008a; Haile, 2005). High peak temperatures (above 30°C)
will increase mortality, especially in large agglomerations, although the effect is modest in
the general context of African mortality (Collier et al., 2008a).

For Pascual et al. (2006), the effects by the disease are likely to be higher due to the
strong correlation between climatic variables and the mosquito population. For example,
geographic distribution and rates of mosquito development are strongly influenced by
temperature, precipitation and humidity. There has been a resurgence of malaria in the
highlands of East Africa in recent years as the temperature in the highlands of East Africa
has increased by 0.5 © C since 1980, rapidly than the world average. Many factors are
likely to be involved: poor implementation of drug treatment, drug resistance, land-use
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change and various sociodemographic factors, including poverty, but there is also a strong
correlation with climate change. Malaria already has an enormous impact on Africa, in
addition to the direct health effects Collier et al. (2008a), it reduces incomes by two thirds
and a 10% reduction is associated with a 0.3% (Gallup et al., 1999). For Collier et al. (2008a),
the rise in global temperatures will in turn lead to an increase in sea level, one meter or more
by the end of the century. Such an increase would affect some 6 million people in the Nile
delta. In addition, IPCC forecasts indicate that human pressure on ecosystems is expected
to increase in the coming decades due to population growth, economic development and
urbanization, and costs will represent several percentage points of their gross domestic
product (Pachauri et al., 2014). Agricultural activities will be limited due to the poor health
of the agricultural population. In addition to affecting climatic conditions, climate change
increases disease and reduces the size of the inactive agricultural population.

After citing the causes and consequences of climate change, it is necessary to identify the
factors or indicators through which global warming affects the economy and economic
activities of a given country or region.

1.3.3 The channels of transmission of climate change

In this section, we establish and develop the link between climate change and a country’s
economy. In other words, we are trying to identify the means by which global warming
affects a given economy directly or indirectly. This link can be explained at the
macroeconomic and microeconomic level.

At the aggregate level, variables can affect the level of production in a country or region
by lowering agricultural yields and limiting economic growth (Abidoye and Odusola, 2015;
Dell et al., 2008). At the micro level, these effects can be explained by the level of physical
productivity, conflict and health of the workforce (Abidoye and Odusola, 2015).

For its part, the IPCC identifies three ways in which climate change can affect human health.
If humans are sick, the economy is also indirectly affected because they are unable to carry
out activities to boost the economy. For instance, Gallup et al. (1999) points out that malaria
reduces labor productivity in some countries and slows economic growth by about 1% per
year in sub-Saharan Africa. Beyond a certain level, climate change can increase malaria by
10% (McMichael et al., 1996).

Thus, the level of a nation’s agricultural production can be explained by the health of
farmers and animals (social welfare). Traditional agriculture and mechanism require better
health of farmers. This vision is supported by Fankhauser and Tol (2005), the fact that the
economic effects of climate change are generally measured to the extent that the climate of
a given period affects social welfare during this period. Climate change can affect human
health in three ways.

First, climate change (thunderstorms, floods, air pollution, etc.) can directly affect human
health. Exposure of humans to extreme events leads to serious health problems that can
lead to death. Lack of adaptation means that human losses in some areas are high. Second,
climate change can affect human health through the ecosystem. The presence of mosquitoes
carrying diseases in some countries results from the effects of climate change. We can also
cite the rise in temperature and the pollution of the water resources (river, sea and lake)
used by the population. Third, climate change can affect human health through changes and
activities by humans on the environment. To satisfy their needs, humans develop actions
such as agriculture, animal husbandry and construction. Conflicts and wars between men
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lead to massive displacements, leading to the exhaustion of labor in conflict zones (Bouley
and Rabie, 2017).

Exposure pathways by which climate change affects human health are plotted by Smith
et al. (2014) in the following 1.2. The green column of the figure 1.2 shows the effects
of environmental conditions on how a given population may be exposed to the effects of
climate change. The gray columnn indicates how provisions such as basic public health
and socioeconomic conditions can play a role in real health produced by the three types of
exposure. The green arrows at the bottom of the figure 1.2 show the existence of feedback

Figure 1.2Three primary exposure pathways by which climate change affects health
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mechanisms (positive or negative) between societal infrastructure, public health, adaptation
measures and climate change itself. Establishing adaptation mechanisms can increase the
resilience of populations, limit human and economic losses (Smith et al., 2014).

In the literature, several studies have been made at different scales (continent, region and
country) to explain the link between climate change and economic growth. In general,
climate change affects economic growth considerably. Based on a standard neoclassical
growth theory, Fankhauser and Tol (2005) identified the channels of transmission through
which climate change can affect economic growth. For the authors, capital accumulation
and saving are the two dynamic channels through which climate change is likely to affect a
country’s long-term economic growth. Indeed, the prospect of future damage (or benefits)
also affects the accumulation of capital and the propensity of economic agents to save, and
thus the rate of economic growth. This conception refers to the idea that economic agents
are risk-averse, because in the presence of risks they change their behavior. In addition
to these two channels, they cite another potential channel of transmission that is the rate
of accumulation of human capital. Therefore, climate change affects social welfare i.e.
the rise in temperature does not promote learning and negatively impacts the workforce
(degradation of health). Dell et al. (2008) used the annual variation in temperature and
precipitation over the last 50 years to assess the impact of climate change around the world.
They obtain three main results, which differ according to the level of development of each
country. First, the rise in temperature has a different impact on countries. It causes a decline
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in economic growth, but it has no effect on the developed countries. Secondly, a high level
of temperature rather decreases the rate of growth than the level of production. Finally,
rising temperatures affect poor countries by reducing agricultural production, industrial
production and overall investment, and increasing political instability in poor countries.
The precipitation analysis gives the opposite result to temperature, Dell et al. (2008)
estimates that rainfall does not adversely affect a country’s economic growth despite its
level of economic development. This result is similar to that obtained by the same authors,
analyzing the relationship between temperature and income in 12 countries in America,
Dell et al. (2009) argue that there is a negative relationship between temperature and income
in these states.

Using an economic simulation model, Fankhauser and Tol (2005) conclude that, in the long
term, climate change can effectively reverse the trend of economic growth and reduce per
capita income. For example, for a global warming of 3°C, direct damage to the economy is
estimated at least 15% of GDP.

Based on annual data for 34 countries over the period 1961 to 2009, Abidoye and Odusola
(2015) analyzed econometrically the impact of climate change in Africa. They argue that
the economic landscape of most African countries depends crucially on the dynamics of
climate change because of the role of climate on the economic growth of countries. Any rise
in temperature will decrease economic growth in African countries.

Using data on temperature and precipitation from 1970 to 2009 for a sample of 18 countries
in sub-Saharan Africa, and using the econometric technique of cointegration of panels of
long-term and short-term effects of climate change on growth, ? argue that temperatures
above 24.9°C would significantly reduce economic performance in these countries. These
effects are also observable at the individual country level. Using a cointegration analysis
on Ethiopia, Ali (2012) finds a negative effect on growth, while changes in rainfall
magnitude and rainfall variability have long-term drag effects (long-term Drag effects) on
the production level. ? analyzed econometrically the effect of climate change on agricultural
productivity over the period 1980 to 2005 in Nigeria, based on a cointegration model
approach. The results show that the change in temperature generates a negative effect
whereas the change in rainfall has a positive effect on agricultural productivity.

After this review of the literature on climate change and its link with the economy sphere,
in the following sections, we precede statistical modeling that focuses on both countries
and agroecological zones. This modeling makes it possible to answer empirically on the
existence of the phenomenon of climate change in the countries of the Sahel.

1.4 Study area and data

1.4.1 Study area

This section presents the countries and the agroecological zones of the Sahelian band.

Definition and construction of the Sahelian band

The Sahel, as defined by Permanent Interstate Committee for drought control in the Sahel
(CILSS), covers nine countries: Mauritania, Senegal, Gambia, Guinea-Bissau, Mali, Burkina
Faso, Niger, Chad and Cape Verde, with a total area of 5,400,000 square kilometers and
a population of nearly 60 million (Sissoko et al., 2011). However, the Sahel is difficult
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to delimit because it is composed of several sub-Saharan African countries bordered by a
similar climatic zone. The West African Sahel is defined as a semi-arid range of grasslands,
shrubs and small thorny trees located just south of the Sahara desert (Nicholson, 2013;
Sissoko et al.,, 2011). According to Nicholson (2013), the Sahel extends about 5,000
kilometers from the east-west extent of Africa and the Sahara to the wet savanna at about 10
° North. It includes Mauritania, Senegal, Mali, Niger, Chad, Sudan and the northern parts
of Burkina Faso and Nigeria.

Our definition of the Sahel is different from that of the CILSS, and consists of the sum of
the two definitions given by Nicholson (2013) and Sissoko et al. (2011). More precisely,
we have selected countries with the same climatic characteristics (variation of weather
conditions, variable and hot climate, uncertain rainy seasons, famine, food insecurity,
regular occurrence of floods and droughts) and countries bordered by the desert and those
whose sensitivity to climatic shocks are similar.

Thus, our Sahel (see figure 1.3) includes 6 countries in West Africa (Burkina Faso, Mali,
Mauritania, Niger, Nigeria and Senegal), 5 East African countries (Djibouti, Eritrea,
Ethiopia, Somalia and Sudan) and 1 country in Central Africa (Chad). In these countries,
agriculture and livestock are the main sources of economic wealth and agricultural activity
remains the main source of subsistence for the majority of people living in the region
(Sissoko et al., 2011). The 12 countries forming the Sahelian band are the most vulnerable

Figure 1.3 Perimeter of study
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in the world. In addition to the great climatic variability, they face civil wars, mass
migration (internal or external), and terrorism that create lasting instability. Faced with
all these difficulties, the fields are deserted, the farmers take flight and take refuge far
from their field. As in recent decades, these countries have seen unprecedented population
growth, their economic inconsistency accentuates the problem of food self-sufficiency. The
population is increasing, agricultural production stagnates or is trending downward.

Presentation of agroecological zones

The analysis of climate change and variability is also interesting at a smaller scale:
the agroecological zone. Since 30 years, FAO has put in place a global system of
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agroecological zones which is defined as a method to measure the potential of agricultural
land productivity. In other words, it characterizes climate, soil and land conditions
relevant to agricultural production. This method has led to the design and identification
of agroecological zones. We share FAO’s definition of agroecological zones as country-
specific land resource mapping units in the world. They are built on the basis of country-
specific climate, soil and vegetation cover characteristics. This characterization is specific
because it also looks at the potentials and constraints for land use. Within each country,
there are agroecological zones, the number and characteristics of which vary from one
country to another. Table 2.2 gives the names and number of agroecological zones for
each country. Despite their belonging to the Sahelian belt, the 52 agroecological zones

Table 1.1Presentation of agroecological zones

Country Number Name

Burkina Faso 4 North Sahel, North Soudania, South Sahelian, South
Soudania.

Chad 3 Desert area, Sahelian zone, Soudanian zone.

Djibouti 3 Coastal plains, Interior plains and low altitude,

Mountain and Valleys zones.

Ethiopia 7 Arid agroecology, @ Humid agroecology, = Moist
agroecology, Per humid agroecology, Semi-arid
agroecology, Sub-humid agroecology, Sub-moist
agroecology.

Mali 4 Saharan zone, Sahelian zone, Soudanian zone, Sudano
guinean zone.

Mauritania 4 Arid zone, Maritime zone, River zone, Sahelian zone.

Niger 5 Saharan zone, Saharo-sahelian zone, Sahelian zone,
Sahelo-Sudanian zone, Soudanian zone.

Nigeria 6 Derived savanna, Humid forest, Northern guinea
savanna, Sahel savanna, Southern Guinea Savanna,
Sudan Savanna.

Senegal 6 Bassin arrachidier, Casamance, Centre East and South
East, Niayes, Sylvopastoral zone, Valley of the reiver.

Somalia 5 Bari, Bay and Bakool, Coastal central and southern
Somalia, Shabelle and Juba Valleys, Somaliland.

Sudan 5 Dense Savannah and Equatorial Zone, Desert and Semi-
arid desert zone, Flood and Basin irrigated zones, Jebel
Marra zone, Poor and Dense savannah zone.

Source: Identification and construction of agroecological zones by the author using data
and information.

have specific individual characteristics. As we will see, they are distinguished by their area,
the temperature recorded and the seasonal precipitation or the quantities of water received
annually. They can also be distinguished by the start and end dates of the rainy seasons
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and by their agricultural practices, the cropping system (irrigated or rainy) and the types of
crops used. The period of sowing and harvesting can be heterogeneous.

The analysis of rainfall and temperature at the level of the 52 agroecological zones makes it
possible to study, on the one hand, climate change and variability in the 12 countries. On
the other hand, it is also a question of establishing a ranking of the countries, that is to say
to esatablish a distinction between the countries in which there are no marked differences
between the zones and those which present remarkable differences.

1.4.2 Data

To uncover the phenomenon of climate change and variability in the Sahel, we use two main
climate variables: temperature and precipitation. The analysis concerns two different scales
distinguished by the study period and the sources of the data.

The first analysis covers 12 countries (Burkina Faso, Chad, Djibouti, Eritrea, Ethiopia, Mali,
Mauritania, Niger, Nigeria, Senegal, Somalia and Sudan) for the period 1901-2012 and the
second one covers the 52 agroecological zones of the countries selected (except Eritrea, see
below) for the period 1901-2016. Our climate data sources come from the Climate Research
Unit (2016). At the country level, we extracted monthly average data from the World Bank
Climate Change Knowledge Portal. The monthly data are extracted from the database of
the Royal Netherlands Meteorological Institute (KNMI) which explores data on climate and
climate change.

The temperature and precipitation data available from these two databases are data
expressed as monthly averages. Regarding the analysis of agroecological zones and in
the absence of data at this level, we used R and QGIS to process, construct and map the
agroecological zones of each country in the Sahel based on the information provided by
the Food and Agriculture Organization of the United Nations. After the construction, we
obtained the masks of the geographical coordinates of each agroecological zone of each
country which allowed to reconstruct the temperature and precipitation data at the level
of the agroecological zones. However, we were not able to produce agroecological maps
of the Eritrea due to the lack of data and information on the shapes and perimeters of
agroecological zones for this country.

Given the scope of this thesis, we constructed climatic variables that can be linked to
agriculture because this sector is dominant in these countries!'. In particular, we focus on
temperatures and precipitations during the dry and the rainy seasons. In the Sahel, the dry
season is variable but is between September and May in most countries. It is characterized
by the absence or the weakness of rains. On the other hand, the rainy season is the growing
season which is the period when agriculture is practiced in the Sahel because the soil is wet
because of the high rainfall. Seasonal rainfall therefore plays a crucial role (Maharana et al.,
2018).

Specifically, from the average monthly temperature, we computed 6 temperature variables
built according to the seasons: minimum annual temperature (i.e. the average monthly
temperature of the coldest month of the season), annual median temperature (i.e. the
average monthly temperature of the season), maximum annual temperature (i.e. the average
monthly temperature of the hottest month of the season) for both the dry and rainy season.

IThe agricultural sector employs about 80% of the Sahelian population and is the main source of
consumption and income of Sahelian households. Agricultural activities account for between 60% and 100%
of the income of the poorest African households (Davis et al., 2010)
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The computation and analysis of the annual median, the annual minimum and the annual
maximum temperature provides a good idea of the distribution of this variable both in terms
of central tendency and dispersion. From the average monthly precipitations, we computed
total annual precipitation and seasonal mean precipitation.

In total, at the country level, we have 112 annual observations for precipitation and
temperature variables and 116 annual observations for agroecological zones. Table 1.2
describes the variables used in this analysis of climate change in the Sahel. It provides
an overview of precipitation and temperature indicating the source, period and frequency
of these variables. Table 1.3 presents the descriptive statistics of our 8 climates variables.

Table 1.2Description of variables used

Variables Description Period Frequency
and source

Temperature  Temperature values are measured at the 1901 to Temperature is provided for each
level of countries and agroecological zones. 2012 / month, we use this data to compute
We compute minimum temperature, median 1901 to and transform the values of these
temperature and maximum temperature for 2016 quantities into data at an annual
both the dry and rainy seasons. Country- frequency for the dry and rainy
level data were produced by the University seasons.

of East Anglia (UEA) Climate Research Unit
(CRU) and are available on the World Bank
Climate Change Knowledge Portal. Data at the
level of agroecological zones were constructed
based on data from the Royal Meteorological
Institute of the Netherlands.

Precipitation  Rainfall values are measured at the level 1901to2012/ Rainfall is also provided in

of countries and agroecological zones. We 1901 to 2016 monthly data. We use these
compute total annual precipitation and mean values to compute total annual
seasonal precipitation (vegetative period). precipitation and seasonal
Precipitation is obtained from the same precipitation.

databases as temperature.

Table 1.3Descriptive statistics of climate data.

Climate variables Country level ~ Agroecological level

Mean  Std. Dev. Mean Std. Dev.

Precipitation

Total precipitation 468.09 320.38 619.37 444.52
Seasonnal Precipitation 80.73 51.69 103.08 70.11
Temperature

Minimum temperature of rainy season ~ 27.63 2.90  26.66 3.65
Median temperature of rainy season 29.01 2.55 27.84 3.68
Maximum temperature of rainy season ~ 30.42 242 29.68 3.79
Minimum temperature of dry season 22.29 212 2273 2.84
Median temperature of dry season 26.18 1.64  26.05 3.01
Maximum temperature of dry season 30.01 2.54 29.87 4.00
Countries 12

Agroecological zones 52

1.5 Methodology

Our aim is to see whether countries have experienced this phenomenon of climate change
and the period from which these countries began to register these climatic variations. The
aim is not to predict future precipitations and temperatures but to observe the evolution
of the temperatures and precipitation during the period (1901 to 2012, for countries and
1901 to 2016 for agroecological zones) and to find potential structures or subperiods using
econometric (statistical) techniques to find endogenous ruptures. To that purpose, we
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present in this section the methodology of linear models with fixed effects and structural
change models.

1.5.1 Pooled model with country effects

In order to detect climate change, we first use a simple pooled panel linear statistical model
with a measure of climate change as the dependent variable and time as the main dependent
variable with heterogeneous coefficients. The implementation of this model is done on two
spatial scales: 12 countries with annual observations ranging from 1901 to 2012 and 52
agroecological zones with annual observations ranging from 1901 to 2016. The specification

is as follows:
N N

yit=2au+2a2iwan+€it (1.1)
i=1 i=1

where y;; is the dependent variable (annual median temperature, annual minimum
temperature, annual maximum temperature of the dry and rainy seasons, total annual
precipitation and seasonal annual precipitation) for area (country or agroecological zone)
i at time t; pear, is the variable representing the year of observation. We then have
N = 112 observations - 12 countries = 1344 global observation) at the country level and
N = 116 observations - 52 zones = 6032 global observations at the agroecological zones
level. €, represents the error term. The effect of climate change is assessed by the marginal
effect of y;; over year;, ie ap; . This marginal effect varies over areas if the estimates of
a,; are significantly different from each other, which can be test for by a simple F-test.
Furthermore, if the area fixed effects ay; are significantly different from each other, then the
intercept significantly differ between areas.

1.5.2 Structural change model

The structural change model allows endogenous detection of structural breaks in the
coefficients in time series. We base our analysis on (Bai and Perron, 1998, 2003) who
developed procedures for detecting ruptures in the longitudinal data and the necessary
associated statistical tests. Generally, the structural change test is defined naturally for
longitudinal data (Bai and Perron, 1998), the principle is to estimate the relationship
between the dependent and the independent variables and to verify whether the nature
of the relationship changes over the period. Wald-type tests are used to test models with
multiple structural changes by formulating the null structural non-change hypothesis ¢
versus the alternative hypothesis containing an arbitrary number of changes denoted ¢ + 1.
This procedure then corresponds to a specific general modeling strategy that allows to
endogenously determine the appropriate number of changes in the data. One drawback
of this procedure is the problem associated with hypothesis testing under multiple changes
Bai and Perron (2003) as is the case with the present empiric application.

Formally, consider the regression for a single area (country or agroecological zone, therefore
omitting the index i) over the period. We then consider the following linear regression with
m breaks (m + 1 regimes):

Vi =20, + € t=Ti_;+1,...,T, (1.2)

for j = 1,..,m+ 1. In this model, y; is the observed dependent variable at time t; z;(q x 1)
is the vector of covariates (corresponding to the constant term and the coefficient associated
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to the trend in our case) and 9; (j = 1,..,m + 1) is the corresponding vector of unknown
coefficients to be estimated including «; and a;; €;; is the disturbance for area i and at
time t. The indices (Tj,...,T,,), or the break points, are explicitly treated as unknown (we
use the convention that Ty and T,,,; = T). The purpose of this econometric approach is
then to estimate the unknown regression coefficients with the break points when the T
observations on (y;, x;,z;) are available. Moreover, the variance of u; needs not be constant:
breaks in variance are possible provided that they occur on the same dates as the breaks
in the regression parameters. For each possible partition of the data, the model is then
estimated using OLS and the best model is selected via a cross-validation procedure. This
procedure then allows to detect both changes in the intercept and in the trend.

From a practical point of view, the implementation of this model can be summarized
by the following ideas: i) the objective of this second model on structural change is to
strengthen the previous econometric analysis, ii) the idea behind this model is to detect
the sub-periods using econometric techniques to find the breaks endogenously, iii) then,
one must appreciate the evolution of the temperature and precipitations and visually mark
the obvious and flagrant breaks and iv) finally, the graphical observation must correspond
to the theoretical analysis relating to the evolution of the two variables used: search for the
historical explanation of the breaks.

1.6 Application on different countries

In this section, we first estimate the models as in equation 2.2 to see if intercepts and
trends are significantly different across countries. We also produce graphs for each climatic
variables (temperature and precipitation) and each country to show their evolution over
time and empirically verify the existence of climate change in the Sahel countries using
a simple linear model and a structural change model. Climate change often results in
higher temperature and lower rainfall. In addition, we discuss the results obtained with
the structural change model proposed by Bai and Perron (2003) in order to identify breaks
or sub-periods in the countries of East Africa, which to the best of our knowledge is the first
analysis of this type.

1.6.1 Pooled model with heterogeneous coefficients

The estimation results are presented in table 1.4. For each indicator, we provide at the
bottom of the table the results of the homogeneity tests : homogeneity of intercept across
countries (H : a;; = aq) and homogeneity of slopes across countries (Hy : ap; = a3). The
null hypothesis is rejected for all climate variables meaning that both the intercepts and the
slopes differ. This can be explained by the fact that although we have grouped countries
that have a similar climatic situation, forming the Sahelian bloc, these countries still have
different configurations and differ from each other in their geographical position and the
size of their national territory. For example, some countries are landlocked without access
to the sea and some countries have large or small inland water areas and openings to the
sea. Furthermore, as we show later, within a country, the climate is very variable and the
composition of the landscape is also different. This can be explained by the varying number
of agroecological zones (see table 2.2) within a country.

The extent of a country can also be the source of heterogeneity because the climate seems
to be contrasted in countries with a large territorial area. For example, Nigeria receives
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a significant amount of rain because the country has four rainy seasons spread all over
its territory. Indeed, the temperature varies within the agroecological zones. In Niger,
the desert represents a large part of the national territory, which explains the fact that
the country records high temperatures and low annual rainfall. This characteristic is also
observable in Mauritania, the national rainfall is very low accompanied by intense heat. It
should also be noted that the presence of forests or savannas has a significant impact on the
average temperature at the country level.

All these elements justifies a country-by-country analysis that we carry out in the following
sections.

1.6.2 Temperature

Figures 1.4, 1.5, 1.6, 1.7, 1.8 and 1.9 provide a graphical overview of the evolution of
the temperature over the period 1901 and 2016 in the Sahel countries. These graphical
representations concern the median, minimum and maximum temperatures, respectively,
during the dry and rainy seasons. We comment on the graphs by grouping countries
according to the trend of the temperature variables, which makes it possible to make a
comparison between the countries.

Looking first at temperature in the rainy season, the series of graphical trends illustrated in
figures 1.4, 1.5 and 1.6 show the evolution and interannual variability of the minimum,
median and maximum temperature during the rainy season from 1901 to 2016 in the
Sahel countries. The representations in figure 1.4 show that countries have experienced
a distinct increase in the trend of annual minimum temperature during the rainy season.
In addition, this increase is accompanied by a small annual variability but remarkable in
some countries over the entire period. Three groups of countries emerge from the analysis
of figure 1.4 and estimation results in table 1.4. First, eight countries (Burkina Faso, Chad,
Eritrea, Ethiopia, Mali, Mauritania, Niger, Senegal and Sudan) experienced a significant
increase in temperature minimum during the rainy season over the entire period. There is
a gradual increase in the minimum temperature during the rainy season at the beginning of
the period, but it increased from the 1980s for both groups of countries. Second, for Nigeria,
the slope coefficient indicating change in minimum temperature during the rainy season is
only significant at 10% . Finally, Djibouti and Somalia did not experience a significant rise
in minimum temperature during the rainy season. Most these countries have a minimum
annual temperature during the rainy season of between 30 and 40 over the entire period.
Figure 1.5 shows the annual median temperature during the rainy season in the 12 Sahelian
countries. We see that there is an interannual evolution and variability of the median
temperature during the rainy season. The latter has gradually increased but the year 1980
constitutes an important turning point. Three groups of countries also stand out with
respect to their trend and interannual variability.

The first group made up of Chad, Djibouti, Eritrea, Ethiopia, Mauritania, Niger and
Sudan, experienced a very remarkable and significant uptrend of the median temperature
throughout the period. Then Mali experienced a significant but less important increase
in median temperature over the period. Finally, the slopes for Burkina, Nigeria, Senegal
and Somalia are not significant, showing there was no change during the period for these
countries with respect to median temperature in the rainy saison.

In comparison with the two previous climatic variables, the analysis of the graphical series
in figure 1.6 and estimation results in table 1.4 shows that the maximum temperature has
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Table 1.4Regressions results with country fixed effects

Dependent variable: Climate variables

TempminRain TempmedRain TempmaxRain TempminDry TempmedDry TempmaxDry RainSum RainSeason
Burkina 15.693% #* 23,992°% * 20.227%%%  y5ppp%Hk g psgEEkE g 5e7EEE 9138 647K KK 40 053% KK
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Chad 9.728% ¥ % 10.386% * % 11.909% %% gy 7p1%*kk g5 335%kEkEK 10 g59%H K 443.341 89.890
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Djibouti 31.401 % ** 22.148% % ¥ 23.516% %% 17810% %% 1g353HEK 17437 E* —16.364 117.699%
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Eritrea 7.775% % 11.788% %% 16.410% %%  14.739% %% 1p 30p% Kk 4723 855.250% * 11.912
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Ethiopia 12.822% %% 14340% %% 6.643% % 11.035% % 12.371% %% g 5a3%kdck g 607.414% KK 947 g79% k%
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Mali 12.547°% %% 95 599%# % 13.446% %% 4.447 —2.703 10.375% %% 1 284.374% %% 314 g34% %%
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Mauritania 18.336% %% 21 196% Kk 16.286% %% 3.719 —9.030% ¥ 8.505% % 393.009 100.260
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Niger 15.455% %% 20.209 % * 19.740°% %% p0.551% %%k 16 74% KKk 9y ggyHEE 368.249 106.570
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Nigeria 18.449% %% ppogskkEk  ppgezkEE g5 e39%EE g gepkHE 17 379%EE 9 gg5411KFE 960 903% H K
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Senegal 19.772% %% 23.784% % 20.510% %% 7.900% 13.782°% % * 7.905%* 4,398.572°% % 1 134.395% %%
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Somalia 26.161% ** 24,097°% ¥ * 20.957%%% 90 018%F*  27699% kK o gg5EH —11.388 0.729
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
Sudan 8.902% * 11.943% %% 13.011 % %% 9.120% * —0.112 2.721 729.066 % * 165.253% %
(3.531) (3.104) (3.212) (4.387) (3.945) (3.657) (345.252) (70.512)
year.Burkina 0.005°% % 0.002 0.005°% %% 0.005 %% 0.009°% ¥k 0.007°% %% —0.682% %% —0.129% %%
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Chad 0.009% ¥ 0.010% %% 0.010% %% —0.001 0.006°% %3 0.010% % —0.049 —0.004
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Djibouti —0.0001 0.005% %% 0.005°% % 0.003 0.004 %% 0.007°% %% 0.108 —0.046
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Eritrea 0.008% ¥ % 0.008% %% 0.007°% %% 0.004 % 0.007°% %% 0.012% %% —0.310% 0.008
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Ethiopia 0.005% % 0.005°% %% 0.009% % 0.005% * 0.005% * 0.008 % % —0.445%% —0.081 %%
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Mali 0.009% % 0.003 %% 0.010% 3% 0.008% % * 0.015% %% 0.012% %% —0.480% ¥ —0.120% %%
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Mauritania 0.007% %% 0.006% ** 0.009 % ** 0.008% ¥ * 0.018% %% 0.012% %% —0.148 —0.040
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Niger 0.007% %% 0.006% ¥ % 0.007 % % —0.001 0.005% * 0.005% % —0.093 —0.029
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Nigeria 0.003 % 0.002 0.004% % —0.001 0.004 %% 0.005°% %% —0.656% %% —0.068%
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Senegal 0.004% % 0.002 0.005°% %% 0.008% ¥ 0.007°% %% 0.012°% 3% —1.842% %% —0.492°% 3%
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Somalia —0.0001 0.002 0.004% % 0.003 —0.0004 0.004% 0.136 0.019
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
year.Sudan 0.010% %% 0.009% % * 0.009% % 0.006% % * 0.014% %% 0.147% % % —0.147 —0.041
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002) (0.176) (0.036)
Observations 1,344 1,344 1,344 1,344 1,344 1,344 1,344 1,344
Rr? 1.000 1.000 1.000 0.999 0.999 1.000 0.989 0.984
Model OLS OLS OLS OLS OLS OLS OLS OLS
Global Test of homogeneity
Fisher-test 1656.7°% %% 1009.8% % 1281.7°F%% o8 ¥ F %k 10e3.4%EK 40341 % KK 275.16% ¥ * 861.07% ¥ *
P-value (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Test of homogeneity of intercept
Fischer-test 3.9661% ** 3.2159% ** 2.4829% * ¥ 2.7014% % 6.641% %% 3.1578% #* 13.755% %% 18.787% ¥ %
P-value (<0.001) (<0.001) (0.0044) (0.0019) (<0.001) (<0.001) (<0.001) (<0.001)
Test of homogeneity of slope
Fischer-test 3.5839%*k% 3 556% 3k 2.1068% %% 24968k kk g 738gH KK 33793k N K 9.134% % 14.253% %%
P-value (<0.001) (<0.001) (0.0174) (0.00418) (<0.001) (<0.001) (<0.001) (<0.001)
Note: #p<0.1; ¥¥p<0.05; #F*Fp<0.01
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Figure 1.4Minimum annual temperature during the rainy season in the Sahel countries from 1901 to
2016
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Source: Calculations and achievements by the author.

risen sharply and has had an significant upward trend over the entire period and for all
countries. Graphically, the year 1980 also seems as a turning point of the evolution of
the maximum temperature during the rainy season in the countries forming the Sahelian
band. Figures 1.7, 1.8 and 1.9 show the evolution of the 3 variables related to temperature
during the dry season. The corresponding estimation results appear in the last three
columns of table 1.4. Figure 1.7 shows the graphical representation of the annual minimum
temperature during the dry season in the Sahel countries. Three groups of countries appear.
The first group of countries consists of the countries (Burkina, Ethiopia, Mali, Mauritania,
Senegal and Sudan) which experienced a sharp increase and year-to-year variability in the
minimum temperature of the dry season over the period. The second group is formed by
the countries (Eritrea and Sudan) which also experienced an increase of the same variable
but less than that of the countries of the first group. Finally, the last group consists of Chad,
Djibouti, Niger, Nigeria and Somalia. Unlike the countries of the first two groups, these
countries did not experience a significant increase in the minimum annual temperature
during the dry season over the entire period. In general, the minimum annual temperature
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Figure 1.5Annual median temperature during the rainy season in the Sahel countries from 1901 to
2016
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is very variable during the dry season compared with the rainy season. This distinction can
be explained by the length of the season and the fact that during the dry season the Sahel
countries record higher temperatures.

In contrast to the median temperature of the rainy season, that of the dry season (see figure
1.8) significantly increased in all countries but distinctively, except in Somalia where it is
not significant. It has also increased, but less so in Niger and Nigeria, but with greater
interannual variability than in the other 9 countries. The graphical analysis shows the
period of change is around the year 1980 as it was the case for the other variables above.
Figure 1.9 shows the graphical representation of the maximum annual temperature during
the dry season in the Sahel countries. The graphical analysis clearly shows that all countries
experienced a strong and significant increase in maximum temperature during the dry
season in all countries, slightly in Nigeria and not remarkable in Somalia. This increase
is accompanied by remarkable year-to-year variability over the entire analysis period.
Overall, the results do not allow to reject the hypothesis of a significant increase in
temperature during the vegetative and dry season for all countries over the entire period.
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Figure 1.6Maximum annual temperature during the rainy season in Sahel countries from 1901 to
2016
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Globally also, the maximum annual temperature during the rainy season is higher than that
of the dry season over the entire period and for all countries in the Sahel. As a result, the
hypothesis that the Sahel countries are experiencing global warming is valid.

We now turn to the analysis of structural change using the six variables we have constructed.
The results of our structural analysis are graphically represented in figures 1.10, 1.11, 1.12,
1.13, 1.14 and 1.15. For the change in minimum temperature during the rainy season
of table 1.10, all countries experienced at least one break over the entire period. Chad
and Djibouti experienced individually three shocks related to this variable but at different
times with a periodically similar shock around the 1980s. Next, Ethiopia, Nigeria, Niger
and Somalia each experienced two shocks at different times but with the year 1980 is
an important turning point in the explanation of these breaks. Finally, Burkina Faso,
Mauritania, Senegal and Sudan experienced only one shock but at the same time ie in 1980.
For most countries, the year 1980 marks a turning point in the rise of temperatures and thus
appears as a period of rupture and change. The results therefore confirm those obtained by
(Nicholson, 2013) that the West African Sahel is well known for the severe droughts that
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Figure 1.7Minimum annual temperature during the dry season in Sahel countries from 1901 to 2016
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ravaged the region in the 1970s and 1980s. We find that the countries of West Africa are
experiencing the same number of breaks. This reasoning is also valid for East Africa except
for Sudan, which has only one break reported around 1980.

Figure 1.11 shows that countries independently experienced several periods of disruption
due to changes in median temperature during the rainy season. Chad, Ethiopia, Eritrea
and Mauritania each experienced three breaks at almost similar periods with 1980 as the
reference year. Djibouti, Sudan and Senegal each experienced two shocks at similar periods,
and 1980 also emerges for all these countries. Niger experienced only one shock and Somalia
did not experience any observable shock related to this variable over the entire period. There
is no particular pattern related to geographical proximity.

Figure 1.12 shows the ruptures related to the maximum temperature during the rainy season
in all countries. Chad, Mali, Mauritania, Eritrea, Niger, Nigeria and Somalia each had three
shocks that occurred at different times. Unlike other countries where the year 1980 is
an important starting point, Somalia has experienced two shocks before the 1980s. This
country is known for its situation because the country faces cyclical dryness. Masih et al.
(2014) reported that Somalia experienced 13 breaks between 1900 and 2013. In addition,
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Figure 1.8Annual median temperature during the dry season in Sahel countries from 1901 to 2016
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Djibouti experienced a single break-up period related to maximum temperature during the
rainy season over the entire period. Finally, Burkina Faso, Ethiopia, Senegal and Sudan
experienced only one shock related to this variable as shown in figure 1.12.

Structural change model results identifying temperature-related breaks during the dry
season are presented in figures 1.13, 1.14 and 1.15.

Mali and Somalia each experienced 3 sub-breaks associated with the change in minimum
temperature during the dry season over the entire analysis period. Chad, Ethiopia and
Niger each experienced 2 sub-periods associated with the evolution of the variable from
1900 to 2013. Djibouti, Mauritania, Sudan and Senegal experienced only one break-up
period due to the change in minimum temperature during the dry season over the entire
period. Figure 1.13 also indicates that shock periods are distinguished by their period of
occurrence: most countries recorded these shocks after the 1980s except for Burkina Faso,
Ethiopia, Somalia and Djibouti, which each experienced a shock early in the period. The
countries are distinguished by the number of shocks and their period of occurrence. Chad
and Sudan experienced the same shock at the same time. Nigeria is the only country that
has not experienced a shock related to temperature change during the dry season.
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Figure 1.9Maximum annual temperature during the dry season in Sahel countries from 1901 to 2016
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The results of the analysis on the endogenous detection of ruptures related to the evolution
of the median temperature during the dry season are represented graphically in table 1.14.
It shows that Burkina Faso, Chad, Niger and Nigeria have each experienced 3 ruptures
identified between 1900 and 2015 at different times. Then, Mali, Mauritania and Somalia
each experienced two breaks at different times. Finally, Djibouti, Eritrea, Ethiopia and
Senegal experienced only one shock over the period but at different times. Overall, the
12 countries experienced at least one shock around the 1980s, despite the fact that Burkina,
Chad, and Niger recorded ruptures at the beginning of the period.

Figure 1.15 shows the results of the identification of endogenous ruptures on the evolution
of the maximum temperature during the dry season in the Sahel countries. We show that
Eritrea experienced four shocks and Chad and Mali experienced three shocks at different
periods. Before the 1980s, Eritrea experienced three-quarters of these shocks which explains
why there have been major changes in the evolution of the maximum temperature during
the dry season in this country. Next, Mauritania, Senegal and Sudan also experienced two
identified shocks each at different times. In these countries, shocks started at almost similar
periods in the 1920s and 1980s, which are the key period in explaining climate change
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Figure 1.10Endogenous detection of structural breaks in annual minimum temperature in the Sahel
countries during the rainy season from 1901 to 2012.
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in the Sahel. Then, Burkina Faso, Djibouti and Ethiopia experienced only one shock that
occurred during the period, i.e. in 1980. Finally, Nigeria and Somalia are the countries that
experienced no known shock due to the change in maximum temperature during the dry
season over the entire period, as shown in tabl 1.15.
Table 1.5 summarizes the number of shocks that Sahelian countries recorded over the entire
period based on variables constructed over the two seasons. We now relate our results
to the main results found in the literature. Drought is one of the main consequences of
climate change in arid countries. It is manifested by an increase in temperature and water
deficits(Masih et al., 2014). The results of our temperature-based analyzes show that the
temperature variables are gradually increasing according to the seasons and according to
each country. This rise in temperature causes dryness and the extension of desertification
(Rajaud and de Noblet, 2017), making the sub-Saharan climate drier. Drought and other
effects of climate change are causing significant economic and human damage to households
(Auffhammer, 2018; Masih et al., 2014). Drought varies in terms of occurrence, intensity,
duration and geographical coverage (Masih et al., 2014). Norrgdrd (2014) explains that
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Figure 1.11Endogenous detection of structural breaks in annual median temperature in the Sahel
countries during the rainy season from 1901 to 2012.
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climate change started well before the beginning of the period of our study. For the
author, the most pronounced climatic changes occurred in the 1780s and 1790s. The recent
warming observed since the 1980s coincided with the drying trends observed throughout
Africa, including in the Ethiopian region, over the period 1950-2008 Dai (2011).

The analyzes of Masih et al. (2014) show that between 1901 and 2013 Mali experienced 11
dryness and without any human loss. The first drought occurred in 1910 and the next two
in 1940 and 1966, an average frequency of about thirty years. The other eight droughts
occurred in 1976, 1980, 1991, 2001, 2005, 2006, 2010 and 2011. The graphical analysis
shows that between 1960 and 2012, the temperature increased considerably, confirming the
historical analysis of the occurrence droughts.

West African countries are experiencing severe drying caused by climatic variations. In
Mauritania, Masih et al. (2014) report that 12 droughts occurred between 1900 and 2012,
affecting more than 7 million people and causing monetary damage estimated at more than
59 million USD (Masih et al., 2014). The first two droughts occurred simultaneously in
Mali and Mauritania (1910 and 1940) and the other 10 in 1965, 1969, 1976, 1978, 1980,
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Figure 1.12Endogenous detection of structural breaks in annual maximum temperature in the Sahel
countries during the rainy season from 1901 to 2012.
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1993, 1997, 2001, 2010 and 2011. In fact, the droughts of the 1960 and all the others that
occurred from the 1980s coincided with the rise in temperature reflected by our graphical
analyzes. Senegal has experienced 9 droughts during the same period, affecting more than
8 million people and causing economic damage estimated at more than US$ 300 million
(Masih et al., 2014). On the other hand, the droughts of 1980, 2002 and 2011 coincide with
our graphical analyzes which show a considerable increase of the temperature. During the
same period, Niger and Nigeria experienced 13 and 1 droughts respectively. In Niger, these
events affected more than 23 million people and caused the loss of 85,000 people. In this
country, the first occurred early and at low frequency (1903, 1906 and 1910). In 1940, the
country experienced its fourth drought, followed by the eight other droughts of 1966, 1980,
1988, 1990, 1997, 2001, 2005, 2009 and 2011 (Masih et al., 2014). Given the magnitude of
this event, the country has experienced four periods of breaks and the graphical analysis
coincides with the historical analysis of the drought. Nigeria is the only country in our
sample to record a single drought over the entire period. Though singular, the 1981 drought
has hit the country hard, affecting over 3 million people and causing economic damage
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Figure 1.13Endogenous detection of structural breaks in annual minimum temperature in the Sahel
countries during the dry season from 1901 to 2012.
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valued at more than $ 70 million (Masih et al., 2014). The rise in temperature in West
African countries coincides with the dryness of the late 2000s and early 1980s Sylla et al.
(2018).

Chad and Sudan recorded 9 droughts between 1900 and 2013 (Masih et al., 2014). Chad is
the only country in Central Africa to belong to this Sahelian band. Our results correspond
to those obtained by Maharana et al. (2018), which indicate that the annual temperature
shows an upward trend of 0.015°C and seasonal temperature, a higher rate of increase in
the dry season (0.019°C / year). Analyzing the results of Masih et al. (2014), we find that the
first three droughts have an occurrence frequency of about 28 years (1910, 1940 and 1966)
and have decreased between the droughts of 1969, 1980, 1993, 1997, 2001 and 2012. The
results of our analyzes show that the temperature has strongly increased, confirming the
thesis of the recurrence of drought. According to Maharana et al. (2018), the temperature
in Chad increases at a rate of 0.15°C per decade between 1950 and 2014. Unlike Chad, the
9 events (1980, 1983, 1987, 1990, 1991, 1996, 1999, 2009 and 2012) caused a lot of damage
to Sudan. As a result, all these events affected more than 30 million people and caused
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Figure 1.14Endogenous detection of structural breaks in annual median temperature in the Sahel
countries during the dry season from 1901 to 2012.
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150,000 casualties. All droughts occurred at times when the country experienced a rise in
temperature.

The East African countries included in the study are Djibouti, Eritrea, Ethiopia and Somalia,
with 9, 3, 15 and 13 droughts, respectively, from 1900 to 2013 Masih et al. (2014). E Tierney
et al. (2015) explain that the drying rate of countries in the Horn of Africa caused by climate
change is unusual considering the context of the past 2000 years. Like Chad, Djibouti
experienced 9 droughts during the same period but without loss of life and pecuniary
damage. These historical analyzes confirm that since the 1980s, the average temperature has
increased considerably in this country. Unlike previous countries, the first drying started in
1980, followed by 1983, 1988, 1996, 1999, 2005, 2007, 2008 and 2010. Eritrea experienced
drought in the first year of its independence in 1993, followed by drought in 1999 and
2008. Our graphical analysis indicates that the temperature has increased since 1993 and
will continue to increase during the rest of the year. the period. These three events affected
more than 5 million people without causing loss of life or monetary damage (Masih et al.,
2014). Masih et al. (2014) also show that Ethiopia is the country with the highest number of
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Figure 1.15Endogenous detection of structural breaks in annual maximum temperature in the Sahel
countries during the dry season from 1901 to 2012.
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droughts (15 droughts) from 1900 to 2013 and these ssessesses are climate-related (Brown
et al., 2017). Our graphical analyzes indicate that the temperature began to rise in the
early 1960s and that the country experienced its first drought in 1965, followed by frequent
drying up in 1969, 1973, 1983, 1987, 1989, 1997, 1998, 1999 , 2003, 2005, 2008, 2009 and
2012 (Masih et al., 2014). The structural changes suspected in the country are real. Somalia
is the second country in the Sahel after Ethiopia to record a high number of droughts.
Thirteen arid areas touched the country from 1900 to 2013, affecting more than 13 million
people and killing more than 19,000 people. In 1964, Somalia recorded its first drought,
followed by arid lands in 1969, 1973, 1980, 1983, 1987, 1988, 1999, 2004, 2005, 2008,
2010 and 2012. In presenting a detailed record of the temperature and regional aridity of
the last 2000 years, E Tierney et al. (2015) explain that Somalia, Djibouti, and Ethiopia are
experiencing a historic drying up.

70



Table 1.5Number of breaks associated with the six variables over the entire period.
Country/Variable TempminRain TempmedRainy TempmaxRain TempminDry TempmedDry TempmaxDry Total

Burkina faso 1 2 1 1 3 1 9
Chad 3 3 2 2 3 3 16
Djibouti 3 2 2 1 1 1 10
Eritrea 1 3 3 1 1 3 12
Ethiopia 2 3 1 2 1 1 10
Mali 1 2 3 2 2 3 13
Mauritania 1 3 3 1 2 2 12
Niger 2 1 2 2 3 2 12
Nigeria 2 3 3 0 3 0 11
Senegal 1 2 1 1 1 2 8
Somalia 2 0 3 3 1 0 9
Sudan 1 2 1 1 1 2 8

Source: Calculations and achievements of the author.

1.6.3 Precipitation

Precipitation is the second variable chosen to characterize climate change in the Sahel
countries. Precipitation and temperature are strongly bound in this area. Rainfall
sometimes depends on temperature during the rainy seasons (Nicholson, 2013) . We focus
on the annual precipitations i.e. the total annual quantity of rain since the important issue
is the total amount of water for a year at a given area. We also focus later on seasonal
rainfall. With respect to total precipitations, the same graphical and statistical analyzes are
applied to this variable. Figure 1.16 shows sequences marked by decreases or increases in
annual precipitation, varying from country to country and independently while table 1.4
shows provides the estimation results.

The graphical results correspond to the analyzes of (Hote et al., 2002) who also identified
a negative break point for precipitation in the Sahel in 1968, but the jump has been
significant only since 1980.

There was a significant decline in annual precipitations in Burkina Faso, Eritrea, Ethiopia,
Mali, Nigeria and Senegal. For all the other countries, the slope coefficients are not
significant. In Burkina Faso, annual precipitation declined sharply in the early 1980s while
a recovery was observed from the 1990s to the end of the period. They were between
500mm and 1100 mm over the whole period. In Chad and Djibouti, while overall, the slope
is not significant, some patterns can be observed for some sub-periods: rainfall declines
were observed over two periods, one from the late 1970s and the other from the early
1980s. Annual rainfall varied over the period for the two countries between [200 - 500 mm]|
and [100 - 300 mm] respectively, with a recovery in the early 2000s. Over the entire period,
Eritrea experienced a decline over a long period from 1980 to 2000 but a slight recovery at
the end of the period. Annual precipitation ranges from [100 - 400 mm|. Ethiopia registered
a slight decline around the 1920s and a sharp decline in the early 1980s, with a resurgence
in the early 2000s. Two scenarios were repeated in East Africa (Eritrea, Ethiopia, Djibouti,
Somalia and Sudan) in the 1960s, the western regions have experienced persistent aridity
since the late 1960s. The eastern regions (Ethiopia, Eritrea, Djibouti and Somalia) recovered
somewhat in the 1990s with "near" or "just above" precipitation to the long-term average
for some year (Nicholson et al., 2000). In Mali and Mauritania, the decline was observable
in the early 1980s, but with a slight fluctuation in annual precipitation. In Niger, a sharp
decline can be observed over two periods, one between 1900 and 1930 and another during
the late 1970s and early 2000s. Average annual rainfall recovered from the early 2008,
which explains that overall the slope is not significant. In Nigeria, the annual variation
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in rainfall is small over the period as a whole, but has dropped slightly below 1 000 mm
between 1900 and 1920, and between 1970 and 1990. It is the only country in the sample
to receive annually a large amount of water, with rainfall that varies between 600 and 1400
mm. In Senegal and Sudan, annual rainfall declined over two periods in the early 1900s
and mid-1980s.

Early studies on the variability of the Sahel rains described two important earlier periods
that were marked by a drought during the twentieth century. The first study was done in
the 1910s and the second was done in the 1940s. There is about a 30-year gap between
the two works and the speculation that stemmed from this work foresaw that the next
drought would occur 30 years later, i.e. in the 1970s. During the nineteenth and twentieth
centuries, precipitation varied considerably in the Sahel and Sudan regions. At this time,
precipitation was defined as a moisture index, ranging from -3 to +3 (Nicholson et al.,
2012).

Overall, the graph series in figure 1.16 show that annual precipitation has varied strongly
over the entire period for all countries. Around the 1980s, they fell sharply before regaining
some recovery for all countries. Nicholson and Kim (1997), Nicholson et al. (2000) and
Ozer et al. (2010) reported that the West African Sahel recorded above-average rains from
1961 to 1990 which could indicate the end of the severe period of aridity that began in the
1960s. Moreover, over the same period, the same situation is observable in the countries of
East Africa (of our Sahel). The thesis that Sahelian dry matter seems to be over in the 1990s
(Hote et al., 2002) is to be refuted because even if there is a slight rise in rainfall in the
early 2010s. After 10 years, rainfalls are still low in West African countries and this trend
is also spreading in East Africa. citenicholson2012 argue that there is some recovery after
a very dry period (1968 -1997). More specifically, moisture recovery was most pronounced
in the Western Sahel. The exception was the "north" zone (the Saharan margin, 18 - 20°N),
which remained relatively dry. In the southern Sahel, seasonal totals have exceeded the
long-term average in all years and conditions were comparable or wetter than those in the
wet decade of the 1950s (Nicholson, 2005; Olsson et al., 2005). The series of precipitation
graphs also show that the Sahel countries experienced periods of rainfall variability. Even
though the latter are not very obvious, they are a good reflection of global warming. Mean
annual rainfall in the Sahel is on the order of 100 to 200 mm in the north, where the Sahel
gives way to desert, and 500 to 600 mm at its southern limit (Nicholson, 2013). The rainfall
of this band is generally limited to the summer months, with maximum precipitation in
August. In the Sahel, the season generally ranges from 1 to 2 months in the north to 4 to
5 months in the south. Occasional winter rains of extratropic origin may occur in some
countries, but they usually bring less than 25 mm of rain (Nicholson, 2013).

In general, African countries with a semi-arid climate (West, East and Southern Africa)
have precipitation that varies widely in time and space. These variations are observable
even at the level of a single country, in Ethiopia, the eastern part (semi-arid) receives
less precipitation compared to the western part (sub-humid). They are also observable
in the regions, most of the rainfall in southern Africa lasts from October to March,
while rainfall in the Sahel is concentrated during the summer monsoon season from
July to August. Most countries in the Horn of Africa and Equatorial East Africa receive
precipitation in two seasons: October-December (short rainy season) and March-May
(rainy season). Northwest Africa receives most of the precipitation from October to April
(Masih et al., 2014). According to Dutra et al. (2013) the horn of Africa was affected by a
precipitation deficit in both the October December 2010 and march-may 2011 rainy seasons.
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Figure 1.16Annual quantity of rain in the Sahel countries from 1901 to 2012
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After presenting this analysis on annual rainfall, we focus on seasonal variability to
explain the evolution of the annual rainfall quantity during the rainy season (see figures
1.17 and 1.18) which corresponds to the period of agricultural activities for a rainfed

"agricultural system".

With respect to temperatures, the question is more crucial and

essential, because the annual average mixes the temperatures of dry season and that of
vegetative (agricultural) season, but it is only these last that matter so our analysis makes it
possible to observe the distribution of the temperature which is highly valid. In addition,
we do not seek to substitute the annual rainfall with precipitation from the rainy season,
because the two variables are almost equal in countries where rainfall is highly concentrated
over time (in the case of Sahelian countries in our sample such as Burkina Faso, Chad,
Mali, Niger, Sudan); this explanation is less true in countries with more complex rainfall
patterns, such as Nigeria and East African countries such as Ethiopia, Somalia, Eritrea (in
these cases there is several seasons to consider).

We see that countries differ strongly. There are countries that have two seasons during the
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year, a dry season and a rainy season. Generally, the dry season (7 to 9 months, October to
June) is longer than the rainy season. The month of August is generally the most watered
and the arid climate which varies according to the agroecological zones of each country. The
environment of these two-season countries is influenced by a tropical climate and dry, they
are arid countries. We selected for the rainy season the months of June, July and August.
To our knowledge, the length of the rainy season has not and does not evolve practically
in these countries. Figure 1.18 shows that over the entire period rainfall during the rainy

Figure 1.17Precipitation during the rainy season for countries with two seasons from 1901 to 2012
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season has varied in all countries in two seasons, and the year 1980 remains a decisive
year as they began to decline with a slight recovery in end of the analysis period. Among
these countries, except Senegal and Burkina Faso record the highest annual rainfall in the
rainy season, between 300 and 800 mm. Chad, Mali, Niger and Sudan receive between
100 and 350 mm at the same time. The situation is mixed in Djibouti with a range of 50
to 200 mm at the same time. Then we have a group of countries that benefit from several
rainy seasons, Nigeria, Ethiopia, Djibouti, Eritrea and Somalia. Ethiopia has a temperate
climate especially in the vast central plateau region. The country has two rainy seasons, a
first with moderate rains (from March and April) and a second rainy season from June to
September. Eritrea has a climate that varies according to climate zones, the coast has an arid
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Figure 1.18Precipitation during the rainy season for multi-season countries from 1901 to 2012
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climate (located in the desert with a dry climate) with low and insignificant rainfall and
the plateau area located in the center of the country with two seasons, a short rainy season
from February to April and a big rainy season from end of June to mid-September (we keep
the months entirely because we work with monthly data). Thus, Somalia is characterized
by a dry climate with two rainy seasons and two dry seasons in the north and south of
the country. To the south, the first rainy season extends from April to June and a second
season from October to November. The first dry season (December to March) and second
dry season (July to September). In northern Somalia, the first rainy season (April to June)
and the second season runs from October to November. Finally, Nigeria has a tropical and
varying climate, semi-arid in the north of the country and wetter to the south. The country
receives a longer rainy season from June to September in the north, another from April to
October in the center, a third from March to October in the south and a last from March to
November in the south east precisely in the region Calabar which is the rainy area of the
country.

Figure 1.18 shows that Nigeria has the highest amount of rainfall (between 1000 and
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1400 mm) during the growing season because the country has four rainy seasons spread
over its entire territory. Eritrea and Somalia receive very variable seasonal rainfall between
100 to 350 mm per year over the entire period. In Somalia, there is a significant fall in two
periods around the 1940s and 1980s.

Globally, countries with a single rainy season are likely to receive less rainfall than
countries with several rainy seasons. However, Eritrea and Somalia receive less water than
a portion of countries with a single rainy season, except for Nigeria and Ethiopia. There is a
problem of rainfall distribution at the national level of each country.

The results of the annual precipitation estimates presented in table 1.4 show that the
coefficient is negative and statistically significant for Burkina Faso, Mali and Senegal at
the 1% level. For Ethiopia and Nigeria, it is negative and significant at the 5% threshold.
The drop in precipitations in the rainy saison is strong in Burkina Faso and Senegal.
On the other hand, the coefficient is negative but not significant for Chad, Djibouti,
Eritrea, Mauritania, Niger, Somalia and Sudan. This means that these countries did not
experience a significant decrease in average rainfall over the entire period. For Djibouti
and Somalia, unlike the other countries, there was no resumption of precipitation at the
end of the period, and both countries had irregular and weak rainfall. In general, countries
experienced periods of significant decline in precipitation at different frequencies, but a
recovery began in most countries in the early 2000s. The results of endogenous fracture
analyzes related to precipitation variables are presented in 1.19 and 1.20. Figure 1.19
illustrates the ruptures related to the evolution of total annual precipitation in the Sahel
countries over the entire analysis period. The graph shows that Chad, Mali and Niger each
had three shocks at different times. However, the last two shocks occurred in the same
period, i.e. after the 1980s. In addition, Chad and Niger experienced their first break-up
at the same period, at the end of the 1980s. Burkina Faso, Mauritania and Somalia each
suffered two shocks that occurred in the same period in the late 1940s and early 1960s.
Ethiopia, Senegal and Sudan each experienced a single break in the early 1990s. Djibouti
did not record breaks over the entire period. The results in table 1.20 show the different
breaks associated with the evolution of seasonal average rainfall in the Sahel countries.
Chad and Eritrea experienced three shocks throughout the period. The first shock occurred
at a different time while the last two occurred at similar times. Mauritania and Niger each
experienced two shocks that occurred at different times. Burkina Faso, Djibouti, Ethiopia,
Mali, Nigeria, Senegal and Sudan recorded only one shock, which globally occurred during
the same period. Somalia has not contained periods of ruptures related to the evolution of
seasonal average rainfall. Table 1.6 gives a summary of the numbers of shocks recorded by
countries according to the two precipitation variables. Overall, precipitation decreased at
the country level while recording periods of ruptures. This global warming trend could
significantly alter rainfall patterns and water availability in different parts of the world. ?
point to the fact that many parts of Africa, such as the Sahel, the Greater Horn of Africa,
and Western and Southern Africa, have been affected by severe droughts in recent decades
and millennia and are vulnerable to the adverse effects of climate change. In addition,
Di Baldassarre et al. (2010) report that there has been a significant increase in the number
of flood-related deaths in different parts of Africa in recent decades. By analyzing recent
rainfall patterns in the Sahel, Norrgard (2014) shows that there was great inter-annual and
inter-decadal variability in West African rainfall patterns in the 18th century. These results
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Figure 1.19Endogenous detection of structural breaks in Total annual precipitation from 1901 to
2012 at the level of the Sahel countries.
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are in line with our analyzes, which indicate that all the Sahelian West African countries
from Senegal to Nigeria have experienced a significant decline and interannual rainfall

variability over the entire period.

These studies indicate that recent warming may have contributed to the increase in warm
phase activities of ENSO (El Nino), mainly associated with below-normal precipitation in
different parts of Africa (Mason and Goddard, 2001). Rising and falling rainfall are both
effects of climate change. An increase in precipitation leads to floods. They are considered
as one of the main expected impacts of climate change (Dittrich et al., 2016). Floods cause
enormous damage in poor countries that do not have good infrastructure (canalisation,
dams, drainage system ...). On the other hand, a decrease or absence of rain leads to dryness
which also causes significant economic and human damage in the countries as mentioned
by (Masih et al., 2014).

Several studies (Ford et al., 2018; Lebel and Ali, 2009a; Mason and Goddard, 2001;
Sylla et al., 2018) have shown changes in precipitation in West African countries. Using

77



Figure 1.20Endogenous detection of structural breaks in seasonal average precipitation from 1901 to
2012 at the level of the Sahel countries.
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multi-model sets of the latest global and regional climate models, Sylla et al. (2018) simulate
the hydrological impacts of climate change in five major river basins (Senegal, Niger and
Chad), which are the importance of flora in West Africa. The results systematically predict
a substantial decrease (from 10 to 40%) of the potential water availability in the five main
river basins. The most important changes are expected to occur in the Senegal Basin and the
Sahelian part of the other river basins (Ford et al., 2018). Sylla et al. (2018) also argue that
in a world of status quo, the reduction in water availability, coupled with rapid population
growth in the region, will force West Africa to face a unprecedented water deficit in the
second half of the 21st century. In addition, Lebel and Ali (2009a) and Sylla et al. (2018)
argue that under current climatic conditions, West African countries will experience
significant water stress. They indicate that the main river basins are experiencing a positive
trend in the early 1970s, a clear decrease in the 1980s and an increase over the 1990s.
The authors explain that this situation is obviously due to the high inter-decadal rainfall
variability recorded. in West Africa, with the droughts of the late 1970s and early 1980s
and the recent upturn of the 1990s. Mason and Goddard (2001) generally argue that recent
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Table 1.6Number of breaks associated with both variables over the entire period.

Country/Variable Annual precipitation Seasonal precipitation Total
Burkina faso 2 1 3
Chad 3 3 6
Djibouti 0 1 1
Eritrea 1 2 3
Ethiopia 1 1 2
Mali 3 1 4
Mauritania 2 2 4
Niger 3 2 5
Nigeria 1 1 2
Senegal 1 1 2
Somalia 2 0 2
Sudan 1 1 2

warming may have contributed to the increase in ENSO (El Nino) warm phase activity,
mainly associated with below-normal rainfall in different parts of Africa.

Our results show that East Africa also experiences periods of water stress during this period
as the countries of the West African Sahel. E Tierney et al. (2015) indicate that the recent
fall in rainfall in the Horn of Africa during the "long rains" season from March to May
has caused drought and famine, threatening food security in an already vulnerable region.
Over the past 30 years, E Tierney et al. (2015) have argued that the Horn of Africa has
experienced a steady decline in rainfall during the March-April-May "long rains" season
(MAM) which is the main rainy season for the region. Decreases in precipitation have been
observed and validated by our analyzes and coincide with the results of Brown et al. (2017)
showing that there has been a reduction in precipitation from March to June in central and
eastern Ethiopia, with decreases ranging from —0.4 to —0.6. On the other hand, in northern
Ethiopia, precipitation increased between June and September, probably because of the
recent rise in climatic conditions associated with La Nina. In addition, Gizaw et al. (2017)
reports that a projected increase in average annual discharge due to increasing rainfall over
Ethiopia contradicts the downward trends in average annual precipitation over the past
several decades. Although the cause of the observed increase in El Nino activity since the
late 1970s is questionable, recent studies by ? have suggested that the increased frequency
of El Nino episodes is more likely due to a warmer climate with lower precipitation.

All these studies suggest a substantial reduction in water availability in West Africa,
in line with our findings. Sylla et al. (2018) indicate that in the larger basins, such as
Niger and Chad, there is a clear contrast between the northern part of the Sahel and the
Sahara, dominated by little or no change. and the southern part of basins located mainly
in the Sahel where the reduction in potential water availability is substantial. In future
climates, different watersheds respond differently to increasing forcing scenarios. In fact,
all watersheds where there is predicted a reduction in potential water availability will not
experience a water deficit. For example, in Senegal and Chad, the current water deficit
will be even more pronounced (Sylla et al., 2018). In Chad, recent studies by Sylla et al.
(2018) and Maharana et al. (2018) show overall that the country has experienced a decrease
in rainfall. From these facts, our analyzes show that Chad has suffered several shocks
and a drop related to precipitation. This result is consistent with Maharana et al. (2018)
analyzes, which indicate that rainfall has declined significantly in Chad during the last
decades during the dry period. This drop in precipitation has resulted in various years
of dryness. For Maharana et al. (2018), the annual precipitation trend shows a decrease
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of 0.17 mm/year for the entire study period (1950 to 2014) and that the recovery is slow
throughout Chad. Seasonal analysis by Maharana et al. (2018) reflects in Chad the highest
rate of decline observed in recent decades (1.47mm/year). The results of Sylla et al. (2018)
indicate a substantial decrease (from 10 to 40%) of the potential water availability in the
five main river basins of Senegal, Niger including Chad.

1.7 Application on agroecological zones

After studying climate change and variability at the country level, it is very important
to have a clear idea of this analysis on a smaller scale which is the agroecological zone.
Thus, this section is devoted to the analysis of climate change and variability in the 52
agroecological zones distributed differently among the 11 countries.

Table 1.7 gives the results of the overall homogeneity tests, constants and slopes between
the agroecological zones of each country and each climatic variable. The results indicate
that the fixed effects of the zones are indeed significant and important, and that the slopes
are also very different from one zone to another. Agroecological zones have their own
characteristics that differentiate them from each other. The agroecological zones studied
are distinguished within the same country and outside the other zones of the countries of
the studied band. The number of agroecological zones varies from one country to another.
As mentioned in the case of countries, several factors specific to each zone influence
their respective climatic characteristics. This internal and external divergence between
agroecological zones requires a separate and individual analysis of the zones.

Thus, the analysis of rainfall and temperature at the level of agroecological zones makes it
possible to study, on the one hand, climate change and variability in each country. In other
words, it also reveals the remarkable facts in each zone and at the level of each country. On
the other hand, it is also a question of classifying the countries between them, that is to say
of grouping the countries in which there are no marked differences between the zones and
those which present remarkable differences.

Overall, this analysis differs from the first analysis because it focuses on a different,
specific and deeper scale. By focusing on agroecological zones, we can observe variability
while ignoring the possible effects on agricultural performance of each agroecological
zone in terms of past potential productivity. In addition, climate variability in a single
agroecological zone considered individually is low unless it is considered an agroecological
zone whose agricultural production contributes significantly to the country’s domestic food
production. As at the scale of the country where the variability is obvious. This analysis
over the entire period graphically shows that climatic variables experienced periods marked
by decreases (—) and increases (+).

In addition, the graphical analyzes in the appendix show that temperature variables
experienced periods of decline and increase, but in general, they have evolved and are
trending upward throughout the analysis period.

The desert areas are the warmest but have the lowest annual minimum temperatures
and this result is valid for all agroecological zones and for all countries. The results of
the graphical analyzes show that rainfall experiences greater interannual variability than
temperature in all agroecological zones over the period as a whole. In addition, total annual
precipitation is more variable than seasonal precipitation.
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Rainfall generally decreased in level and trend in all agroecological zones during the period,
but increased slightly in the 2010s in most countries. The variability is not identical at the
level of all agroecological zones. Desert and arid areas receive the lowest water amounts
and have low interannual variability.

Agroecological zones are also distinguished by the degree of variability and the level of
trend increase in temperature variables.

Graphical analyzes show high variability in the agroecological zones of Burkina Faso
(Figures 1.21 and 1.22), Mauritania (Figures 1.61 and 1.62) and Somalia (Figures 1.9 and
1.9) for the dry and rainy seasons. On the other hand, there is little variability in the
agroecological zones of Senegal (Figure 1.9 and 1.9) and Sudan (figures 1.9 and 1.9). The
results also show that the minimum annual temperature in Sudan (figures 1.9 and 1.9) has
low variability in the dense savannah and the equatorial zone and remarkable variability
in the dense savannah and the equatorial zone, and great variability in the zones, desert
and semi-arid areas, flood-irrigated areas and basin, Jebel Marra area, poor areas and dense
savanna zone.

In Nigeria (see figures 1.9 and 1.9), it differs from one agroecological zone to another, with
high variability for the Guinean savannah, Sudan savannah, Sahelian savannah and low
variability for humid forest, southern savannah and the derived savannah.

For precipitation, there are two variables. Total precipitation is marked by high variability
in Burkina Faso (fgure 1.26), with decay periods (1910, 1940 and around the 1980s) for all
areas. The results show a very strong inter-annual variability in Chad (figure 1.26), Djibouti
(figure 1.42), Ethiopia (figure 1.50), Mali (Sahelian zone, Sudanian-Guinean zones, see
Figure 1.42), Mauritania (maritime zone, zone fluvial, Sahelian zone, see Figure 1.66), Niger
(see Figure 1.74), Nigeria (see figure 1.82) and Senegal (very large variability in all areas),
Somalia (Bay and Bakool, Central Somalia Coastal and Southern, Shabelle valleys and Juba,
Somaliland, see figure 1.9), Sudan (dense savannahs and equatorial areas, flooded and
basin-irrigated areas, Jebel Marra areas, poor and dense savanna areas, see Figure 1.106).
In addition, it has low variability (desert zone in Chad, Figure 1.34), Mali (Saharan zone,
Figure 1.58), Mauritania (arid zone, see Figure 1.66), Somalia (Bari, constant linear and at
the end of the period see Figure 95), Sudan (Desert and semi-arid desert zone, see figure,
see Figure 1.98).

Seasonal rainfall is marked by high variability in Burkina Faso (rainfall decreased with
total precipitation, see figure 1.28), Chad (Sahelian and Sudanian zones, see Figure 1.36),
Djibouti and Ethiopia , all zones (decline over several years between 1901 and 1940 and
around the 1990s, see respectively figures 1.44 and 1.52), in Mali (Sahelian zone, Sudan
zone, Sudano-Guinean zone, see figure 1.60), in Mauritania (maritime zone , fluvial zone,
Sahelian zone, see figure 1.68 ), Niger (see figure 1.76), Nigeria (all agroecological zones,
see Figure 80), Somalia (Bay and Bakool, Central Coastal Zones, Southern Somalia, Shabelle
Valleys) and Juba, Somaliland, see Figure 1.92), Sudan (dense savanna and equatorial zone,
flood and basin irrigated areas, Jebel Marra zone, poor and dense savanna zone, see Figure
1.108). On the other hand, there is a small amount of rain and low interannual variability
in the desert areas of Chad (see Figure 1.36) and in the Saharan region of Mali (see Figure
1.60); the arid zone in Mauritania (see Figure 1.60); Bari in Somalia (linear at the beginning
and end of the period, see Figure 1.100) and Sudan (desert and semi-arid zone, see Figure
1.108).

We turn to the analysis of our climate variables using the structural change model to
highlight the sub-periods. We thus compare the countries according to the total number of
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breaks identified in the evolution of the temperature and the precipitations.

Overall, the agroecological zones are distinguished by both the number of shocks and
the dates of occurrence. In addition, they also vary by the type of season. Table 1.5 in
the annex summarizes the number of shocks by country and by climatic variables. For
temperature variables, the results obtained at the detection of the sub-periods give the
following information:

From 1901 to 2016, the countries of West Africa through their agroecological zones
experienced periods of shocks related to the evolution of the different temperature
variables. During the rainy season from 1901 to 2016, the agroecological zones of Burkina
Faso (see Figure 1.23) and Mali (see Figure 1.55) respectively experienced a single shock
respectively related to the evolution of the minimum temperature. Over the same period,
the agroecological zones of Mauritania (see Figure 1.63) several shocks, 1 shock for arid
zone, 2 shocks for Maritime zone, 2 shocks River zone and 0 shock Sahelian zone.

In general, periods of heat wave were common, such as floods or droughts. We do not have
historical information from these areas to comment on these ruptures, but we suggest that
climatic events have occurred in these areas. Graphical and econometric analysis shows the
existence of historical facts whose knowledge is essential.

In addition, the results of the estimates (see the attached tables (1.8, 1.9, 1.10, 1.11, 1.12,
1.13,1.14, 1.15, 1.16, 1.17 and 1.18 of results) confirm and demonstrate the existence of
climate change. The coefficients associated with our year variable validate the hypothesis
that temperature has increased in most agroecological zones of all countries for all periods.
In addition, the assumption of an average decrease in annual rainfall for all periods is also
confirmed in most agroecological zones. Each zone taken individually knows particular
climatic situations not allowing to assimilate the results.

The econometric analysis thus reinforced our graphical analyzes and analyzes based on the
detection of endogenous shocks and breaks which certainly knew the two key variables
used to study the sensitivity of the climate. In trying to compare countries through this
analysis of agro-ecological zones, we can finally say that all countries are aware of global
warming.

It should be added that some agroecological zones in some countries have not suffered from
the phenomenon of climate change. For these areas, there are no shocks or econometric
indicators indicating a decrease in precipitation or a rise in temperature over the entire
period, from 1901 to 2016. Countries can also be ranked according to the total number of
shocks recorded by national agroecologies, as we have done above. On the other hand, this
type of criterion is not optimal because the countries are different and do not have the same
number of agroecological zones.

The difference between the figures of the agroecological zones makes the analysis less
relevant, but allows to get a clear idea to show that such a country has experienced more
localized shocks during these 112 years.

In comparison with the country analysis, this one on agroecological zones also made it
possible to locate the shocks, to identify the zones more affected and to quote to a certain
extent the most important agroecological zones. For example, sensitive areas (Somaliland,
5 areas of Nigeria and areas subject to a large number of shocks) to precipitation and /or
temperature shocks.

In summary, the results of the estimates confirm the existence of climate change. The
temperature has increased dramatically in most agroecological zones of all countries,
regardless of the period. In addition, the assumption of an annual decline in rainfall over
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all periods is also confirmed in most agroecological zones. Each zone taken individually
knows particular climatic situations. In trying to compare countries through this analysis of
agroecological zones, we can finally say that all countries are aware of global warming even
if some agroecological zones of some countries have not suffered from the phenomenon of
climate change. For these areas, there are no shocks or econometric indicators indicating
a decrease in precipitation or a rise in temperature over the entire period, from 1901 to
2016. Countries can then be ranked according to the total number of shocks recorded by
agroecological zones, as we have done above. Of course, this type of criterion is not optimal
because the countries are different and do not have the same number of agroecological
zones.

The difference between the number of agroecological zones per country makes the analysis
less relevant but still allows us to have an idea of the location of shocks, to identify the
most affected agroecological zones and to detect in a certain way the the most important
agroecological zones in the country concerned.

1.8 Conclusion

Particular attention has been paid to climate and climate change issues. The global climate
system is complex and difficult to identify, hence the creation of several organizations and
the organization of various international meetings for several years. The establishment of
these structures at different scales allows scientists, politicians and other actors to reflect
on the preservation of our planet. These bodies are sensitizing and adopting mechanisms
to alert them to the risks of climate change. This chapter shows that global warming
has started and exists in the Sahel countries and also in their agroecological zones. This
assessment highlighted the causes and effects of climate change on economies. While
the estimates of the existence of climate change and its consequences may be full of
uncertainties, it is clear that the Sahel countries (and their agroecological zones) have
experienced a large variation in climate variables. These climate changes are the result of the
interaction between the variation of climatic conditions and the anthropogenic modification
on the ecosystem. As a result, several points can be raised:

* Graphical and statistical analyzes showed that the Sahel countries experienced a large
change in temperature (+) and precipitation (—) over the period from 1901 to 2012.
Beginning in the 1980s, the climatic consequences were enormous with low-frequency
drylands weakening countries.

* Most Sahelian countries experienced a prolonged period of low rainfall in the mid-
20th century, with annual average precipitation below that of the 21st century. On
the other hand, there was an improvement in the late 1990s and from 2003, rainfall
increased on average.

* From the end of our study period (year 2010), all countries in the Sahel experienced a
slight increase in rainfall.

* The rainfall analysis during the vegetative period has shown that rainfall amounts
have varied annually over the period. This trend strongly explains why countries have
had a hard time responding to a rainy farming practice. This inter-annual variability
may thus justify the decline in agricultural production in these countries.
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* The analysis of agroecological zones shows that those receiving a large amount of
rainfall are the same with the greatest interannual variability over the entire analysis
period. This reasoning is also valid for the temperature of agroecological zones. The
hottest areas with high temperatures are those with very variable temperatures over
the period.

* It also appears a contrasted result far from the idea that a high temperature is a source
of precipitation. Otherwise, the hottest years are those that record a great deal of rain.
Indeed, the graphical and econometric results show that an increase in temperature is
not always accompanied by a rise in total and seasonal precipitation.

e It also shows that desert areas are the warmest but have the lowest annual minimum
temperatures for all agroecological zones and for all countries.

This analysis shows that there were more shocks to temperature in agroecological zones
than precipitation. Desert and arid areas are those that recorded a large number of shocks
over the period, with the exception of Nigeria with wetlands and non-desert areas that have
experienced several shocks. In general, periods of heat wave were frequent as floods or
droughts.

At the level of agroecological zones, we show that the Sahara or Desert areas have
experienced early climate shocks. As a result, climatic changes began with desert areas
before reaching slightly humid areas given the contrasting initial conditions of the dry
zones.

The analysis at the level of agroecological zones made it possible to say that climate change
started very early at the level of the agroecological zones however this precocity is not
observed in the analysis at the level of the countries. Climate change started early in climate
zones before being felt at the level of countries and agroecological zones.

After having shown that climate change has started well at the level of Sahelian
countries and agroecological zones and that the effects are heterogeneous between the
two geographical entities, we assess in the following chapter the link between this secular
phenomenon and Sahelian agriculture.
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Table 1.7Results of homogeneity tests of intercepts and slopes between agroecological zones

Country Model RainSum RSeason | TminRain| TmedRain| TmaxRain| TminDry| TmedDry| TmaxDry
2187637 | 87.6547* | 127.353°* | 240.727° | 277.685* | 57.1447* | 252687 | 71.298°%
Global test | (0. 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
_ Intercent | 0-351 0.153 0.024 0.341 0.063 0.068 0.116 0.08
Burkina neercept| 0.928) (0.928) (0.995) (0.796) (0.979) (0.977) (0.951) (0.971)
0.162 0.286 0.015 0.046 0.118 0.032 0.124 0.123
Slope | (0.836) (0.836) (0.998) (0.987) (0.95) (0.992) (0.946) (0.946)
1955.19295 | 1072.4717% | 471.778"% | 478.727°% | 627.953°* | 808.657"* | 524.282°% | 131.698"*
Global test | (0 9p0) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
2.264 2.524 0.262 0.038 0.203 0.626 2.76 1.042
Chad Intercept | 1g2) (0.082) (0.77) (0.963) (0.816) (0.535) (0.065) (0.354)
0.261 0.647 1.057 0.457 1.009 0.079 1.649 0.632
Slope | (0.524) (0.524) (0.349) (0.633) (0.366) (0.924) (0.194) (0.532)
Global test | 23.336"* | 26.039°* | 249.009* | 293.692°** | 245.896** | 111.602"* | 66.883*** | 294.546"*
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Intercept|  0.171 0.093 0.357 0.382 0.03 0.068 0.55 0.731
Djibouti (0.911) (0.911) (0.7) (0.683) (0.97) (0.934) (0.577) (0.482)
Slope|  0.092 0.037 0.075 0.059 0.06 0.187 0.296 0.217
(0.963) (0.963) ((0.928) (0.943) (0.942) (0.829) (0.744) (0.805)
216.231°% | 260.674** | 1991.914%** | 2053.064* | 1589.352°** | 2054.893%** | 2966.679"** | 1614.043"**
Global test | (0. 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
o Intercent 0.3 0.799 2,511 3.012%%* 3.232 279740 | 43440 1.365
Ethiopia mercePtl - 0.571) (0.571) (0.021) (0.006) (0.004) (0.011) (0.000) (0.226)
0.241 0.305 1.286 2.545% 3.062 36414 | 47564+ (1.241)
Slope (0.935) (0.935) 0.261 (0.019) (0.006) (< 0.001) (< 0.001) (0.283)
1134.442°7 | 934.505°* | 1240.05"* | 1879.0427" | 921.545"* | 502.984%* | 181.355"% | 80.898
Global test | (9 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
_ Intercept| 153647 | 101057 0.463 0.672 0.239 4791 | 10.537%** 1.251
Mali P (<0.001) | (<0.001) (0.708) (0.569) (0.869) (0.003) (0.000) (0.291)
9.767* | 6.015%** 2.193* 0.774 0.77 2.859%%* | 9978 1.512
Slope | (< 0.001) (< 0.001) (0.088) (0.509) (0.511) 0.037 (< 0.001) (0.211)
491,811 | 439.371* |1589.343* | 2088.576*" | 1965.044"* | 260.33"* | 427.201* | 610.632°*
Global test| (g 0gp) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
| Intercent| 107027 | 13,6617 1.877 4.083 1.207 0.427 1.229 12,473+
Mauritania P (0.000) (0.000) (0.133) (0.007) (0.307) 0.734 (0.299) (< 0.001)
7.5040% | 10.204%%* 4175 7.966%* | 3.384%%* 0.125 0.735 16.393%%+
Slope | (0.000) (0.000) (0.006) (0.000) (0.018) (0.946) (0.532) (< 0.001)
100.679"* | 61.535"* | 18.613* | 33.154** | 25.644* | 11L.A1%* | 8.32°* | 14.550*
Global test| (9 0gp) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
‘ Intercen | 1645 0.954 0.219 0.617 0.37 1.724 1.394 0.672
Niger Pt (0.432) (0.432) (0.928) (0.65) (0.83) (0.143) (0.235) (0.612)
1.19 0.681 0.286 0.821 0.367 2.429%* 1.516 0.801
Slope (0.605) (0.605) (0.887) (0.512) (0.832) (0.047) (0.196) (0.525)
828.295 | 701.5347* | 118.074" | 328.8357* | 433.995"* | 170.174°* | 138.164°* | 44.011°
Global test | (0. 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
o Intercent | 2493 1.083 1.248 0.225 0.462 0.564 0.881 1.152
Nigeria PH (0.368) (0.368) (0.285) (0.952) (0.805) (0.728) (0.493) (0.331)
0.944 0.284 1.848 0.756 1.043 0.668 0.628 0.926
Slope | (0.922) (0.922) (0.101) (0.582) (0.391) (0.648) (0.678) (0.463)
2845617 | 223.2067* | 284.9717" | 340.353 | 350.376" | 88.637°* | 292.566"* | 461.119"*
Global test | (0 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Intercent| 346 3.638 1.549 1.819 1.871% 0.364 3.852 3.364
Senegal ereePtl  (0.003) (0.003) (0.173) (0.107) (0.097) (0.873) (0.002) (0.005)
2.343% 2.8 1.182 1.368 2,513+ 0.207 3.3270% | 4.789%%
Slope | (0.016) (0.016) (0.316) (0.234) (0.029) 0.96 (0.006) (< 0.001)
157.575%% | 139.65°* | 114.505" | 86.806"** | 493.524** | 328.227°* | 112.508"* | 713.257°*
Global test| (g 0gp) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
_ Intercent | 0-574 1.513 7.546%+ 3.013 8.01+%* 4.568 6.985° | 7.945%%
Somalia ntercept| 0.197) (0.197) (< 0.001) (0.018) (0.000) 0.001 (<0.001) | (<0.001)
0.333 1.068 8.166** 2.505%* 5.8740% | 637300 | 7.714%% | 5.4480%+
Slope | (0.371) (0.371) (< 0.001) (0.041) (0.000) <0.001 (<0.001) | (<0.001)
1690.987°%% | 853.2908"* | 679.158"* | 670.067°* | 898.081** | 316.037/°* | 105.898** | 75.187%%
Global test | (0. 900) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
Intercent | 1495 1.861 1.067 1.062 1.273 1.11 1.554 4.310%%
Sudan TRErCePt |l (0.116) (0.116) (0.372) (0.374) (0.279) (0.351) (0.185) (< 0.001)
0.234 0.918 1.226 0.973 0.17 2.102* 1.966* 3.983%%+
Slope (0.453) (0.453) (0.298) (0.422) (0.954) (0.079) (0.098) (< 0.001)
Note: *p<0.1; ¥*p<0.05; ***p<0.01
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Table 1.8Estimated results for Burkina Faso

North Sahel

Rainfall Temperature

RainSum  RainSeason TempminRain TempmedRain TempmaxRain TempminDry TempmedRain TempmaxDry

Year —0.168 —0.063 0.008%*** 0.002 0.009%*** 0.011%%* 0.002 0.009%**
(0.251) (0.065) (0.002) (0.002) (0.002) (0.003) (0.002) (0.002)
Constant 818.276* 243.271%  12.617%%* 25.620%** 15.684%%* 2.745 25.620%%* 15.911%**
(492.538)  (126.625) (4.343) (3.859) (4.618) (5.557) (3.859) (4.547)
R? 0.004 0.008 0.100 0.009 0.103 0.108 0.009 0.125
North Soudanian
Year —0.367 —0.042 0.008*** 0.003 0.008*** 0.010%** 0.003 0.009***
(0.259) (0.057) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 1,546.927%%% 256273%% 11 358%%* 22.189%** 13.136%%* 5.450 22.189%%%  14206%**
(507.124)  (111.539) (3.427) (3.168) (4.289) (4.889) (3.168) (4.184)
R?2 0.017 0.005 0.139 0.021 0.108 0.120 0.021 0.143
South Sahelian
Year —0.170 —0.027 0.008%*** 0.002 0.009%** 0.011%*** 0.002 0.009%***
(0.267) (0.065) (0.002) (0.002) (0.002) (0.003) (0.002) (0.002)
Constant 981.535% 203.802 11.943%*% 23.495%** 13.819%** 2.609 23.495%%* 14.925% %%
(522.340)  (127.818) (3.865) (3.560) (4.470) (5.257) (3.560) (4.359)
R? 0.004 0.002 0.115 0.015 0.111 0.125 0.015 0.133
South soudanian
Year —0.125 0.017 0.007*** 0.003* 0.007*** 0.011%%* 0.003* 0.008%***
(0.299) (0.064) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 1,156.618*  149.563  11.373%** 20.868%** 14.764%** 4.183 20.868%** 17, 037%%*
(585.128)  (124.474) (3.536) (3.243) (4.384) (4.741) (3.243) (4.261)
R? 0.002 0.001 0.126 0.027 0.077 0.150 0.027 0.101
Observations 116 116 116 116 116 116 116 116
Model OLS OLS OLS OLS OLS OLS OLS OLS
Note: *p<0.1; ¥*¥p<0.05; ***p<0.01

91



Figure 1.25Evolution of the sum annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Burkina Faso
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Figure 1.26Evolution of the seasonal annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Burkina Faso.
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Figure 1.27Breaks in total annual precipitation in the agroecological zones of Burkina Faso.
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Figure 1.28Breaks on seasonal precipitation in the agroecological zones of Burkina Faso.
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Table 1.9Estimated results for Chad

Dependent variable: Desert area

Rainfall

Temperature

RainSum RainSeason TempminRain TempmedRain TempmaxRain TempminDry TempmedRain TempmaxDry

Year —0.059 —0.024 0.013%** 0.010%** 0.011%%%* —0.001 0.010%** 0.013%%*
(0.061) (0.019) (0.002) (0.002) (0.002) (0.003) (0.002) (0.002)
Constant 183.009 62.482% 4.473 10.546%*** 9.694%**  18.513%**  10.546%** 4.456
(118.705)  (37.400) (4.121) (3.858) (3.219) (5.887) (3.858) (4.123)
R? 0.008 0.013 0.251 0.196 0.292 0.0005 0.196 0.260
Dependent variable: Sahelian zone
Year —0.168 —0.038 0.009%** 0.008%** 0.008%** —0.001 0.008%** 0.010%**
(0.246) (0.051) (0.002) (0.002) (0.001) (0.002) (0.002) (0.002)
Constant  1,105.907**  148.039 8.761%* 11.954%%%  12351%%% 26, 172%%*  1]1.954%** 1] 693%%*
(480.889)  (100.594) (3.828) (3.928) (2.403) (4.873) (3.928) (3.627)
R? 0.004 0.005 0.144 0.112 0.293 0.001 0.112 0.212
Dependent variable: Soudanian zone
Year —0.168 —0.100 0.009%*** 0.008*** 0.008%*** —0.001 0.008%*** 0.010%***
(0.246) (0.068) (0.002) (0.002) (0.001) (0.002) (0.002) (0.002)
Constant 1,105.907*% 367.780%** 8.761%%* 11.954%%% 12.351%%*% 26.172%%* 11.954%*% 11.693%%%*
(480.889)  (134.011) (3.828) (3.928) (2.403) (4.873) (3.928) (3.627)
R? 0.004 0.018 0.144 0.112 0.293 0.001 0.112 0.212
Observations 116 116 116 116 116 116 116 116
Model OLS OLS OLS OLS OLS OLS OLS OLS
Note: *p<0.1; ¥*¥p<0.05; ¥**p<0.01
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Figure 1.34Evolution of the seasonal annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Chad.
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Figure 1.35Breaks in total annual precipitation in the agroecological zones of Chad.
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Figure 1.36Breaks on seasonal precipitation in the agroecological zones of Chad.
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Table 1.10Estimated results for Djibouti

Dependent variable: Coastal plains

Rainfall Temperature

RainSum RainSeason TempminRain TempmedRain TempmaxRain TempminDry TempmedRain TempmaxDry

Year 0.119 —0.008 0.005%** 0.004* 0.003 0.006%** 0.004* 0.005%**
(0.250)  (0.052) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant —28.427  39.892 20.966%** 24.673%%% 27.659%*%  10.882%** 24 673%** 20.242% %%
(490.010) (102.249) (3.694) (4.094) (4.360) (3.367) (4.094) (3.335)
R? 0.002 0.0002 0.067 0.029 0.013 0.107 0.029 0.077
Dependent variable: Interior plains and low altitude
Year 0.071 —0.025 0.005%F 0.003% 0.003 0.005%%% 0.003% 0.005%*F
(0.311)  (0.066) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 142.529  82.041 21.667%%%  24.903%**  26.608%**  12.574%F%  24.903%%%  20.479%**
(609.619) (128.427) (3.696) (3.840) (4.206) (3.280) (3.840) (3.304)
R? 0.0005 0.001 0.053 0.025 0.015 0.079 0.025 0.067
Dependent variable: Mountain and Valleys zones
Year 0.224 —0.008 0.004%F 0.003 0.004 0.007 %% 0.003 0.004**
(0.200)  (0.020) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant —272.477  24.572 25.184%** 29.126%** 28.107%*** 11.540%** 29.126%*# 25.387%%*
(390.915) (39.336) (3.946) (4.222) (4.724) (3.174) (4.222) (3.545)
R?2 0.011 0.001 0.039 0.015 0.020 0.127 0.015 0.035
Observations 116 116 116 116 116 116 116 116
Model OLS OLS OLS OLS OLS OLS OLS OLS
Note: *p<0.1; ¥*p<0.05; ¥***p<0.01
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Figure 1.41Evolution of the sum annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Diibouti
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Figure 1.42Evolution of the seasonal annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Ethiopia.
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Figure 1.43Breaks in total annual precipitation in the agroecological zones of Diibouti.
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Figure 1.44Breaks on seasonal precipitation in the agroecological zones of Diibouti.
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Figure 1.49Evolution of the sum annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Ethiopia
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Figure 1.50Evolution of the seasonal annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Ethiopia.
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Figure 1.51Breaks in total annual precipitation in the agroecological zones of Ethiopia.
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Figure 1.52Breaks on seasonal precipitation in the agroecological zones of Ethiopia.

Arid agro—ecology

£

1900 1920 1940 1960 1980 2000 2020

Time

Per humid agro—ecology

S

1900 1920 1940 1960 1980 2000 2020

Time

Sub-moist agro—ecology

L J
T T T T T T T

1920 1940 1960 1980 2000 2020

Time

Precipitation

Precipitation

60 80 100

40

100 120 140 160 180

Humid agro—-ecology

T T T T T T T
1900 1920 1940 1960 1980 2000 2020
Time
Semi-arid agro—ecology

B T T T T T T T
1900 1920 1940 1960 1980 2000 2020
Time

Precipitation

Precipitation

20 30 40 50 60 70 80

140

60 80 100

1900 1920 1940 1960 1980 2000 2020
Time
Moist agro—ecology
T T T T T T T
1900 1920 1940 1960 1980 2000 2020
Time
Sub-humid agro-ecology
T T T T T T T
1900 1920 1940 1960 1980 2000 2020
Time

Source: Calculations and achievements of the author

113



Table 1.11Estmated results for Ethiopia

Dependent variable: Arid agroecology

Rainfall Temperature

RainSum RainSeason TempminRain TempmedRain TempmaxRain TempminDry TempmedRain TempmaxDry

Year 0.486 —0.059 0.014%%* 0.011%** 0.013%%* 0.013%** 0.011%*%* 0.009%**
(0.728) (0.081) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 502.642 258.314  —10.176*** —3.676 —5.626 —9.693%* —3.676 0.802
(1,425.115) (158.025) (3.170) (3.488) (4.032) (3.726) (3.488) (3.777)
R? 0.004 0.005 0.395 0.249 0.246 0.300 0.249 0.161
Dependent variable: Humid agroecology
Year 0.136 —0.015 0.015%** 0.013%** 0.016%** 0.017%%* 0.013%** 0.012%**
(0.440) (0.048) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 447.224 95.258 —7.883%% —4.393 —7.598%%  —11.437%%* —4.393 —0.157
(862.450)  (93.231) (3.489) (3.455) (3.791) (3.062) (3.455) (3.889)
R? 0.001 0.001 0.370 0.332 0.362 0.500 0.332 0.240
Dependent variable: Moist agroecology
Year 0.059 —0.008 0.015%%* 0.014%** 0.016%**  0.017***  .014%** 0.013%*
(0.326) (0.035) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 357.679 58.823 —5.739 —2.335 —5.300 —8.392%% —2.335 0.627
(638.358) (68.578) (3.584) (3.439) (3.867) (3.276) (3.439) (4.008)
R? 0.0003 0.0004 0.386 0.365 0.380 0.478 0.365 0.274
Dependent variable: Per humid agroecology
Year 0.108 —0.018 0.0147%% 0.012% % 0.016%**  0.016%**  0.012%** 0.011 %%
(0.485) (0.057) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 801.469 144.388 —7.364%* —1.824 —7.653% —9.735%** —1.824 2.331
(949.897)  (111.401) (3.350) (3.364) (3.994) (3.082) (3.364) (4.347)
R? 0.0004 0.001 0.381 0.297 0.346 0.466 0.297 0.168
Dependent variable:Semi-arid agroecology
Year —0.226 —0.093* 0.011%%%* 0.008%** 0.012%*%* 0.010%** 0.008*** 0.009%**
(0.455) (0.054) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 1,618.668% 332.065%** —5.511 2.387 —3.539 —2.748 2.387 2.127
(891.102)  (106.653) (3.338) (3.317) (4.185) (4.068) (3.317) (3.806)
R? 0.002 0.025 0.282 0.155 0.206 0.157 0.155 0.144
Dependent variable: Sub-humid agroecology
Year 0.444 —0.050 0.013%%%* 0.010%** 0.009%** 0.011%*%* 0.010%** 0.009***
(0.600) (0.059) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant 154.783 198.856* —10.270%** —2.011 —0.991 —6.817% —2.011 0.467
(1,174.769)  (115.638) (3.516) (3.616) (3.937) (4.088) (3.616) (4.041)
R? 0.005 0.006 0.328 0.190 0.164 0.193 0.190 0.134
Dependent variable: Sub-moist agroecology
Year 0.305 —0.040 0.010%** 0.007%*** 0.007°%** 0.009%*** 0.007*** 0.007%**
(0.367) (0.033) (0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
Constant —24.547  134.764** 5.496%* 12.693%%* 12.457%%% 6.000 12.693%%* 13.135%%*
(719.443)  (64.621) (3.290) (3.306) (3.566) (3.769) (3.306) (4.028)
R? 0.006 0.013 0.234 0.121 0.122 0.147 0.121 0.087
Observations 116 116 116 116 116 116 116 116
Model OLS OLS OLS OLS OLS OLS OLS OLS
Note: *p<0.1; ¥#¥p<0.05; ¥***p<0.01
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Table 1.12The regression results in Mali

Saharan zone

Rainfall Temperature
RainSum RainSeason TempminRain TempmedRain TempmaxRain TempminDry TempmedDry TempmaxDry
Year —0.128%%*  —0.045%** 0.010%** 0.006*** 0.009%** 0.012%** 0.017%%%* 0.014%**
(0.051) (0.015) (0.002) (0.002) (0.002) (0.003) (0.003) (0.002)
Constant 341.914%**  112.196%**  13.201%** 22.283%%* 17.494%%% —4.628 —7.013 6.123
(99.829) (29.795) (4.469) (3.435) (3.632) (5.883) (5.211) (3.976)
R? 0.052 0.071 0.140 0.093 0.169 0.125 0.260 0.289
Sahelian zone
Year —0.654%*#*  _(0.191%** 0.008%** 0.003 0.010%*** 0.010%** 0.012%** 0.0127%**
(0.184) (0.051) (0.002) (0.002) (0.002) (0.003) (0.002) (0.002)
Constant 1,721.541%%% 483.388%%* 13 445%%* 24.633%** 13.407%%% 2.511 4.801 11.338%%%
(361.117) (99.591) (3.882) (3.475) (3.990) (5.193) (4.012) (4.121)
R? 0.099 0.110 0.118 0.022 0.174 0.118 0.241 0.213
Soudanian zone
Year —1.133%**%  _0.260%** 0.005%** 0.003** 0.008%*** 0.006%*** 0.007*** 0.010%***
(0.291) (0.070) (0.001) (0.001) (0.002) (0.002) (0.001) (0.002)
Constant ~ 3,038.968%** 693.530%**  16.873***  21.364%**  15.436%**  13.256%**  13.181%**  13.932%**
(570.120) (136.558) (2.759) (2.842) (3.641) (4.139) (2.938) (3.426)
R? 0.117 0.109 0.097 0.042 0.128 0.057 0.175 0.212
Sudano guinean zone
Year —2.244%*%  _(.426%%* 0.004%*# 0.004%** 0.006%*** 0.003* 0.003%* 0.009%**
(0.460) (0.095) (0.001) (0.001) (0.002) (0.002) (0.001) (0.002)
Constant 5,544.850%** 1,073.201%** 17.836%*** 18.444%** 16.821%*% 18.495% %% 21.940%** 15.454%*%
(901.118) (185.440) (2.363) (2.650) (3.495) (3.464) (2.426) (3.013)
R? 0.173 0.151 0.091 0.078 0.094 0.029 0.040 0.215
Observations 116 116 116 116 116 116 116 116
Model OLS OLS OLS OLS OLS OLS OLS OLS
Note: *p<0.1; **¥p<0.05; ***p<0.01
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Figure 1.57Evolution of the sum annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Mali
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Figure 1.58Evolution of the seasonal annual rainfall (mm) from 1901 to 2016 in the agroecological zones of Mali.
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Figure 1.59Breaks in total annual precipitation in the agroecological zones of Mali.
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Figure 1.60Breaks on seasonal precipitation in the agroecological zones of Mali.
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