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Etude des paramétrisations hydrologiques

d’un modeéle de surface continentale :

Importance des aquiféeres et des premiers centimétres du sol

Simon Gascoin

Les modeles de surface continentale (Land Surface Models, LSM) ont
été développés pour calculer les bilans d’eau et d’énergie a la sur-
face des continents dans les modeles de climat, ou modeles de cir-
culation générale. Depuis le simple « bucket » de Manabe (1969), la
représentation des processus hydrologiques dans les LSM n’a cessé
d’évoluer, si bien que les LSM de derniere génération sont employés
comme des modeles hydrologiques a part entiere. Le travail effectué au
cours de cette these vise a évaluer les paramétrisations hydrologiques
d’un LSM de ce type, le Catchment LSM (CLSM), qui utilise I'informa-
tion topographique pour calculer le ruissellement de surface et le flux
souterrain, ainsi que la variabilité sous-maille de 'humidité du sol. Pour
cela, nous présentons trois applications de CLSM :
— une application au bassin de la Somme (France) qui a permis
d’améliorer la prise en compte des écoulements souterrains,
— une application a la moraine du Glacier Zongo (Bolivie) pour ana~
lyser la relation entre ’albedo et I’humidité du sol nu,
— une application dans le cadre du projet ALMIP (Afrique de
I’Ouest) pour l'intercomparaison régionale de LSM.
La diversité de ces contextes jette un éclairage varié sur les forces et
les faiblesses de CLSM, et offre la possibilité de mieux appréhender les
interactions complexes qui gouvernent les échanges d’eau et d’énergie
a la surface des continents. On montre l'importance de considérer
I'intégralité du domaine souterrain, depuis les premiers centimetres du

sol jusqu’aux aquiferes.
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Avant-propos

Ce manuscrit de these s’articule autour de trois articles publiés dans des revues
scientifiques internationales et rédigés en anglais. Par souci de cohérence, les notations
et abbréviations sont données dans leur forme anglaise. Chaque article est précédé d’un

résumé long en francais et d’un résumé court en anglais.
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« Ces mille questions
Qui se ramifient
N’aménent, au fond,
Qu’ivresse et folie »

— Arthur Rimbaud






Chapitre 1

Introduction

1.1 Les modeles de circulation générale

Récompensé en 2007 par le prix Nobel de la paix, le Groupe d’experts intergou-
vernemental sur I’évolution du climat (GIEC) a popularisé les modeles de circulation
générale (GCMY) comme des outils indispensables pour évaluer 'impact des activités
humaines sur le climat. Comme tout modele scientifique, un GCM est une représentation
simplifiée d’un systéeme naturel complexe, en 'occurrence le systeme climatique. Cette
représentation est exprimée sous forme mathématique et traduite dans un langage numé-
rique, permettant ainsi au modélisateur de tirer parti de la puissance de calcul des pro-

cesseurs.

Depuis le premier modele de Manabe et al. (1965)@, jusqu’aux 23 GCM récemment
utilisés pour le quatrieme rapport d’évaluation du GIEC (IPCC, 2007), les GCM ont
été développés dans différents centres de recherche et n’ont cessé d’évoluer. Ils reposent
toutefois sur une structure analogue, qui s’organise autour des composantes de base du

systeme climatique :

un modele de circulation générale atmosphérique,

un modele de circulation générale océanique,
— un modele de surface continentale,

— un modele de banquise.

Le sigle anglais GCM qui désigne a I’origine un modele de circulation générale (General Circulation
Model) est parfois employé pour désigner un modele de climat planétaire (Global Climate Model).
2Le modele de Manabe ne permettait pas encore de simuler le climat de la planéte, car il ne couvrait

qu’un sixieme de la surface terrestre, du pole Nord jusqu’a I’équateur, sur 120 ° de longitude.
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Chacun de ces modeles comprend un systeme d’équations différentielles qui dérivent
des lois de la physique. Ces équations sont résolues grace a un découpage du temps (le
pas de temps de calcul) et de 'espace en trois dimensions (le maillage). Le pas de temps
est typiquement 20 ou 30 min. La résolution horizontale d’'une maille atmosphérique est

de l'ordre de 100 km pour les modeles les plus récents.

La combinaison de ces quatre composantes permet de construire un modele du climat
de la Terre dans lequel les influences de 'océan, des continents et de la banquise sur le
compartiment atmosphérique ne sont pas imposées a priori. De surcroit, le couplage de
ces modeles par I'intermédiaire de variables communes offre la possibilité de représenter
les rétroactions entre les différents facteurs climatiques. Cette construction est nécessaire
pour simuler le climat du futur ou du passé car elle permet de réduire les hypotheses
sur les conditions aux limites du systeme atmosphérique. Les hypotheses sont repoussées
au niveau des conditions limites du systeme climatique dans sa globalité et concernent

essentiellement le forcage radiatif.

Par exemple, le modele de circulation océanique génere les températures a la surface
de 'océan qui exercent un forcage sur les champs atmosphériques. En retour, les variables
atmosphériques comme les forces de friction a l'interface air-eau peuvent modifier les cou-
rants océaniques. En outre, le modele de banquise est indispensable pour estimer le bilan
radiatif planétaire, car 1’étendue de la banquise module directement 1’albédo terrestre
et donc la quantité d’énergie absorbée par le systeme climatique. Réciproquement, le
climat controle la fonte de la banquise par le biais des températures atmosphériques et

océaniques.

Pour sa part, le modele de surface continentale permet de représenter le role a la fois
complexe et essentiel des terres émergées, qui couvrent 29 % de la surface terrestrelg , dans
la dynamique du climat. Il sert a quantifier la transformation de 1’énergie radiative en
flux de chaleur sensible et latente a I'interface continent/atmosphere, ainsi qu’a simuler

le retour de 'eau douce continentale vers les océans.

1.2 Les modeles de surface continentale

Les modeles ou schémas de surface continentale (LSM pour Land Surface Model ou

LSS pour Land Surface Scheme) sont donc congus pour représenter, dans un GCM, les

3La notion de terre émergée est prise ici au sens large, en incluant le Groenland et de I’Antarctique
dont les socles rocheux sont en partie situés sous le niveau de la mer.
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conditions aux limites de ’atmosphéere au niveau des continents, mais également pour

permettre des rétroactions entre la surface terrestre et ’atmosphere.

1.2.1 Les conditions aux limites de I’'atmospheére

A chaque pas de temps de calcul, une maille d’'un modele de surface continentale
recoit en entrée des forgages atmosphériques de proche surface {v;} provenant de la

couche atmosphérique sus-jacente et fournit en sortie les flux d’eau et d’énergie {F,}.

En dépit des spécificités de chaque GCM, la liste des forgages {v;} est généralement
constituée des variables suivantes :

— Rayonnement solaire incident SW;, (direct et diffus),

Rayonnement atmosphérique LW,
— Température de l'air T,
— Humidité de lair H,,
— Vitesse du vent U,,
— Pression de I'air p,,
— Précipitations P (liquides et solides).
Les variables T,, H,, U,, et p, sont données pour une certaine hauteur Z au-dessus du

sol.

Une partie des flux {F,} calculés par le LSM est destinée au compartiment at-
mosphérique et constitue donc un forgage aux limites du GCM :

— Rayonnement solaire réfléchi SW,,;,

— Rayonnement émis par la surface LW,

— Flux de chaleur latente \F,

— Flux de chaleur sensible H,
ou F est le flux de vapeur eau et A est la chaleur latente de vaporisation de 'eau (en

'absence de neige, autrement il faut faire intervenir la chaleur de sublimation).

Ces flux sont calculés en fonction des propriétés de la surface continentale, grace a

la paramétrisation des principaux processus physiques, chimiques et biologiques.

En raison de la variété de ces processus, il existe de nombreuses paramétrisations dans
les schémas de surface, qui different selon les modeles. Cette diversité a motivé plusieurs
programmes d’intercomparaison de LSM, comme le Project for Intercomparison of Land-

surface Parametrization Schemes (PILPS Henderson-Sellers et al., 1993) qui a mis en
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lumiere des écarts significatifs entre les simulations de LSM soumis a un forcage identique
(Henderson-Sellers et al., 1996; Pitman et al., 1999).

Toutefois, les LSM s’appuient tous sur des principes physiques élémentaires comme
la conservation des bilans d’eau (équation de continuité) et d’énergie (premier prin-
cipe de la thermodynamique). Ainsi, ’équation de conservation de ’énergie a la surface
continentale, en ’absence de neige, s’écrit :

CyATe

SWan + LWin = == LWout + SWous + H + AE + G, (1.1)

avec :
Cy : capacité calorifique de la surface,

At : durée du pas de temps,

AT : variation de la température de la surface au cours du pas de temps,

G : flux de chaleur dans le sol.

L’équation du bilan d’eau peut prendre la forme suivante :

AW

—=P-Q—F 1.2

=P 0 (12)
ou AW est la variation du stock d’eau dans le sol au cours du pas de temps, et @)

I’écoulement total généré au sein de la maille, ou runoff.

Les équations (1.1) et (1.2) sont couplées par le biais de I’évaporation. Par conséquent,
les modifications qui affectent les paramétrisations du bilan d’énergie sont suceptibles

de perturber le bilan d’eau, et réciproquement.

Le chapitre 2 porte sur la paramétrisation des flux d’eau qui constituent le terme
@ dans I'équation (1.2)), tandis que le chapitre 3| traite d’une paramétrisation du bilan
radiatif de surface et adopte pour point de départ 1’équation (1.1). Dans les deux cas,
nous avons eu le souci d’évaluer 'impact des modifications réalisées sur les bilans d’eau

et d’énergie.

1.2.2 Les rétroactions entre la surface continentale et I’atmospheére

Un LSM permet donc de générer les flux d’eau et d’énergie en entrée du modele de
I'atmosphere (AGCM pour Atmospheric General Circulation Model). Comme le LSM est
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lui-méme forcé par les variables atmosphériques, cela permet de représenter une partie

des rétroactions entre le climat et les surfaces continentales.

L’intérét d’une telle démarche a été démontrée par de nombreuses études. Ainsi,
Garratt (1993) passe en revue les principaux facteurs qui influencent la simulation du
climat au sein des surfaces continentales :

— l'albédo controle la quantité d’énergie radiative recue a la surface,

— la rugosité controle le transfert de quantité de mouvement,

— les conditions hydrologiques controlent la répartition de I’énergie radiative en flux

de chaleur latente et de chaleur sensible.
Inversement, ces caractéristiques qui dépendent notamment de la végétation et des sols
sont suceptibles d’évoluer en fonction du climat. Cependant, Betts et al. (1996) sou-
lignent que ces interactions se produisent a différentes échelles de temps comme 1'illustre
la figure 1.1. Par exemple, le climat agit sur la végétation a I’échelle du jour car 'ou-
verture des stomates dépend de I’humidité de I'air. D’autre part, la végétation agit sur
le climat a I’échelle du siecle, car les aérosols libérés par les feux de foréts diminuent la
quantité d’énergie solaire absorbée en surface. Il existe quantité d’autres rétroactions,

positives et négatives, dont les plus significatives sont recensées par Pitman (2003).

Le degré de complexité dans la représentation de ces interactions avec ’atmosphere
est la base de la classification des LSM proposée par Sellers et al. en 1997 (figure 1.2).
Dans les LSM de premiére génération, les parametres de la surface (albédo, rugosité,
épaisseur du sol...) sont prescrits de fagcon uniforme et I’évaporation est simplement
calculée a partir d’une résistance aérodynamique et d'un coefficient d’aridité. Les LSM
de deuxieme génération sont apparus dans les années 198d4‘. [ls prennent en compte le role
de la végétation dans le calcul des flux d’énergie, notamment grace a la paramétrisation
d’une résistance stomatique a ’évaporation. Les principaux flux d’eau et d’énergie dans le
continuum sol/végétation/atmosphere étant représentés, ces LSM sont souvent désignés
par l'acronyme anglais SVAT (Soil Vegetation Atmosphere Transfer). Enfin, dans les
LSM de troisieme génération, le flux de carbone est ajouté pour simuler son influence

sur la photosynthese.

4A défaut d’une liste exhaustive, nous pouvons citer les modeles précurseurs BATS (Biosphere-
Atmosphere Transfer Scheme) Dickinson et al., 1986 et SiB(Simple Biopshere) Sellers et al., 1986,
ou, dans la communauté francaise, ISBA (Interaction Sol-Biosphere-Atmosphere) Noilhan et Plan-
ton, 1989, SECHIBA (Schématisation des Echanges Hydriques & I'Interface entre la Biosphere et
I’ Atmosphere) Ducoudré et al., 1993, SiSPAT (Simple Soil-Plant-Atmosphere Transfer) Braud et al.,
1995.
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Circulation générale atmosphérique
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— = Interactions a I'échelle du siecle

Fic. 1.1. Diagramme illustrant la diversité des échelles de temps dans les interactions entre la
surface continentale et 'atmosphere (d’apres Betts et al., 1996).
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F1a. 1.2. Représentation des processus hydrologiques dans (a) un LSM de premiére génération
(type bucket) et (b) de deuxieéme génération (type SVAT), d’apres Sellers et al. (1997).
Pr : pluie au sol, r4 : résistance aérodynamique, rg : résistance a I’évaporation du sol
nu, r¢ : résistance stomatique et/ou de canopée, w; : humidité dans la iéme couche
de sol. Pour la description du modele bucket, voir le paragraphe[1.3.2.



10 Introduction

S’appuyant sur cette classification, Pitman (2003) montre que les rétroactions rapides
telle que la résistance stomatique ont été prioritairement implémentées car les LSM sont
congus pour étre couplés avec des AGCM fonctionnant & des pas de temps fins (inférieurs
a 1 h). Les rétroactions a plus long terme ont été incorporées plus récemment, si bien
que la végétation est désormais représentée de fagon dynamique dans certains LSM,
c’est-a-dire, le type de végétation peut évoluer en fonction du climat (Foley et al., 1996;
Cox et al., 2000).

Le travail effectué dans le cadre de cette these ne porte pas sur le traitement de la
végétation dans les LSM. Toutefois, I'exemple de la végétation montre bien que I'identifi-
cation des processus clés pour représenter les interactions de la surface continentale avec
le climat dépend fortement de I’échelle de temps considérée. La méme conclusion peut
étre tirée vis-a-vis des processus hydrologiques dont la représentation n’a cessé d’évoluer

depuis le premier modele bucket de Manabe (1969).

1.3 Les processus hydrologiques dans les LSM

1.3.1 Pourquoi représenter au mieux les processus hydrologiques
dans un LSM?

Par « processus hydrologiques », on entend les différentes étapes du cycle de 'eau

sur les continents, dont on peut distinguer :

— les étapes de changement de phase,

— les étapes de transport.

Les changements de phases regroupent des phénomenes aussi variés que 1’évaporation,
la fonte de la neige, le gel/dégel de I'eau dans le sol, etc. Le transport de I'eau sur les
continents se fait principalement a 1’état liquide, par écoulement de surface, sur les
pentes et dans les cours d’eau et par écoulement souterrain, dans la zone saturée et
non-saturée. Ces mouvements conditionnent la répartition de I'’eau précipitée entre les

principaux stocks continentaux : lacs, rivieres, humidité du sol et nappes souterraines.

A TDéchelle planétaire, les continents (a l'exclusion de 1’Antarctique) regoivent
111x10? km?® d’eau par an sous forme de précipitations, soit 22 % du cumul total (Oki
et Kanae, 2006). Cette eau est recyclée pour 59 % en vapeur d’eau dans 1’atmosphere

(65.5x10% km?3/an), tandis que les 41 % restants s’écoulent vers 'océan par les rivieres
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(~ 90 %) et les nappes d’eau souterraines (~ 10 %). Ce bilan cache toutefois une grande
hétérogénéité spatiale puisque les deux tiers des précipitations tombent entre 30 "N et
30 °S (Chahine, 1992). De plus, la proportion d’eau écoulée par rapport a la quantité
d’eau précipitée — ou coefficient de ruissellement — varie considérablement entre les
bassins versants, en raison de la diversité des conditions géologiques, pédologiques, to-

pographiques, climatiques, etc.

Le cycle de I'eau sur les continents est également caractérisé par une grande varia-
bilité temporelle. A I’échelle annuelle, les régions tropicales sont marquées par la forte
saisonnalité des précipitations. Dans les régions méditerranéenes, le régime hydrologique
peut changer de facon radicale en quelques jours. Dans les zones froides, le cycle diurne
impose un rythme journalier aux processus de fonte de neige. Enfin, les aquiferes peuvent
stocker de grands volumes d’eau durant des siecles et, méme s’ils n’appartiennent pas a
la surface continentale au sens strict, ils contribuent au bilan hydrologique de surface en

alimentant les riviéres.

Devant une telle complexité, quel est l'intérét de représenter les processus hydro-
logiques dans un LSM 7 La question mérite qu'on s’y attarde, car elle sous-tend la
motivation méme de cette these, mais il serait irréaliste de vouloir I’aborder de fagon
exhaustive. C’est pourquoi nous passons rapidement sur I'importance des changements
de phases pour nous concentrer sur le role de I’humidité du sol et du runoff, qui seront

plus spécifiquement 1’objet du manuscrit.

Importance des changements de phases

Il est clair que le calcul de I’évapotranspiration doit étre aussi précis que possible pour
la simple raison que le flux de chaleur latente constitue un forcage essentiel du modele
atmosphérique (Shukla et Mintz, 1982). D’autre part, les processus qui controlent la
dynamique du manteau neigeux et plus largement de la cryosphere continentale sont
cruciaux pour le calcul du bilan radiatif de surfacAE. De facon générale, les processus de
changement de phases sont intimement liés au climat car ils impliquent des transferts
de chaleur importants. Cependant, la réponse n’est pas si simple pour les processus
gravitaires et capillaires qui controlent le transport et la répartition de ’eau liquide a la

surface des continents, car ils ne produisent pas de for¢age direct sur I’atmosphere.

SBarnett et al. (1989) ont montré que I'impact de la neige sur le climat ne se limite pas & l'effet
d’albédo.
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Importance de I’humidité du sol

L’humidité du sol se définit comme ’eau contenue entre les particules de sol au dessus
de la zone saturée. Elle représente un volume total de 1740.5x10% km? (Oki et Kanae,
2006), moins de 1%¢ du volume d’eau liquide stockée sur les terres émergées. Pourtant,
sa répartition a la surface des continents joue un role décisif dans les interactions entre

la surface et I’atmosphere.

En particulier, I’humidité du sol est considérée comme une variable clé pour com-
prendre la dynamique des précipitations. Plusieurs théories ont été proposées pour jus-

tifier cette idée ancienne.

Une des plus célebres est celle que Charney (1975) a défendue pour expliquer la
sécheresse sahélienne. Sa théorie repose pourtant sur un effet indirect, a savoir 'effet de
I’humidité du sol sur le développement de la végétation. Méme si cette théorie est aujour-
d’hui considérée comme insuffisante pour expliquer le déclenchement de la sécheresse, elle

reste un facteur possible pour comprendre sa persistance exceptionnelle (voir chapitre 4).

L’échelle de temps considérée par Charney (1975) est pluriannuelle. L’effet direct de
I’humidité du sol sur les précipitations se produit a des échelles de temps inférieures
(pas de temps horaire a saisonnier), ce qui en fait un objet d’étude important pour la
prévision météorologique (Beljaars et al., 1996). Les mécanismes proposés font intervenir
des rétroactions dans la couche limite atmosphérique qui dépassent le cadre de cette these
(pour plus de détails voir Entekhabi, 1996). Signalons cependant que dans une étude
de référence, Eltahir (1998) a identifié, a I’échelle régionale, deux processus a la surface
continentale qui déclenchent une chaine de rétroactions positives entre I'humidité du sol

et les précipitations :

— Baisse de 'albédo du sol nu «y,
— Baisse du rapport de Bowen = H/\FE.

Les études qui explorent la rétroaction entre 'humidité du sol et les précipitations a
’échelle globale utilisent le GCM comme outil d’analyse. Ainsi, Koster et Suarez (1995)
puis Koster et al. (2000b) ont établi que la variabilité de I'humidité du sol permet d’ex-
pliquer une grande partie de la variance des précipitations, surtout en dehors des zones
tropicales humides qui sont dominées par les températures a la surface de 'océan. Par
conséquent, la connaissance de la répartition spatiale de I’humidité du sol dans un modele
climatique contribue a améliorer la prédictabilité des précipitations, en particulier dans

les zones de transition situées entre les régions séches et humides (notamment le Sahel,
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I’Asie Centrale et les Grandes Plaines américaines). Comme cette étude a été réalisée
a partir de simulations numériques, les auteurs ne peuvent qu’émettre I’hypothese que
les résultats peuvent étre transposés au systeme climatique naturel. Néanmoins, Koster
et al. (2003) ont apporté des preuves indirectes basées sur des observations que U'effet de
I’humidité du sol sur les précipitations est bien réel. De plus, la synthese des simulations
réalisées par plusieurs GCMs dans le cadre du projet GLACE (Global Land-Atmosphere
Coupling Experiment, Koster et al., 2004) a permis de consolider ces résultats en s’af-
franchissant de la dépendance a un seul modele. Il n’en reste pas moins que ces modeles
reposent sur des paramétrisations similaires vis-a-vis des processus de convection et de

transfert sol-atmosphere.

Toutefois, les simulations du projet GLACE confirment que le couplage est plus
faible dans les zones climatiques humides et dans les zones tempérées ou I’humidité du
sol n’est globalement pas un facteur limitant de I’évaporation. Pour ces régions, I'intérét

de représenter avec finesse I’humidité du sol n’est pas manifeste.

Cet intéret existe cependant. D'une part, un tel couplage peut se renforcer avec le
changement climatique, comme 'ont montré récemment Seneviratne et al. (2006) & tra-
vers 1’étude des interactions surface-atmosphere en Europe. D’autre part, les interactions
de 'humidité du sol avec I’atmosphere ne se limitent pas aux précipitations. Par exemple,
en étudiant la simulation de la couche limite atmosphérique dans un modele régional
centré sur la région parisienne, Coindreau et al. (2007) ont indiqué que la température
et 'humidité de l'air a 2 m sont nettement sensibles a la représentation de 'humidité

du sol.

A plus large échelle, il existe en fait de nombreuses études qui démontrent l'intérét
de prendre en compte I’humidité du sol pour améliorer la simulation du climat en
général, (par ex. Delworth et Manabe, 1989; Douville et Chauvin, 2000). Certaines de
ces études ont motivé la mise en place du programme international Global Soil Wetness
Project (GSWP, voir http://www.iges.org/gswp/), qui vise a apporter une meilleure

représentation de I’humidité du sol dans les modeles de climat.

S’il est facile d’admettre qu’une représentation sophistiquée de I'humidité du sol
dans un LSM est nécessaire pour simuler les interactions continents-atmosphere dans un
climat passé ou futur, en revanche la question se pose pour la modélisation du climat
actuel ou la prévision du temps, puisque dans ce cas les mesures de I’humidité du sol

peuvent étre utilisées directement.


http://www.iges.org/gswp/
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Fic. 4.8. Comparaison des flux turbulents calculés dans les simulations Exp3-STD et Exp3-
AT100 (évaporation totale et flux de chaleur sensible). Dans la simulation Exp3-STD
les valeurs de a9 sont les valeurs standards. Dans la simulation Exp3-AT100 les
valeurs de a,o sont multipliées par 100. Les moyennes sont calculées sur la période
couvrant les années 2003 a 2007.
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sur ce pixel en utilisant le couvert végétal pour pondérer la contribution de chaque site

au flux moyen.
Par ailleurs, nous avons étendu le test de sensibilité a a,o x 10 et a,o x 0.1.

La simulation originale est marquée par un fort biais négatif du flux de chaleur
sensible a cet endroit (figure 4.10). La comparaison avec les données montre que I'aug-
mentation de a,o tend & diminuer ’écart entre les mesures et la simulation durant les

quatre derniers mois de I’année.

Si le flux de chaleur sensible simulé est trop faible, cela indique que ’évaporation
est vraisemblablement surestimée. Dans le paragraphe suivant, nous proposons une in-

terprétation plus précise de 'effet de a,o sur ’évaporation et les chemins de ’eau dans
CLSM.

4.4.3 Interprétation a I'échelle locale

Cette maille est couverte par la classe sol nu a 87% (13% prairies ou grassland), par
conséquent les variations de I’évaporation s’expliquent principalement par les variations
de I'évaporation du sol nu®. La simulation STD indique Es=247 mm/an (évaporation

depuis le sol nu) et Ey=101 mm/an (transpiration) en moyenne sur la période 2005-2007.

La figure [4.11 montre que I'augmentation de a,» diminue fortement 1’évaporation a

la fin de la saison des pluies.

Au début de la saison des pluies, cependant, I’évaporation est plus forte pour AT10
et AT100 que STD et ATO1. De plus, durant toute la premiere moitié de la saison des
pluies (jusqu’au jour 250 environ), la recharge de la nappe diminue nettement, comme
le montre AMpg (flux entre la zone racinaire et la nappe). Par conséquent, le déficit de
bassin diminue tres peu lors de la saison des pluie pour les simulations AT10 et AT100.
Inversement, la simulation AT10 montre que la hausse de a,, empéche également les
flux d’eau ascendants vers la surface, car le déficit de bassin Mp n’augmente que tres

faiblement pendant la saison seche.

Rappelons que dans CLSM, Mp est directement relié a la profondeur de la nappe
(équation (1.19), chapitre [1). Nous voyons donc ici que le parametre de a,q, bien qu’il

6Ce postulat a bien été confirmé par I'analyse séparée de la transpiration et de I’évaporation de sol nu
sur cette maille.
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F1G. 4.9. Moyennes sur trois ans (2005-2007) des flux de chaleur sensibles journaliers mesurés
dans le domaine méso-échelle Mali (1,5 W ; 15,5 N). Les mesures proviennent des trois
sites voisins Agoufou, Egerit et Kelma et ont été agrégés sur un pixel de 60x60 km
en fonction du couvert végétal dTimouk et al.‘, ‘2009; ‘Boone et alf‘2009)
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Fia. 4.10. Effet de a,o sur le flux de chaleur sensible journalier moyen simulé sur la période
2005-2007 dans la maille de coordonnées (1,5 W; 15,5 N). On n’a représenté que
les 220 jours pour lesquelles les donneés de Timouk et al. 42009) sont disponibles.
Dans la simulation Exp3-STD les valeurs de a9 sont les valeurs standards. Dans la
simulation AT01, AT10 et AT100, les valeurs de a2 sont respectivement multipliées
par 0.1, 10 et 100.
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concerne la couche de surface, exerce un controle tres net sur les variations du niveau

de la nappe.

Ce dernier résultat est étroitement lié au fait que cette maille est dominée par
I’évaporation du sol nu. Dans le cas ou la végétation est abondante, I'eau est prélevée
depuis la zone racinaire et ne passe pas par la couche de surface. Les remontées d’eau
de la nappe vers 'atmosphere ne sont alors pas directement contraintes par a,o. En re-
vanche, pour le flux d’eau descendant, I'influence de a,9 sur l'infiltration est inchangée,
car l'infiltration de la pluie au sol est indépendante du couvert dans CLSM. Cela reste

a évaluer de facon quantitative.

Ainsi, comme nous ’avons vu au chapitre(3.3| augmenter a5 revient a freiner les flux
d’eau entre la couche de surface et le sol sous-jacent. Dans le contexte tropical de haute
altitude qui caractérise la moraine du glacier Zongo, cela avait entrainé une accentuation
de la saisonnalité de I’évaporation, c’est-a-dire une hausse pendant la saison des pluies et
une baisse pendant la saison seche. Dans le contexte sahélien, c’est la baisse qui domine
pendant la saison des pluies, malgré une tendance inverse au début de la saison. En
dehors des mois de mousson, ’évaporation est tres faible quel que soit a9, ce qui rend la
comparaison difficile. Enfin, aux courtes échelles de temps, la hausse de a9, en favorisant
la reprise évaporative rapide des précipitations qui ont davantage tendance a s’accumuler
dans la couche de surface, fait que la variabilité de I’évaporation est davantage controlée
par celle des précipitations. L’effet mémoire de CLSM évoqué au paragraphe 4.3 s’en

trouve donc affaibli.

Bien stir, comme ces conclusions sont limitées a 1’échelle locale, elles ne peuvent étre
généralisées a ’ensemble du domaine. Cependant, cette étude indique qu’une calibra-
tion étendue de a,o, par exemple a 'aide de données satellitaires, devrait permettre de
renforcer le réalisme des simulations, au moins dans la zone sahélienne ot la fraction de
sol nu est considérable. Une autre piste de travail pourrait étre basée sur les données des
deux autres sites de méso-échelles (Niger et Bénin), ou les fluctuations de la nappe sont

mesurées, ce qui offre la possibilité de mieux évaluer la balance hydrique simulée.
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F1a. 4.11. Effet de a9 sur différentes variables simulées dans la maille de coordonnées (1,5 W ;

15,5 N) : P : précipitations, H : flux de chaleur sensible, E : évaporation, AMpy :
flux racinaire (positif vers le bas), Mp : deficit de bassin. Moyennes journalieres sur
la période 2005-2007.



Chapitre 5

Conclusion

Nous avons présenté l'application du modele de surface continentale CLSM a trois
sites contrastés. Si nous avons plutot porté un regard hydrologique sur les processus
de surface mis en jeu, nous avons systématiquement analysé les implications en termes
de bilan d’énergie, car 'intéret d’'un LSM réside bien dans sa capacité a représenter le

couplage entre les bilans d’eau et d’énergie a la surface des continents.

D’abord, CLSM a été appliqué au bassin de la Somme, ou nous avons montré 1'in-
suffisance de la nappe de TOPMODEL pour représenter les chemins de I'eau dans un
bassin fortement influencé par le stockage profond d’eau souterraine. Nous avons intégré
un réservoir supplémentaire qui résoud de maniere efficace le défaut de stockage sou-
terrain dans CLSM pour ce site. La solution retenue repose sur I'idée que 'aquifere est
déconnecté du profil d’humidité de surface, ce qui semble une hypothese assez réaliste, au
vu d’un large échantillon de données piézométriques, pour généraliser cette approche a
d’autres bassins. Cette perspective ouvre immédiatement une autre question : comment
estimer les parametres de ce réservoir sans calibration, a partir de criteres mesurables?
Cette question de la régionalisation des parametres est un leitmotiv de la modélisation
hydrologique et sa réponse dans le cas de CLSM n’est sans doute pas a ’abri des méme
difficultés (Seibert, 1999; Merz et Bléchl, 2004). Nous avons par exemple essayé de voir
si la constante de temps de vidange du réservoir obtenue par calibration pouvait étre
extraite simplement a partir des données de pluie et de débit. Nous avons réalisé, dans
ce but, des essais d’analyses spectrales qui n’ont pas été concluants dans le cas du bassin

de la Somme.

Le stockage souterrain est sans doute un défi a relever pour les LSM qui sont amenés
a évaluer les impacts du changement climatique sur les ressources en eau. Le modele
CLSM-LR, tel que calibré sur la période 1985-2003 a été utilisé dans le cadre d’un projet

141
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de ce type, le projet REXHYS§1, qui vise justement a établir les effets du changement
climatique sur les bassins de la Seine et de la Somme a I’horizon 2100. Ce projet est
en cours, mais les premiers résultats montrent que CLSM-LR diverge significativement
des autres modeles qui participent & 1’expérience (modeles hydrogéologiques et modeles
pluie-débit) car le réservoir souterrain s’asseche complétement a partir de la moitié du
XXI1°¢ siecle. Cela est peut étre lié au fait que la calibration étant réalisée sur une période
humide (comme en témoigne la crue de 2001), le modele n’est pas adapté au climat du
futur tel qu’il est généré par les GCM utilisés jusqu’ici. En particulier, la forte hausse
de la température simulée par les GCM (pour plusieurs scénarios d’émissions) entraine
une augmentation continue de I’évaporation sur le bassin. De ce point de vue, ’analyse
que nous avons menée dans les parties suivantes de la these (chapitre 3.3/ et [4) sur la
sensibilité de I’évaporation a la paramétrisation de surface mériterait sans doute d’étre

transposée au bassin de la Somme.

Dans une deuxieme partie, nous nous sommes intéressés a la moraine du glacier
Zongo. CLSM a été utilisé comme outil pour évaluer, en termes de flux de surface,
leffet des variations de l'albédo du sol nu causées par ’humidité du sol. Les résultats
indiquent que cette variabilité exerce un impact tres net sur le bilan radiatif qui conduit a
augmenter significativement ’évaporation et le flux de chaleur sensible. Pour cette étude,
I’apport des données de terrain a été décisif a plusieurs titres. Nos mesures d’humidité
ont permis d’établir une relation empirique entre 1’albédo et ’humidité dans les cing
premiers centimetres du sol, ce qui confirme des mesures en laboratoire, mais infirme
celles de Idso et al. (1975). De plus, les mesures d’albédo réalisées sur la moraine en
dehors de 'ORE indiquent qu’il sera difficile d’extrapoler cette relation a 1’échelle du
bassin versant. Surtout, les mesures d’humidité ont apporté un éclairage inattendu sur la
paramétrisation de la couche de surface : nous avons pu montrer que CLSM surestimait

les échanges d’eau entre cette couche de surface et le sol plus profond.

L’application du modele dans le cadre du projet ALMIP offre la possibilité d’évaluer
cette paramétrisation a ’échelle de 1’Afrique de I’Ouest, dans un contexte ou les pro-
cessus de surface sont supposés jouer un role crucial dans la dynamique du climat. Si
I'intéréet de I'intercomparaison est encore limité a ce stade car les modeles n’ont pas tous
été confrontés a des données in-situ de large échelle, les données ont permis de conduire
une étude préliminaire sur la modélisation des premiers centimetres du sol dans la zone
sahélienne. La paramétrisation de la couche de surface est suceptible d’avoir un im-

pact considérable sur le réalisme des flux de surface. Cette conclusion s’inscrit dans la

Woir sur http://www.sisyphe.upmc.fr/~agnes/rexhyss/


http://www.sisyphe.upmc.fr/~agnes/rexhyss/
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FiG. 5.1. Fraction de sol nu et albédo de sol nu sur un transect latitudinal a 5 ° W de longitude
sur la zone ALMIP (données ECOCLIMAP). La fraction de sol nu augmente vers
le Sahara, mais elle est significative sur tout le transect. Parallelement, on observe
que 'albédo du sol augmente. L’humidité du sol contribue-t-elle a créer ce gradient ?
Quel est la variabilité de ces valeurs d’albédo ? Quel est I'effet des précipitations sur
I’albédo et donc sur le bilan d’énergie de surface 7

continuité de travaux antérieurs consacrés a la couche de surface en milieu sahélien. De

plus, Nicholson 42000) rappelle que la variabilité journaliere des précipitations augmente

avec le temps de rétention de I’eau dans le sol. Tout ’enjeu de la représention adéquate
des transferts d’eau dans cette couche de surface réside justement dans ce pouvoir de
rétention de I'eau dans le sol, dont elle est la principale porte d’entrée et de sortie, dans

ces régions comme le Sahel ou le prélevement racinaire n’est pas dominant.

L’application ALMIP ouvre d’autres perspectives. Il serait par exemple intéressant de
transposer 'expérience du chapitre 3.3, a savoir 'effet de I'humidité du sol sur ’albédo,
de la moraine du glacier Zongo vers les terres sahéliennes ou la surface de sol nu est
considérable. L’idée est d’utiliser le modele pour quantifier 'effet de ’assombrissement
de la surface apres une pluie en termes de flux de chaleur sensible et de flux de cha-
leur latente dans I’atmosphere. Comme nous l’avons signalé dans le chapitre [1] (para-
graphe(1.3.1), Eltahir ({5&3) a soutenu que ce phénomene pouvait déclencher une chaine
de rétroactions positives sur les précipitations a des échelles de temps courtes. Pour

réaliser cette expérience dans de bonnes conditions, il faudrait disposer de données sa-
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tellitaires permettant d’établir les bornes de variations de 1’albédo du sol sahélien. Les
données ECOLIMAP, qui ne donnent qu’un apercu statique de 1'albédo du sol, suffisent
toutefois & démontrer le potentiel d’une telle étude (figure 5.1). Des mesures existent
déja (Samain et al., 2008; Ramier et al., 2008). Un autre obstacle est la résolution spa-
tiale, mais si le maillage ALMIP (60x60 km?) se révelait insuffisant pour représenter la
variabilité spatiale de I’humidité du sol, il est possible de tirer partie des concepts de
CLSM pour limiter, par exemple, la variation d’albédo a la fraction saturée, ou bien a

toute autre fraction extraite de la distribution de 'humidité de zone racinaire.

Cette mise en pratique de CLSM dans différents contextes a mis en lumiere I'impor-
tance de représenter 'intégralité du domaine souterrain, depuis les premiers centimetres
du sol jusqu’aux aquiferes, pour caractériser les processus hydrologiques qui inter-
viennent de fagon déterminante dans la modélisation des surfaces continentales. Par rap-
port aux LSM traditionnels, CLSM offre un degré de liberté conceptuel supplémentaire
par sa paramétrisation sous-maille de 'humidité du sol et de I’écoulement souterrain,
qui conduit a une définition originale des transferts hydriques dans le sol, y compris dans
la direction verticale. Cela nous a permis d’approfondir la modélisation des processus
hydrologiques a des échelles spatiales et temporelles contrastées, que ce soit a I’échelle de
la station météorologique, du bassin versant, ou du continent, depuis les courtes échelles
de temps caractérisant les échanges d’eau et de chaleur dans la couche de surface jus-
qu’aux écoulements souterrains pluriannuels. La contrepartie est que les parametres qui

régissent ces processus doivent étre caractérisés.

De fait, ce travail d’application du modele a des sites si différents m’a fait réaliser
que la caractérisation « hydrologique » de la surface continentale est loin d’étre aussi
avancée que sa caractérisation « biologique ». Comme nous ’avons vu en introduction,
a travers les revues de Sellers et al. (1997) et Pitman (2003), il apparait clairement que
c’est la représentation de la végétation qui motive les grandes étapes du développement
des LSM (cf. paragraphe 1.2.2). Quelle que soit la cause espitémologique de ce retard,
le fait est qu’actuellement, les parametres de la végétation sont directement disponibles
avec une résolution spatio-temporelle de plus en plus fine, alors que les caractéristiques
hydrodynamiques doivent étre dérivées des cartes des sols a l'aide de fonctions de
pédotransfert. Ainsi, les LSM comportent des paramétrisations distinctes pour différents
types de végétation qui sont activées selon une classification en biomes ou bien en types
fonctionnels (plant functional types). Une telle classification n’existe pas pour les pro-
cessus hydrologiques. De méme qu’il existe un type « prairie » pour la végétation, ne

pourrait-on pas imaginer, par exemple, un hydrome « bassin sédimentaire » pour lequel
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les parametres hydrodynamiques pertinents sont donnés (perméabilité de surface, temps

caractéristique de stockage souterrain, etc.).

Pour cela, I'effort de validation du modele dans différents contextes hydrologiques doit
étre poursuivi. De plus, la confrontation aux données sera toujours riche d’enseignements,
car il me semble que seules les observations ont ce pouvoir étrange de stimuler — et de

tempérer a la fois — l'imagination scientifique.
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Abstract

The rainfall over West Africa has been characterized by extreme variability in the last half-
century, with prolonged droughts resulting in humanitarian crises. There is therefore an urgent
need to better understand and predict the West African Monsoon (WAM) because social
stability in this region depends to a large degree on water resources: the economies are
primarily agrarian and there are issues related to food security and health. In particular, here is
a need to better understand land-atmosphere and hydrological processes over West Africa due
to their potential feedbacks with the WAM. This is being addressed through a multi-scale
modelling approach using an ensemble of land surface models which rely on dedicated
satellite-based forcing and land surface parameter products, and data from the African
Multidisciplinary Monsoon Analysis (AMMA) observational field campaigns. The AMMA
Land surface Model Intercomparison Project (ALMIP) offline multi-LSM simulations
comprise the equivalent of a multi-model reanalysis product and currently represent the best
estimate of the land surface processes over West Africa from 2004-2007. An overview of
model intercomparison and evaluation is presented. The far reaching goal of this effort is to
obtain better understanding and prediction of the WAM and feedbacks with the surface which

then can be used to improve water management and agricultural practices over this region.
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1. Introduction

The West African Monsoon (WAM) monsoon circulation modulates the seasonal
northward displacement of the inter-tropical convergence zone (ITCZ), and it is the main
source of precipitation over a large part of West Africa. But predominantly relatively wet
years during the 1950s and 1960s were followed by a much drier period during the 1970s and
1990s. This extreme rainfall variability corresponds to one of the strongest inter-decadal
signals on the planet over the last half century. There is an urgent need to better understand
and predict the WAM because social stability in this region depends to a large degree on
water resources: the economies are primarily agrarian and there are issues related to food
security and health. In addition, there is increasing pressure on the already limited water
resources in this region owing to a one of the most rapidly increasing populations on the

planet.

Numerous researchers over the last three decades have investigated the nature of the
extreme rainfall variability (e.g. Nicholson 1981; Le Barbé et al., 2002). It has been shown
that a significant part of the inter-annual variability can be linked to sea surface temperature
anomalies (e.g. Folland et al., 1986; Fontaine and Janicot, 1996), but there is also evidence
that land surface conditions over West Africa make a significant contribution to this

variability (e.g. Nicholson, 2000; Philippon et al., 2005).

a. Importance of the land-atmosphere interactions on the WAM

The monsoon flow is driven by land-sea thermal contrast, and the atmosphere-land surface

interactions are modulated by the magnitude of the associated north-south gradient of heat



and moisture in the lower atmosphere (Eltahir and Gong, 1996). The links between land
surface processes and the WAM have been demonstrated in numerous numerical studies using
global climate models (GCMs) and regional scale atmospheric climate models (RCMs) over
the last several decades. Charney (1975) was one of the first researchers to use a coupled
land-surface atmosphere model to demonstrate a proposed positive feedback mechanism
between decreasing vegetation cover and the increase in drought conditions across the Sahel
region of Western Africa. Numerous modelling studies since have examined the influence of
the land surface on the WAM in terms of surface albedo (e.g. Sud and Fennessy, 1982; Laval
and Picon, 1986), the vegetation spatial distribution (e.g. Xue and Shukla, 1996; Xue et al.,
2004; Li et al., 2007), and the influence of soil moisture (e.g. Walker and Rowntree, 1977;
Cunnington and Rowntree, 1986; Douville et al., 2001). However, interpretation of the
results from any one of such studies must be tempered by the fact that there are substantial
discrepancies in African land-atmosphere coupling strength among current state-of-the-art

GCMs (Koster et al., 2002).

There is also a need to study and provide estimates of changes in rainfall variability
resulting from predicted global climate change. Indeed, studies using GCMs have indicated
that the impacts in this region could be further amplified owing to surface anthropogenic
factors such as the clearing the land of natural vegetation for crops and over-grazing (e.g. Xue
et al., 2004). The aforementioned factors will not only impact the atmosphere, but also the
regional scale hydrology in terms of changes in runoff regimes. This in turn would impact the
quantity of water stored in surface reservoirs and the recharge of local and regional water
tables. But it should be noted that considerable progress is needed in order to develop reliable
estimations of land-atmosphere impacts for GCM climate scenarios. Indeed, a recent study

examining the performance of GCMs within the Intergovernmental Panel on Climate Change



(IPCC) framework showed that models have significant problems simulating key aspects of
the WAM for the present climate, and even GCMs that show some skill produce considerably

different West African climatologies at the end of this century (Cook and Vizey, 2006).

b. Improving models in order to better understand and predict the WAM

The deficiencies with respect to modelling the African monsoon arise from both the
paucity of observations at sufficient space-time resolutions, and because of the complex
interactions of the relevant processes between the biosphere, atmosphere and hydrosphere
over this region. The African Multidisciplinary Monsoon Analysis (AMMA) has organized
comprehensive activities in data collection and modelling to further increase our
understanding of the relevant processes in order to improve prediction of the WAM
(Redelsperger et al., 2006). In terms of large scale atmospheric multi-model initiatives, the
AMMA-Model Intercomparison Project (AMMA-MIP: Hourdin et al., 2009, this issue) inter-
compares GCMs and RCMs over a meridional transect in West Africa focusing on seasonal
prediction. The West African Monsoon Modelling Experiment (WAMME) project utilizes
such models to address issues regarding the role of ocean-land-aerosol-atmosphere
interactions on WAM development (Xue et al., manuscript submitted to Clim. Dynamics).
The modelling of the land surface component of the WAM is being addressed by the AMMA

Land-surface Model Intercomparison Project (ALMIP), which is the focus of this paper.

c. Land surface modelling initiatives

In recent years, there have been a number of LSM intercomparison projects on an

international level. In particular, the Project for the Intercomparison of Land-surface



Parameterization Schemes (PILPS) has increased the understanding of LSMs, and it has lead
to many model improvements. In Phase-2 of PILPS (Henderson-Sellers et al., 1995), LSMs
were used in so-called "off-line mode" (uncoupled from an atmospheric model and therefore
driven using prescribed atmospheric forcing), and the resulting simulations were compared to
observational data. The first attempt by PILPS to address LSM behaviour at a regional scale
was undertaken in PILPS-2c (Wood et al., 1998). The Global Soil Wetness Project Phase 2
(GSWP-2: Dirmeyer et al., 2006a) was an "off-line" global-scale LSM intercomparison study
which produced the equivalent of a land-surface re-analysis consisting in 10-year global data
sets of soil moisture, surface fluxes, and related hydrological quantities. The Rhone-
AGGregation LSM intercomparison project (Rhone-AGG: Boone et al., 2004), differed from
the aforementioned studies primarily because the impact of changing the spatial scale on the
LSM simulations was investigated. The main idea behind ALMIP is to take advantage of the
significant international effort in terms of the intensive field campaign and the wvarious
modelling efforts in order to better understand the role of land surface processes with respect

to the WAM.

2. ALMIP Scientific Objectives

The strategy proposed in AMMA to develop a better understanding of fully coupled
system is to break the various components into more manageable portions which will then
provide insight into the various important processes. The first step is to begin with the land
surface in off-line or uncoupled mode. This multi-model "off-line" technique has been used
by numerous aforementioned intercomparison projects, and it is also used in operational land
data assimilation systems (LDAS) such as the North American LDAS (NLDAS: Mitchell et

al., 2004) and the Global LDAS (GLDAS: Rodell et al., 2004) for potential operational NWP



applications. In addition, Douville et al., (2001) assimilated offline (the land surface
decoupled from an atmospheric model, so there are no feedbacks and the atmospheric forcing
must be provided by either observations or another source) soil moisture into a GCM as a

proxy for reality in order to study WAM surface-atmosphere feedback mechanisms.

Offline results are also used for improved atmospheric model initialization. For example,
ALMIP results are currently being used for numerous mesoscale case studies within AMMA
(such as a study of feedbacks between dust emissions and the atmosphere in Tulet et al.,
2008), and to examine the influence of initial soil moisture on NWP at ECMWF (Agusti-
Panareda, pers. commun.). In addition, ALMIP results have also been recently used for
evaluating the land surface component of GCM and RCM models (Steiner et al., 2009; Boone
et al., manuscript submitted to Clim. Dynamics, Xue et al., manuscript submitted to Clim.

Dynamics).

The idea is to force state-of-the-art land surface models with the best quality and highest
(space and time) resolution data available in order to better understand the key processes and

their corresponding scales. The ALMIP therefore has the following main objectives;

1. inter-compare results from an ensemble of state-of-the-art models, and study model
sensitivity to different parameterizations and forcing inputs
2. determine which processes are missing or not adequately modelled by the current
generation of LSMs over this region
3. examine how the various LSM respond to changing the spatial scale (three scales will be

analysed: the local, meso and regional scales)



4. develop a multi-model climatology of “realistic” high resolution (multi-scale) soil
moisture, surface fluxes, water and energy budget diagnostics at the surface (which can then
be used for coupled land-atmosphere model evaluation, case studies, etc...)

5. evaluate how relatively simple LSMs simulate the vegetation response to the atmospheric

forcing on seasonal and inter-annual time scales.

ALMIP is an ongoing project, and currently phase 1 (regional scale studies) is being
completed which addresses items 1 and 4: highlights from these items will be presented in this
paper. In terms of item 1, the LSMs have run three multi-year experiments in order to explore
LSM sensitivity to different input meteorological forcings (based on NWP and satellite-based/
observational data: this is described in the next section). A brief overview of intercomparison
results are presented along with some examples of evaluation efforts which are under way
(item 4). The next phase of ALMIP (Phase 2) will begin this year, and it will address the
remaining items (2, 3 and 5) by focusing on the meso and local scales. General conclusions

from Phase 1 and perspectives for the next phase of ALMIP will be given here.

3. Land Surface Model Forcing and Experiments

The creation of a multi-scale low-level atmospheric forcing database over land is
essential in order to have a coherent multi-disciplinary modelling approach by the large and
diverse group of land surface models. The land surface model forcing database is comprised
of two components, one for the land surface parameters, and the other for the atmospheric
state variables, precipitation and downwelling radiative fluxes. The database considers three
scales: regional, meso and local: the regional scale data is used for ALMIP Phase 1 and it is

described here. The corresponding model domain is shown in Fig. 1, and all of the models use



the same computational grid at a 0.50° spatial resolution. The same soil-vegetation database
is used for all experiments (see Appendix A). Three experiments were designed to explore the
LSM sensitivity to different input meteorological forcings (notably the most critical field,
precipitation): they are summarized in Table 1. The methodology for creating the forcings and

the composition are described in the following sub-section.

a. Control Atmospheric Forcing

The atmospheric forcing dataset is based on the European Centre for Medium-range
Weather Forecasts (ECMWF) NWP model forecasts for the years 2002-2007. The forcing
variables consist in the air temperature, specific humidity and wind components at 10m, the
surface pressure, the total and convective rain rates, and the downwelling longwave and
shortwave radiative fluxes (see Appendix A for more details). There are, of course, several
operational global-scale NWP models to choose from for forcing data. Most large scale land
surface modelling studies use data from either ECMWF or the National Center for
Environmental Prediction (e.g. Dirmeyer et al., 2006a), so that these two sources were
considered the primary candidates for ALMIP for consistency with other intercomparison
efforts. At the time ALMIP was begun (2003), ECMWF data was selected due to a
combination of the following factors; the forecast data was available at an approximately 50
km spatial resolution over West Africa (which was one of the highest spatial resolutions
available at that time), and it was shown to have one of the best simulations of the regional
scale circulation features over West Africa among several NWP models (e.g. Nuret et al.,

2007). This data comprises the Exp.1 or control forcing.

b. Merged Atmospheric Forcing
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Because of the scarcity of surface observations over most of western Africa, remotely
sensed data is the best choice for creating large-scale LSM forcing. However, the data product
algorithms are generally calibrated or supplemented by any available local scale data.
Satellite-based data is most commonly available for the downwelling solar and atmospheric
radiative fluxes and the rainfall. The radiative fluxes from OSI-SAF (Oceans and Ice Satellite

Applications Facility: http:/www.osi-saf.org) for 2004 and the LAND-SAF fluxes (Land

Satellite Applications Facility: Geiger et al., 2008) for 2005-2007 are substituted for the
corresponding NWP fluxes in Experiments 2 and 3. They have been evaluated over this

region (and this work is ongoing as more observational data becomes available).

Rainfall is considered to be the most problematic variable produced by NWP models,
especially over West Africa. Fortunately, there are a number of products available which
merge satellite-based data and ground observations. In ALMIP, however, we are limited to
those rainfall products which have maximum time steps on the order of a few hours since the
LSMs in ALMIP are specifically designed to resolve the diurnal cycle and because most of
the precipitation events are convective and thus relatively short-lived for a given point. The
EPSAT-SG (Estimation des Pluies par SATellite — Seconde Génération: Chopin et al., 2004)
precipitation product from AMMA-SAT (AMMA-Satellite component: http://
ammasat.ipsl.polytechnique.fr) was developed especially for activities such as ALMIP and
was calibrated using Sahelian rainfall gauge data. It's high spatial and temporal resolutions

made it quite relevant for ALMIP. This rainfall data was used for Exp.2.

Since ALMIP results began to be available to the research community, there has been an

increasing demand for a longer term record of surface fluxes and soil moisture. However the
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Exp.2 precipitation data is only available during the core monsoon period (May-June) from
2004-2006. For this reason, an additional experiment was run (Exp.3). The Tropical Rainfall
Measurement Mission (TRMM) precipitation product 3B-42 (Huffman et al., 2007) is used
from 2002-2007 (hereafter this product is simply referred to as TRMM in this paper). The
TRMM rainfall estimates are based on combined calibrated microwave and infrared
precipitation estimates with a rescaling to monthly gauge data and have a three-hour time step
(and thus meet the demands of ALMIP). Nicholson et al. (2003) showed that TRMM
combined products performed well on a monthly timescale over West Africa compared to
other available products (note that the product has evolved since the aforementioned study,

but studies within AMMA have more recently come to the same conclusion).

Despite the fact that the ECMWF model captures most of the main dynamical features of
the WAM, there is evidence that the simulated monsoon precipitation does not extend far
enough to the north. This is illustrated in Fig. 2a, where the June-September average
(hereafter referred to as JJAS) rainfall rate from ECMWF (Exp.1) is subtracted from the
Exp.2 forcing. Clearly, the Exp.2 precipitation shows a northward displacement of the
monsoon, characterized by both increased precipitation to the north (roughly north of 8° N)
and decreased values along the southern coast. In particular, the Exp.2 rainfall is
approximately 9% higher over the Sahel region (indicated in Fig.1) where the Exp.1 2006
JJAS average rainfall is 3.8 kg m™ day”, with the largest local relative increases over the
northern part of this region. Further evidence of this problem will be given in Section 5 using
satellite-based information. The same difference performed for the downwelling shortwave
radiation is shown in Fig. 2b, and the Exp.2 values are generally lower where precipitation
and clouds have increased (the difference corresponds to about a 1 % Sahel-average decrease

for JJAS in Exp.2, although local decreases approach approximately 10%). The purpose of
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this comparison is to emphasizes the importance of the use of ancillary information to derive
LSM forcings to reduce NWP model defaults or biases since the ultimate goal of ALMIP is to

obtain more realistic estimates of surface processes.

4. Simulated Surface Processes

Previous intercomparison studies have highlighted the necessity to look at results from an
ensemble of LSMs, as each individual model has it’s own biases and errors (refer to the
references in section 1c. for example). A total of eleven distinct LSMs participated in ALMIP
Phase 1 (see Table 2 for a listing). These LSMs are used in a variety of applications, such as
the lower boundary conditions in GCM/RCMSs, operational NWP models, mesoscale research
models, and as upper boundary conditions in mesoscale to regional scale hydrological models.
Nine of the models used the provided ECOCLIMAP soil and monthly-varying vegetation
parameter information: two LSMs used their native set of parameters in order to give results
consistent with other AMMA -related projects (the TESSEL models and SSiB). This implies
that most of the model differences should be related to physics as opposed to parameter

differences. A more complete LSM model configuration is presented in Appendix B.

a. LSM model setup

All of the models performed spin-up for 2002 since initial conditions were not available
for all of the LSMs, and a single pass through 2003 was done as an adjustment year. The
values of the prognostic variables at the end of 2003 were then used as initial values for Exp.s
1 and 2. A number of water and energy budget variables, and various diagnostics were

reported at a 3-hour time step from 2004-2006 (i.e. 6 years of simulation for each model).
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Nine of the eleven models (except for IBIS and MSHE), performed Exp.3. Model results were
reported for all years, however analysis focuses on 2004-2007 since satellite-based radiative
flux data and the EPSAT product were available (2004-2006). This period also encompasses
the special observation period in AMMA. The output variables and conventions are
essentially the same as those outlined in Dirmeyer et al. (2006a): the outputs consist in energy
budget diagnostics (such as surface heat, mass, momentum and radiative fluxes) and water
budget components (runoff, evapotranspiration, and soil water storage changes), and
prognostic  variables  (soil  temperature and moisture for ALMIP:  see

http://www.cnrm.meteo.fr/amma-moana/amma_surf/almip/index.html for a complete listing

of LSM outputs).

b. Intercomparison overview

One of the most critical land surface fields is the evapotranspiration (Evap), as this flux
forms the critical link between land surface hydrology and the atmosphere. The Exp.2 Evap
averaged over the main active monsoon period (here defined as JJAS) for 14 LSMs is shown
in Fig.s 3a-3n for 2006: the multi-LSM average for the same time period is shown in Fig.3o0.
Despite the fact that the LSMs are using the same input atmospheric forcing, there are
differences in the Evap spatial distribution. Of particular importance for the WAM, there are
inter-model differences over the Sahelian region (essentially north of approximately 10° N).
The magnitude of the meridional gradient of Evap is a maximum in this region during the
course of the monsoon season. When averaged over the longitude band from -10° to 10° East
longitude, the gradient varies among the LSMs by up to approximately a factor of 2 between
the largest and smallest LSM values (with the other LSMs fairly equally distributed within

this range). The strength of this gradient is coupled with the WAM circulation and intensity
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(Eltahir and Gong, 1996), so the implication is that the strength of the feedbacks in different
fully coupled land-atmosphere models could vary considerably because of surface Evap

parameterization differences (Dirmeyer et al., 2006b).

The difference of the multi-model average Exp.2 Evap in Fig.30 less the Exp.1 (not
shown) value is shown in Fig.3p. The impact of using the satellite-merged forcing is quite
significant, with Evap increases of over 1 kg m? day™ (with local increases of well over 2 kg
m™ day-1) covering a large region north of approximately 8° N (including the Sahel) and with
decreases to a lesser degree along the southern West-African coast. This response is
consistent with the Exp.2 and Exp.1 precipitation and radiation forcing differences shown in

Fig.2.

Despite the fact that different satellite-based precipitation products are merged with
observational data, they can still have important differences. Therefore, the ALMIP results
for the three different forcing datasets have been inter-compared. An example over the Sahel
region during JJAS is shown in Fig.4. For each LSM and year from 2004-2006, the runoff
ratio (the ratio of the total runoff to the rainfall) is plotted as a function of the ratio of the
latent heat ratio (here this refers to the ratio of the latent to the net radiative flux). A low
runoff ratio implies that much of the rainfall is going into evaporation or soil water storage
(and therefore little is left for river flow). The latent heat ratio gives an estimate of the
fraction of the available energy at the surface used to evaporate water, while the remaining

fraction goes into heating the atmosphere.

It can be seen from Fig. 4 that the NWP forcing rainfall results in a runoff ratio below 0.08

for all LSMs (the average is well below this, at 0.012). Nearly all of the rainfall is evaporated,

15



but this still leaves most of the surface energy for sensible heating of the atmosphere (all
latent heat ratios are below 0.45, and the average is 0.31). There is essentially no statistical
relationship between the two ratios. Compared to Exp.3, there is 60% less rainfall and 50%
less evaporation. For the Exp.2 case, there is more precipitation over the Sahel (see Fig.2) and
this causes increases on both the runoff and latent heat ratios (the average latent heat ratio has
increased to 0.51). Compared to Exp.3, there is 25 % less rainfall and 18% less evaporation.
The TRMM rainfall produces much larger runoff ratios, and there is a non-negligible
statistical relationship between the latent heat and runoff ratios (the correlation is -0.61): for
the same input rainfall, increased runoff results in lower evaporation. In terms of physical
processes, the models with the least surface runoff in Exp.s 2 and 3 tend to have the largest
latent heat ratios, but for the remaining models there is no obvious relationship. In Exp.3, the
rainfall exceeds the evaporative demand in many of the models at times resulting in
considerably more runoff and therefore more water is available for river flow. The LSM
simulation of river flow is currently being investigated and will be addressed in more detail in
ALMIP Phase 2. Finally, in the Sahel, the average inter-experiment differences are far larger
than the average of the inter-model differences for each experiment. This highlights the need
to use satellite-based forcing data whenever possible in order to correct NWP model

systematic biases.

c. Characterisation of the water and energy budgets by the LSM ensemble

One of the goals of ALMIP is to obtain a realistic picture of surface and sub-surface

processes over a multi-year period. LSMs produce different results using the same inputs

primarily because of differences in model physics. It is difficult to determine which LSM

gives the most realistic result over a large domain, however some studies have shown that the
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LSM multi-model mean generally compares better with observational data than the individual
realizations (Dirmeyer et al., 2006b). Gao and Dirmeyer (2006) showed the advantages and
improved realism of using a multi-LLSM model average to study simulated surface properties.
They presented several different weighting techniques, ranging from a simple average to one
using optimized weights which minimized errors based on observations. The low spatial
density of surface observations over West Africa precluded the use of such optimization
techniques, so the simple ensemble-mean of the ALMIP simulated surface fluxes are used in
this study (which was also shown by Gao and Dirmeyer, 2006, to be preferable to any single

model realization).

Note that in computing the ensemble average, multiple simulations from the same model were
first averaged to obtain a single representative result for a given model (for example, ISBA
and ISBA-DIF results were averaged to obtain a single ISBA representative result). This was
done because the differences between multiple simulations by a single model were generally
far less than the intra-LSM differences: we did not want to bias the ensemble average by

weighting one model more than another.

Fig.5 presents a summary of the water and energy budgets simulated by the LSMs and the

ensemble LSM mean during JJAS for Exp.3 from 2004-2006 over the Sahel, which are

defined, respectively as

Rainfall = SfcRunoff + Drainage + DelSoilMoist + Evap

SWnet + LWnet =Sensible Heat Flux + Latent Heat Flux
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where DelSoilMoist represents the soil water storage change. Note that over the temporal
averaging period, the heat storage by the surface and the ground heat flux are quite small by
comparison to the other terms and so are neglected here. In Fig. 5., the solid bars correspond
to the averages (over all models, the Sahel and JJAS), and the spatial, temporal and intra-

model variances are represented by the white, stippled and cross-hatched bars, respectively.

The rainfall in the Sahel is characterized by a prolonged dry season (lasting approximately
5 months), and then a steady increase in rainfall starting in about April with a peak during late
July or August, then a more rapid decrease until about the end of October. The rainfall in
2006 was lagged by approximately 2 weeks compared to 2004. The rainfall began early in
2005, but then there was a lull in the activity (and a suppression of rainfall activity to the
southern part of the Sahel) until mid to late July followed by a rapid increase and northward
expansion. Despite these differences, the average rainfall from TRMM varies by just a few

percent between the three years (Fig. 5a), as do the temporal and spatial variances.

The surface overland runoff (Fig. 5b) is slightly larger than the drainage (Fig. 5c), although
the magnitudes are similar. Compared to the other variables, these two have the largest
relative variability. There is also the least agreement between the LSMs, as indicated by the
intra model variance which is comparable to the average value. The drainage has the largest
intra-LSM variance, but this is not surprising as this variable is modulated by the surface
runoff, the storage dynamics and vertical transfer, and finally the evaporative uptake (in a

sense, it is like a residual after the other the aforementioned processes have acted).

The soil water storage change (Fig. 5d) average is comparable in magnitude to the total

runoff. Of note, it has an extremely large temporal variance, which is directly related to and
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similar in magnitude to the temporal variance of the rainfall. It should be noted here that the
average soil water content (not shown) simulated by the LSMs is quite different, which is
usually the case among LSMs (e.g. Dirmeyer et al., 2006a). But despite this fact, the relative
intra-model agreement of the soil water storage change among the LSMs is quite good so the

soil water dynamics are simulated in a fairly consistent manner in this region.

The remaining water budget variable is the evapotranspiration, which can be seen in Fig.
5e (note that the latent heat flux can be converted to the same units as the other water budget
components simply by dividing by approximately 30). This variable is the largest sink term
(it corresponds to slightly over 60% of the rainfall for each of the 3 years). The relative
variances are fairly low, and the LSMs have a generally good agreement (indeed, the intra-
model evaporation variance is the lowest of the water budget variables: it is approximately 14
% of the average values for the 3 years). The sensible heat flux (Fig. 5f) is slightly lower than
the latent on average, but again the relative variances are fairly low (the intra-model variance
is approximately 35% of the mean for the three years). This implies that for a given rainfall
over this region, the various LSMs simulate the surface-atmosphere transfer of heat and

moisture in a fairly consistent manner.

The net longwave and shortwave radiation fluxes (Fig.s 5g and 5h, respectively) have the
lowest variances. This is especially the case for the intra-model variance which is to be
expected since they are dominated by the prescribed downwelling fluxes in the forcing input,
and the vast majority of the LSMs used the prescribed surface characteristics (albedo and
emissivity). The spatial and temporal net longwave variances are a bit larger than those for

the shortwave radiation, and vary more year to year, but there is a significant contribution

19



from the simulated surface temperature (which is the result of the computation of the surface

energy budget) so this is to be expected.

5. Simulation Evaluation Methodology

The obvious problem in doing simulations over western Africa (and in fact, for many
large domain area applications) is the lack of appropriate evaluation data. But in AMMA,
considerable effort has been put into addressing such issues by processing remote sensing
datasets at the regional and meso scales and by establishing several dense surface
observational networks over regions along a meridional transect. The location of the three
intensive mesoscale study sites are shown in Fig. 1: a comprehensive overview of the surface
observational networks and data is given in Redelsperger et al., (2006). In this paper, two
examples of ALMIP LSM evaluation methods are given, one at the grid box scale, and two

others over a large-scale region.

a. Grid Box Evaluation

The comparison of local scale flux data with model output over a grid square is a scale
problem and is generally only useful if the grid square surface parameters and forcing data are
consistent with those observed at the local scale. This problem is being addressed in ALMIP
by using spatially aggregated surface flux data. An example for the Mali super-site square
(which corresponds to an approximately 60x60 km? area located within the blue rectangle in

Fig.1) is given here.
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The comparison of the observed-upscaled surface sensible heat flux, Qh, with the multi-
model ALMIP spread for a single grid box is shown in Fig. 6. The modelled and observed
aggregated values have been averaged over 10-day periods for this comparison. The
aggregated observed fluxes and their spread are shown by the shaded region. The
corresponding spread is computed as the range in aggregated Qh: the different aggregated
values were computed using four different weighting schemes based on the spatial coverage
of the dominant vegetation type at each site and the ranges in the soil types, the surface albedo
and the coverage of standing water using remotely sensed data (see Timouk et al., 2009, for
further details). The solid curves enclose a region bounded by +/- one standard deviation
about the ALMIP LSM average Qh averaged over 2005-2007. Note that Exp.3 results are
used here since they extend to 2007, but Exp.2 fluxes for 2004-2005 are quite similar to the

Exp.3 values for the same period (not shown).

In Fig. 6, the dashed curves with open symbols correspond to the 3-year average (2005-
2007) time series for each observation site within the mesoscale domain. Each site represents
a very different land cover type: Kelma is a low-lying marshy site during the wet season and
for the ensuing months (as seen by the negative Qh values), Eguerit is a very dry, rocky site
(soils quickly drain, thus Qh remains relatively high all year), and the Agoufou site has sparse
low vegetation. The vegetation coverage for this site is dominant over the mesocale area. The
ALMIP land cover for this grid box from ECOCLIMAP (87 % baresoil and 13% tropical

grassland) is most consistent with the characteristics of this site.

The solid purple curves in Fig. 6 enclose a region bounded by +/- one standard deviation

about the LSM-average Qh averaged over 2005-2006. LSM-average Qh values of

approximately 70 W m™ are simulated just before the onset of the summer rains (prior to DoY
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180), while they are approximately two-times lower during the core monsoon period (DoY
200-260). After DoY 260, there is a rapid increase in Qh as the rains cease, however Qh
begins to decline again after DoY 280 in response to reduced incoming radiation, so the LSM-
average simulated Qh response to the wet season and the subsequent dry-down are similar to
the dynamic of the observed average Qh. Note that the three-year average time series is
shown here since there was far less year to year variability than inter-site variability. Also,
Fig.6 highlights the need to ensure consistency between the surface properties of the

measurement sites and the LSM input data.

b. Large scale surface evaluation

Within the joint framework of the Soil Moisture and Ocean Salinity (SMOS) satellite
mission and AMMA, an evaluation of ALMIP soil moisture has been performed for 2006 for
8 LSMs from Exp.2 (the results for these LSMs had been processed at the time of this work).
ALMIP-MEM (Microwave Emission Model) consists in coupling ALMIP soil moisture and
temperature outputs to the Community Microwave Emission Model (CMEM) (de Rosnay et
al., 2009). It permits a quantification of the relative impact of land surface modelling and
radiative transfer modelling in terms of the simulated brightness temperature background
errors. ALMIP-MEM brightness temperatures have been evaluated for 2006 against AMSR-E
C-band data provided by the National Snow and Ice Data Center (NSIDC). This work has
been as part of the effort to test different forward models for data assimilation in the ECMWF

model.

Time-latitude diagrams of the horizontal brightness temperature at C band for AMSR-E

and that simulated with ALMIP-MEM (Exp.2) are shown in Fig. 7. For each LSM, a simple
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bias correction has been taken into account in order to correct the simulated brightness
temperatures based on the annual mean bias value. In this study, CMEM has been used with
the Kirdyashev vegetation opacity model (Kirdyashev et al., 1979) and the Wang and
Schmugge dielectric model (Wang and Schmugge, 1980). AMSR-E C-band data show a wet
patch over the Sahel during the rainy season, centered at DoY 210 and latitude 15.5° North.
The correct representation of such patches by LSMs in coupled atmosphere models is
important as the analysis of observational data has been used to show that such patches can
induce mesoscale circulations in this region (Taylor et al., 2007). This wet patch is captured
by all of the LSMs, but the amplitude is either overestimated or underestimated depending on
the LSM. However, this figure emphasizes the general good agreement between the forward
approach and the AMSR-E satellite data. The corresponding statistics are summarized in the
form of a Taylor diagram in Fig. 8, where SDV represents the standard deviation. The
observed data point is located along the abscissa (at SDV=1). Most of the models are grouped
in the same area: an exception are the ECMWF LSMs using the old hydrology (TESSEL and
CTESSEL) which over-estimated the variance. The newer (now operational) scheme has

excellent agreement (HTESSEL) , although the correlation has decreased.

This analysis also serves an indirect evaluation of the ALMIP Exp.2 precipitation forcing:
when the LSMs were forced by pure NWP-based forcing (meaning no satellite or
observational data was used, just forecast data: Exp.l), the CMEM results were poor
compared to the AMSR-E data (not shown here). In the future, it is planned to rerun these
tests using Exp.3 outputs. For a more in depth analysis of these results, see de Rosnay et al.,

(2009).

c. Large scale sub-surface evaluation
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Knowledge of the land surface water storage is important for estimating vegetation
growth, and may hold a key to increasing long range atmospheric predictability over West
Africa. However, despite the fact that numerous local scale site measurements are now
available within AMMA, measurements of the land water storage are not available at the
regional scale. The Gravity Recovery And Climate Experiment (GRACE) satellite mission
provides an accurate measure of the gravity field variations which are inverted to retrieve
terrestrial water storage variations. Various products based on different retrieval methods are
available: here we present results using one of the most recent methods (Lemoine et al.,
2007). GRACE has already been used with success to obtain estimates of regional scale water
storage in LSM studies (e.g. Zaitchik et al. 2008). Here we compare GRACE water storage

anomalies with those from ALMIP for 2 annual cycles (2005-2006) over the Sahel.

A comparison of the soil water storage anomalies between GRACE (black line) and the
ALMIP LSMs for Exp.1 and Exp.3 are shown in Fig.9 (the curves enclose +-1 standard
deviation about the LSM mean over the Sahel). The results of this analysis show that
GRACE soil moisture seasonal amplitudes are larger than those simulated by the ALMIP
models, although the Exp.3 results (red curves) are much closer than the Exp.1 results using
NWP forcing. Indeed, this is further evidence that satellite-based remote sensing offers an
improvement to NWP forcing data. The Exp.3 temporal correlation for the two years is quite
good (0.90). The differences in the amplitudes (the temporal variance for the mean of the
ALMIP LSMs is 29 kg m?, while it is 45 kg m™ for GRACE) can be due to a deficit in the
precipitation forcing or to an overestimation of the water storage anomalies derived from
GRACE during the dry season. It is also possible that the ALMIP LSMs do not use deep-

enough soil depths (as drained water is not retained in the vertical column but rather is
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assumed to be lost to the nearest river in most LSMs). Note that results from Exp.2 are not
shown in Fig.9, but in fact the water variation amplitude is smaller than in Exp.3 consistent
with the lower rainfall (see section 4). A study is currently under way which shows that the
satellite data reproduce the ALMIP Exp.3 LSM modeled inter-annual variability over the
Sahel during the study time period (2002-2007). The next step is to use discharge estimates in

order to estimate the regional scale evaporation.

6. Conclusions

In summary, there is a need to better understand land-atmosphere and hydrological
processes over western Africa due to their potential feedbacks with the WAM circulation.
This is being addressed through a multi-scale modelling approach using an ensemble of LSMs
which rely on dedicated satellite-based forcing and land surface parameter products, and data
from the AMMA observational field campaigns. The idea is to have the best estimate of
surface processes for initializing and evaluating the surface component of atmospheric
models, and to determine which LSM processes agree the least (in order to eventually
improve the corresponding physics). The far reaching goal of this effort is to obtain better
understanding and prediction of the WAM which then can be used to improve water

management and agricultural practices over this region.

Offline multi-LSM simulations performed using a mix of NWP and satellite-based
forcing data comprise the equivalent of a multi-model reanalysis product and currently
represent the best estimate of the land surface processes over large scale regions (Dirmeyer et
al., 2006a), and ALMIP has produced such an analysis for West Africa from 2004-2007. The

impact of using satellite-based forcings to correct systematic biases in NWP meteorological
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forcing on the LSM simulated evapotranspiration is significant, especially over a zone
covering the Sahel and areas slightly southward (which is theorized to be the zone with
considerable coupling with the atmosphere, e.g. Koster et al., 2004). In terms of ECMWF
forcing data, this corresponds to a several hundred km shift in precipitation compared to
satellite-based data (and 60% less precipitation over the Sahel than in the TRMM merged
satellite-rain gauge product from 200'-2006 during JJAS). This implies that special care
should be used when using NWP or re-analysis data to force LSMs over West Africa for

hydrological or meteorological studies.

The ALMIP LSM simulations have moderate inter-model variability, however, it is
considerably less than that found in fully-coupled land-atmosphere models, so the surface
fields from ALMIP are a good proxy for evaluating the surface flux components in terms of
model improvements (Steiner et al., 2009) or in GCM-RCM intercomparison exercises such
as the AMMA-Model Intercomparison Project (AMMA-MIP: Hourdin et al., 2009, this issue)
and the West African Monsoon Modelling and Evaluation project (WAMME: Xue et al.,
submitted to Clim. Dynamics; Boone et al., submitted to Clim. Dynamics). The ALMIP fields
are also being used in numerous ongoing atmospheric case studies within AMMA (e.g. in
terms of convective initiation, dust storm simulations and chemical deposition) and in
operational NWP (e.g. at ECMWF). Finally, ALMIP outputs are also being used within
AMMA to estimate the surface contribution for atmospheric water budget studies, and to

estimate the production functions (evapotranspiration) for hydrological models.

There are considerable differences in terms of the partitioning of the surface (fast response:
scale of a rainfall event) and drainage (slow response: days up to approximately a week)

runoff components. This partitioning is important since it modulates the amount of water
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which is evaporated, stored in lakes, transferred to rivers or stored in the soil (which in tern
ipmacts the paritioning of net radiation at the surface into latent and sensible heat fluxes). In
addition, the intra-model variability of these two variables is the largest of all land surface
variables, so that these output fields have a very high degree of uncertainty. This component
of the water budget is also the most sensitive (in a relative sense) to the precipitation input
forcing. This aspect of LSMs must be refined if such models are to be used in any type of
regional scale water management application over west Africa, or in order for the popular soil
moisture memory question to be properly addressed using coupled models (e.g. Douville et
al., 2007) since increased surface runoff corresponds to reduced water recycling with the

atmosphere and therefore can impact the time scale and magnitude of this memory.

It is difficult to evaluate the realism of the simulated turbulent fluxes at regional scales,
however, indirect methods are being used for large scale evaluation which were all based on
using remotely sensed data. A sample of such work was presented herein. The ALMIP LSMs
compared favorably with aggregated surface flux data in the Sahel during the monsoon season
over a three year period for a given grid box: they are able to reasonably capture both the
amplitude and the phase of the observed changes. At the regional scale, the simulated surface
brightness temperature compared well with data from satellite (which is a first step for
assimilating such data into LSMs for operational NWP). Finally, estimates of water storage
from the Gravity Recovery And Climate Experiment (GRACE) were used to show that the
TRMM satellite-based precipitation product is more more realistic than NWP based forcing
on the regional scale. This is currently the only method available to obtain reasonable
estimates of the sub-surface water storage over the entire West African region aside from

using LSM models, which is important for understanding the region water budget.
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7. Perspectives

ALMIP is an ongoing project, and phase 1 at the regional scale is nearing completion.
However, further regional scale simulations and experiments, and model evaluation will also
be done as improved input data is made available. ALMIP phase 2 is scheduled to begin in
2009, which will focus on simulations for the three mesoscale super sites, in addition to
several other local scale sites (in Senegal, Ghana, etc...). There will be a special focus on
semi-arid land surface processes. Indeed, the semi-arid parametrizations in LSMs are quite
diverse and also generally lack consideration of some fundamental processes specific to this
region (reduced infiltration over dry crusty soils, drought resistant plant species, lateral
transfer of surface runoff from bare soil to vegetated surface areas, etc.). In addition, input
rainfall will be based on dense observational networks which should improve the realism of

the land surface and hydrological simulations.

There is an effort under way at Météo-France to develop a new high resolution version of
ECOCLIMAP over West Africa. The main drawback of the current version of ECOCLIMAP
is that there is no vegetation inter-annual variability (which in fact, is fairly typical of such
datasets used currently in GCM and NWP applications). However, this variability is known to
be particularly large over this region (Philippon et al., 2007). The new ECOCLIMAP should
result in further improved surface flux estimates which is important from a modelling
standpoint since the observed vegetation inter-annual variability has been shown to be
correlated with the precipitation over this region, notably for the Sahel (Philippon et al.,

2005). It will also be available for atmospheric model studies.
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LSMs which are able to simulate the life-cycle of the vegetation are being increasingly
used in GCMs and will theoretically enable a more realistic feedback between the vegetation
and potential increases in green-house gases in climate scenario studies. There will be a
coordinated effort in ALMIP Phase 2 to inter-compare such LSMs on the mesoscale, which
will be a first. Whereas ALMIP Phase 1 focused on making a robust multi-model
representation of surface processes , ALMIP Phase 2 will also focus on improvement of the
representation of such processes (for use in atmospheric and hydrological models). ALMIP
Phase 2 will be open to the general scientific community, so interested parties will be

encouraged to participate.
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Appendix A

Additional details related to the input forcing data is presented herein.

A.1. Soil and Vegetation model parameters

The ECOCLIMAP database (Masson et al., 2003) provides land surface parameters
(albedo, vegetation cover fraction, surface roughness, leaf area index, soil texture, etc...) over
the entire globe at a maximum spatial resolution of 1 km. It is intended for use by LSMs
which are coupled to GCM, numerical weather prediction (NWP), mesoscale meteorological
research or hydrological models. The vegetation phenology for a single representative annual
cycle at an approximately 10-day time step is derived from the International Geosphere-
Biosphere Programme (IGBP) 1-km Advanced Very High Resolution Radiometer (AVHRR)

monthly Normalized Difference Vegetation Index (NDVI).

A.2. Atmospheric forcing

The forcing variables have been interpolated to a 0.5° cylindrical equidistant projection grid at
a three hour time step. There is a well known spin-down problem in terms of the simulated

precipitation for the ECMWF model, therefore the ALMIP forcing consists in a series of 36

hour forecasts at 12 UTC every 24 hours, and the first 12 hours are not used. In Exp.2,
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EPSAT rainfall replaced NWP data for the monsoon months. When either satellite-based
radiative flux or precipitation data was missing, it was replaced by NWP data. In Exp.3,
TRMM rainfall was used for all years (including spinup), and SAF fluxes were used from

2004 onward (refer to Table 1).

Appendix B

This section describes the LSM configurations for ALMIP. Please refer to Table 2 for model
references and scheme details referred to herein. Two models did simulations using 2
different options: ISBA used force-restore and multi-layer diffusion (DIF) soil options, while
ORCHIDEE also replaced it’s 2-layer soil approach (CHOIS) by an explicit multi-layer
model. HTESSEL uses the newly implemented hydrological updates (TESSEL was
operational until recently) and CTESSEL contains a new photosynthesis option. All of the

LSMs used the same computational grid and atmospheric forcing.

Several of the models used multiple tile options for these experiments as it is their default
setting. This essentially amounts to an explicit treatment of each surface land cover type, and
then aggregating the fluxes using weights based on spatial coverage within each grid box (in
order to theoretically better represent the non-linearity of the surface processes). Most of the
LSMs use either a single composite or a double-energy budget representation (explicit
treatment of canopy and soil), however a few schemes have unique treatments. CLSM
computes three energy budgets based on soil wetness, while ORCHIDEE computes
evaporation for different surface types overlying the same soil. IBIS also uses a similar
approach with 4 distinct plant functional types, and it has the most detailed representation of

the canopy containing multiple energy budgets. Finally, the MSHE model was designed for
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hydrological applications, and it uses a very detailed treatment of vertical sub-surface fluxes

of mass and energy (utilizing 42 layers).
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TABLE 1. Summary of ALMIP Phase 1 forcing inputs for each of three experiments. Here
NWP data refer to those from the ECMWF forecast model. SAF refers to data from the OSI-
SAF (for 2004) and the LAND-SAF (from 2005 to 2007). EPSAT and TRMM 3B42
correspond to precipitation products consisting of merging satellite-based and rain gauge

estimates. See Section 3 for more details.

Experiment: | Meteorological | Incoming Precipitation

Time Period | State Variable | Radiative Flux | Source

Source Source
1: 2002-2006 | NWP NWP NWP
2: 2004-2006 | NWP Merged NWP | Merged NWP and
and SAF EPSAT
3: 2002-2007 | NWP SAF TRMM 3B42
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TABLE 2. Listing of model groups participating in ALMIP. The institute indicates where the

ALMIP model simulation was performed. A recent model reference is given. The structure

used for ALMIP is shown in the rightmost column where L represents the number of vertical

soil layers, E represents the number of energy budgets per tile (a separate budget for snow

cover is not considered here), and SV corresponds to the soil-vegetation parameters used. Tile

refers to the maximum number of completely independent land surface types permitted within

each grid box.

Model Acronym Institute Recent Reference ALMIP Structure
TESSEL?, ECMWEF, Reading, a.Van den Hurk and 4L, 6 tiles, 1E
CTESSEL?®, UK Viterbo, 2003 SV: ECMWF
HTESSELS b. Lafont et al., 2006

c. Balsamo et al., 2008

ORCHIDEE-CHOIS®
ORCHIDEE-CWRR"

IPSL, Paris, France

a. Krinner et al., 2005
b. d'Orgeval et al., 2008

212 11L", 13 tiles,
1E

SV:ECOCLIMAP
ISBA? CNRM, Météo- a. Noilhan and Mahfouf, |[3L% 5L° 1 tile, 1E
ISBA-DF® France, Toulouse 1996 SV:ECOCLIMAP
b. Boone et al., 2000
JULES CEH, Wallingford, Essery et al., 2003 4L, Otiles, 1E
UK SV:ECOCLIMAP
SETHYS CETP/LSCE, France |Coudert et al., 2006 2L, 12 tiles, 2E
SV:ECOCLIMAP
IBIS ISE-Montpellier, Kucharik et al., 2000 6L, 1 tile, 8E
France; SAGE, UW- SV:ECOCLIMAP
Madison, USA
NOAH CETP/LSCE (NCEP) |Chen and Dudhia, 2001; |7L, 12 tiles, 1E
Decharme, 2007 SV:ECOCLIMAP
CLSM UPMC, Paris, France |Koster et al., 2000 3L, 5tiles, 3E
SV:ECOCLIMAP
MIKE-SHE U. Copenhagen, Graham and Butts, 2006 |42L, 1 tile, 1E
Denmark SV:ECOCLIMAP
SSiB LETG, Nantes, Xue et al.,1991 3L, 1 tile, 2E
France; UCLA, Los SV:SSiB
Angeles, USA
SWAP IWP, Moscow, Russia|Gusev et al., 2006 3L, 1tile, 1E
SV:ECOCLIMAP
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List of Figures

FIG. 1. The ALMIP regional scale (Phase 1) model domain. The three mesoscale supersites
are indicated by blue (Mali), orange (Niger) and red (Benin) rectangles. The Sahel box
(referred to herein) is represented by the violet rectangle. The color shading corresponds to

the annual average Leaf Area Index (LAIL: m* m?) from the ECOCLIMAP database.

FIG. 2. The difference between the June through September average rainfall rate (Rainf) for
2006 from Experiment 2 (EPSAT-ECMWF forcing) less that from Experiment 1 (pure
ECMWEF forcing) is shown in panel a). The corresponding difference for the downwelling
shortwave radiation (SWdown) is shown in panel b), for which Experiment 2 forcing consists

in LAND-SAF-ECMWEF data.

FIG. 3. The average evapotranspiration (Evap: mm day™) from Experiment 2 for 2006 for 14
LSMs (see Table 1 for a list of model acronyms). The multi-model average (AVG) is shown
in panel o. The difference of the multi-model average Evap (Exp.2 less Exp.1) for the same

time period is shown in panel p.

FIG.4 Comparison of the runoff ratio (ratio of total runoff to rainfall) to the ratio of latent heat
to net radiation flux. Each dot represents and LSM simulation averaged over the Sahel for the

period from June to September (JJAS), inclusive. The green line represents a linear regression
of the points for all years (2004-2006). Results are shown using different forcing inputs for

each panel: the rainfall amounts increased with each successive experiment.
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FIG. 5. A comparison of the mean (shaded bars) water and energy budget components
simulated by the LSMs for three years using TRMM rainfall (Exp.3). The means correspond
to the average over the Sahel zone (Fig.1), the four month period JJAS (using daily values),
and over 9 LSM models. The spatial, temporal and intra-model variances are represented by

the white-filled, stippled and cross-hatched bars, respectively.

FIG. 6. The three-year average (2005-2007) observed Qh for the three local sites are indicated
by the non-filled symbols, and the shaded green area corresponds to the spread of the spatially
aggregated fluxes (representing the 60x60 km* mesoscale domain). The dashed curves enclose
the spread (1 standard deviation) of the ALMIP multi-model Qh averaged over 2005-2007.

The observed flux data for this figure were taken from Timouk et al. (2009).

FIG. 7. The surface brightness temperature (T5) observed from AMSR-E is shown in the
upper left panel, while the Ty values simulated by several ALMIP models are shown in the
remaining panels. The spatial correlation coefficient is indicated in parentheses. Data for this

figure were taken from de Rosnay et al. (2009).

FIG. 8. Taylor diagram of the statistical evaluation of the simulated ALMIP Tj values. Data

for this figure were taken from de Rosnay et al. (2009).

FIG. 9. Comparison of the soil moisture storage change anomaly derived from the GRACE

satellite product (black curve) to two simulations by the ALMIP LSMs over the Sahel from

2005-2006. The blue lines enclosed the mean plus the root mean square difference for results
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from Exp.1 (using NWP rainfall forcing). The red lines correspond to results from Exp.3

(using TRMM rainfall input).
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FIG. 1. The ALMIP regional scale (Phase 1) model domain. The three mesoscale supersites
are indicated by blue (Mali), orange (Niger) and red (Benin) rectangles. The Sahel box
(referred to herein) is represented by the violet rectangle. The color shading corresponds to

the annual average Leaf Area Index (LAIL: m? m?) from the ECOCLIMAP database.
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FIG. 2. The difference between the June through September average rainfall rate (Rainf) for
2006 from Experiment 2 (EPSAT-ECMWF forcing) less that from Experiment 1 (pure
ECMWEF forcing) is shown in panel a). The corresponding difference for the downwelling
shortwave radiation (SWdown) is shown in panel b), for which Experiment 2 forcing consists

in LAND-SAF-ECMWEF data.
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FIG. 3. The average evapotranspiration (Evap: mm day™) from Experiment 2 for 2006 for 14
LSMs (see Table 1 for a list of model acronyms). The multi-model average (AVG) is shown
in panel o. The difference of the multi-model average Evap (Exp.2 less Exp.1) for the same

time period is shown in panel p.
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JJAS Averages over the Sahel
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FIG.4 Comparison of the runoff ratio (ratio of total runoff to rainfall) to the ratio of latent heat
to net radiation flux. Each dot represents and LSM simulation averaged over the Sahel for the

period from June to September (JJAS), inclusive. The green line represents a linear regression
of the points for all years (200'-2006). Results are shown using different forcing inputs for

each panel: the rainfall amounts increased with each successive experiment.
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Sahel JJAS-Average Statistics
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FIG. 5. A comparison of the mean (shaded bars) water and energy budget components
simulated by the LSMs for three years using TRMM rainfall (Exp.3). The means correspond
to the average over the Sahel zone (Fig.1), the four month period JJAS (using daily values),
and over 9 LSM models. The spatial, temporal and intra-model variances are represented by

the white-filled, stippled and cross-hatched bars, respectively.
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Observed and Simulated Sensible Heat Fluxes
Mali mesoscale domain: 2005-2007 (ALMIP Exp3)
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FIG. 6. The three-year average (2005-2007) observed Qh for the three local sites are indicated
by the non-filled symbols, and the shaded green area corresponds to the spread of the spatially
aggregated fluxes (representing the 60x60 km* meoscale domain). The dashed curves enclose
the spread (1 standard deviation) of the ALMIP multi-model Qh averaged over 2005-2007.

The observed flux data for this figure were taken from Timouk et al. (2009).
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FIG. 7. The surface brightness temperature (T5) observed from AMSR-E is shown in the
upper left panel, while the Ty values simulated by several ALMIP models are shown in the
remaining panels. The spatial correlation coefficient is indicated in parentheses. Data for this

figure were taken from de Rosnay et al. (2008).
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FIG. 8. Taylor diagram of the statistical evaluation of the simulated ALMIP Ty values. Data

for this figure were taken from de Rosnay et al. (2009).
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ALMIP vs GRACE Soil Water Storage
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FIG. 9. Comparison of the soil moisture storage change anomaly derrived from the GRACE
satellite product (black curve) to two simulations by the ALMIP LSMs over the Sahel from
2005-2006. The blue lines enclosed the mean plus the root mean sqaure difference for results
from Exp.1 (using NWP rainfall forcing). The red lines correspond to results from Exp.3

(using TRMM rainfall input).
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